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Abbreviations LUMO Lowest unoccupied molecular orbital

Ar* 2,6-Bis|[2,4,6-tri(methyl)phenyl|phenyl Mes 2,4,6-Tri(methyl)phenyl

Ar 2,6-Bis[2,6-di(isopropyl)phenyl|phenyl NHC N-Heterocyclic carbene

Ar* 2,6-Bis|2,4,6-tri(isopropyl) phenyl|phenyl NMR Nuclear magnetic resonance

Bp Hydridobispyrazol-1-ylborate SOMO  Singly occupied molecular orbital

Bsi Bis(trimethylsilyl)methyl Tmeda N,N,N’,N’-tetramethylethylenediamine

Cp Cyclopentadienyl Tp Hydridotrispyrazol-1-ylborate

Dipp 2,6-Di(isopropyl)phenyl Trip 2,4,6-Tri(isopropyl)phenyl

EPR Electron paramagnetic resonance uv Ultraviolet

HOMO Highest occupied molecular orbital

1.10.1 Introduction

The chemistry of homonuclear group 13 analogs of alkenes,
alkynes, and related species which feature (formal) multiple
bonding has rapidly advanced in recent years. Sophisticated
experimental techniques and the development of either suffi-
ciently large ligands or ligands which feature unique electronic
properties provided access to compounds in unusual and oth-
erwise highly unstable bonding situations.!

Despite all advances made in ligand design, the synthetic
challenges encountered in low-valent group 13 chemistry
greatly excel the problems associated with the synthesis of
heavier group 14 and 15 element compounds. The problems
encountered in low-valent boron group chemistry originate
from the electron-deficient nature of the organometallic com-
pounds, as the elements are characterized by a combination of
three valence electrons but four valence orbitals.

Among the lighter triel elements, the oxidation state +III
largely dominates their chemistry. However, the oxidation
state +1 becomes increasingly important upon descending the
group and dominates the chemistry of the heaviest group 13
elements indium and thallium. Due to the fact that the energy
difference between ns- and np-valence orbitals increases with
growing principal quantum number, the importance of

hybridization in chemical bonding drops dramatically from
boron to thallium. In other words, the s valence electrons
develop an increasing degree of lone-pair character and are
thus less available for chemical bonding. Strong multiple
bonds are hence likely to be found in derivatives of the lighter
elements, whereas the lone-pair effect dominates the bonding
situation in the heavier congeners. On the other hand, espe-
cially the lighter elements are prone to three- or four-center
two-electron bonding and formation of clusters and higher
aggregates.

The trans-bent structural motif in the solid-state structures
of dimetallenes REER (E=Al, Ga, In, Tl) was originally
explained by orbital-based models. According to this model,
each of the triels act simultaneously as a Lewis donor and as a
Lewis acceptor with the consequence of trans-bent geometries
of the molecular cores (motif D in Figure 1).”~> Very recent
high-level calculations, however, emphasize the importance of
closed-shell interactions for the heavier elements and espe-
cially for thallium (motif E in Figure 1) rather than orbital
interactions. For the lighter elements the diradical bond type
(motif C in Figure 1) was found to be of great significance as
the highest occupied molecular orbital (HOMO) in the slipped
n-bond model (B in Figure 1) is actually formally mostly anti-
bonding with respect to metal-metal interactions and has only
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Figure 1 Multiple bonding versus lone-pair effect in group 13 element compounds REER (E=B, Al, Ga, In, TI).
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Figure 2 One- and two-electron reductions of R,EER, species to yield multiple-bonded radical anions and dianions.

a minor bonding contribution from the interaction of the lone
pair of the group 13 element and the opposed E-R bond of the
second metal center.®

Synthetic strategies to overcome the drawbacks associated
with the electron-deficient nature of these compounds include
the utilization of sterically demanding ligands which provide
enough steric protection to prevent aggregation and dispropor-
tionation of the multiple-bonded, low-valent centers. In the
case of neutral group 13 compounds REER, one substituent at
each of the triel centers must provide sufficient steric protec-
tion to stabilize the molecule. m-Terphenyl ligands proved
particularly useful for the stabilization of heavier group ele-
ment compounds REER, in which the lone pair at the triel
center develops an increasing degree of s-character upon des-
cending the group. As a consequence, these compounds are
weakly associated and are frequently found to dissociate in
solution. Bond strengths in m-terphenyl-based heavier group
13 element compounds REER are usually low and several
examples are known to exist as monomers in the solid state.
Nevertheless, owing to a combination of a lone pair and empty
orbitals at the triel atom, these compounds are promising
candidates with respect to their reaction chemistry with small
molecules.”®

Alternatively, stabilization of dimeric +1 oxidation state
compounds can be accomplished by a combination of steric
protection and strong electron donor properties provided by
the ligands. These ligands donate electron density into the
empty orbitals at the triel centers and effectively saturate their
Lewis acidic character. Donation of electron density can be
provided either by strong Lewis bases such as N-heterocyclic
carbenes (NHCs) or via donor groups in the ligand periphery
as for example by the nitrogen lone pairs of the imine func-
tionalities in B-ketiminates, guanidinates, or amidinates. How-
ever, the steric demand and electronic properties of the ligands
require careful control to ensure the formation of dimers rather
than monomers or higher aggregates in cases where the steric
demand is relatively low. B-Ketiminates, guanidinates, or ami-
dinates were successfully applied in the syntheses of a variety of
Al(I) and Ga(I) derivatives. Most of these are monomeric and
are thus beyond the scope of this chapter.

Alternatively, multiple bonding in group 13 compounds
can also be realized by population of empty n-orbitals which
originate from bonding combinations of triel element based
p-orbitals in compounds with general formula R,EER,.

One-electron reductions yield examples of radical anions
[R,EER,]*~ with formal bond order 1.5, and two-electron
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Figure 3 Multiple bonding in radicals RoEER.
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Figure 4 Molecules with formal bond orders greater than 2.

reductions lead to dianions [R,EER,]?~ which are isoelectronic
with alkenes (Figure 2).

Related to the radical anions [R,EER,|*™ are radicals with
general composition R,EER* as these have a formal bond order
of 1.5 through population of a delocalized n-type orbital with
the unpaired electron (Figure 3).

Formal bond order greater than two may be realized
through reduction of REER species. The dianions [REER]*~
constitute group 13 homologs of alkynes. Finally, donation
of electron density of empty orbitals of E=E fragments by two
two-electron donors leads to Lewis-base adducts of formally
triple-bonded compounds L:E=E:L (Figure 4).

1.10.2 Double-Bonded Group 13 Element Compounds

1.10.2.1 Syntheses and Structural Properties of Neutral
Double-Bonded Compounds

1.10.2.1.1 Compounds with formula HEEH (E—=B, Al, Ga, In)
Evaporation of boron by pulsed laser techniques followed by
condensation at temperatures of 10 K in a matrix of a mixture
of argon and H,, D,, or HD provided infrared (IR) spectro-
scopic data of low-molecular-weight boron hydrides. Among
these, diborene, HBBH, and its respective mono- and di-
deuterated derivatives HBBD and DBBD were characterized
and studied by means of vibrational spectroscopy and compu-
tational methods. Calculations predict that the linear triplet
species HBBH is the isomer of B,H, lowest in energy. In this
isomer, two degenerate nt-orbitals are occupied by one electron
each. Experimentally found B-H stretching modes at
2690 cm ™! are in good agreement with theoretical results for
the linear isomer.’ Diborene, HBBH, has also been studied by
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Scheme 1 N-Heterocyclic carbene-stabilized diborene HB=BH.

electron paramagnetic resonance (EPR) spectroscopy in neon
and argon matrices at 4 K. EPR measurements revealed the
triplet X’Z, ground state of HBBH. It is related to acetylene
by removal of one electron from each of the n-type orbitals in
HC=CH and is isoelectronic to C,. However, in sharp contrast
to HBBH, C, has an X'Z," ground state. High-level calcula-
tions suggest a boron-boron distance of 1.516 A.'® Moreover,
the existence of HBBH at low temperatures is also supported by
mass spectrometric investigations.''

The isolation of a derivative of neutral diborene with a
closed-shell ground state became feasible upon stabilization
with NHCs as demonstrated by the research group of Robin-
son.'? Reduction of the NHC adducts of BBrs, L':BBrs, (:I' =:C
{N(CgH3-2,6-Pr,)CH},) with potassium graphite in diethyl
ether yielded a mixture of the colorless, singly bonded L':
BH,-BH,:L' and the orange bis-NHC adduct of diborene,
L':BH=BH:L' (Scheme 1)

The ''B nuclear magnetic resonance (NMR) shifts of L':
BH,-BH,:L’ and L:BH=BH:L' are —31.6 and —25.3 ppm, re-
spectively. The boron-boron distance in L:BH=BH:L' is 1.561
(18) A and is thus ca. 0.26 A shorter in comparison to 1.828(4)
A in L:BH,-BH,:L'. The triel atoms in the diborene complex
adopt trigonal planar geometries with short distances of only
about 1.543(15)A between the boron atoms and carbons of
the NHC donor molecules. This is a convincing evidence for a
strong stabilizing interaction of the NHCs with the HB=BH
fragment. Computational results further support its closed-
shell ground state. The HOMO in L:BH=BH:L' is doubly
occupied, with a B-B m-bonding orbital which is formed
through the overlap of mainly boron 2p orbitals. Finally, a
Wiberg bond index of 1.408 for I':BH=BH:L' strongly supports
the multiple bond character of this complex. Three completely
different molecular structures were found crystallographically
for the slightly less crowded diborene adduct L*:BH=BH:L*
(:L* =:C{N(CsH;-2,4,6-Me3)CH},). In this complex, the
flanking Dipp groups of the carbene ligands are replaced by
slightly less bulky Mes groups. L*:BH=BH:L* adopts planar,
twisted, and trans-bent conformations in the solid state.
Among these, the trans-bent structure is of particular interest
as it relates the planar structural motif of the diborenes and
their NHC complexes to the trans-bent forms observed for the
heavier homologs where increasing degrees of lone-pair char-
acter at the heavier triels results in increased s-orbital character
of the lone pair and decreased multiple bond strength. Boron-
boron double-bond distances in L*:BH=BH:L* are 1.602(5) A
for the planar, 1.582(4)A for the twisted, and 1.679(9)A for
the trans-bent forms. The onset of trans-bending is thus accom-
panied by an elongation of the B-B distance and indicates a
certain degree of lone-pair character at the boron centers'
(Scheme 2).
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Scheme 2 Conformational differences in N-heterocyclic carbene-
stabilized diborenes HB=BH.

A detailed account on NHC adducts of main group com-
pounds is given in Chapter 1.16.

The heavier hydrogen-substituted homologs HGaGaH and
HInInH were obtained upon irradiation of Ga or In vapors co-
condensed with H,. In these experiments, three isomers of
Ga,H, and two isomers of In,H, were spectroscopically char-
acterized. Thermally induced reaction of digallium with dihy-
drogen yields the bis(p-hydrido)bridged isomer Ga(u-H),Ga,
which upon irradiation at 546 nm rearranges into the trans-
bent isomer HGaGaH and the mixed oxidation state terminal
dihydride GaGaH,. In the case of indium, co-condensed In,
and H, arrange into In(p-H),In upon irradiation at 365 nm
which can then be photochemically converted at 450 nm into
trans-bent HInInH and monomeric InH'*'> (Scheme 3).

In the case of aluminum, only the bis(p-hydrido)bridged
isomer was experimentally investigated to date.'®

1.10.2.1.2 Group 13 element compounds with formula REER
Historically, first x-ray crystallographic data of dimeric com-
pounds that follow the general formula REER and feature
formal multiple bonding of group 13 elements were reported
for the heaviest elements indium and thallium.

The earliest examples are all characterized by an n?’-
bonding mode between ligand and metal center rather than
c-bonds between the ligand and indium or thallium atoms.
Derivatives include sterically hindered cyclopentadienyl
ligands,'”"'® fulvalenes,"? or carboranes.?°

Among these, the cyclopentadienyl-based thallium deriva-
tive is of special interest as it is known to exist in two modifi-
cations in the solid state. It is readily accessible via direct
reaction of thallium (I) ethoxide with H{Cs(CH,Ph)s}.?!

One of the two known polymorphs is the dimeric
[{Cs(CH,Ph)5}Tl], which is weakly associated and features a
long TI-TI distance of ca. 3.63 A. The second polymorph of
[{Cs(CH,Ph)s}Tl], however, is best described as a two-
dimensional, polymeric, zigzag chain with alternating -
{Cs5(CH,Ph)5}-TI-{Cs(CH,Ph)5}-Tl- subunits but without
direct TI-TI contacts®? (Scheme 4).

The existence of two structural modifications in the solid
state puts the thallium-thallium interaction in the order of
magnitude of secondary Tl---Ar interactions. The analogous
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Scheme 3 Syntheses and isomerization reactions of heavier group 13 compounds HE=EH (E=Ga, In).

Cp'—TI---TI-Cp’ o, ORL_ORLOPL_

Scheme 4 Polymorphs of [{C5(CH,Ph)s}Tl].

{Cs(CH,Ph)s} "~ derivative of indium(+I) crystallizes as di-
mers in which the In-In distance is 3.631 A.'®

Infinite chains are also the central structural motif in the
solid-state structure of 1,1’,3,3'-tetra-Bu’-5,5'-pentafulvalene
dithallium. In this compound, the fulvalene dithallium sub-
units are weakly associated via thallium-thallium interactions
with TI-Tl distances between 3.760 and 4.625A.'® A very
weak thallium-thallium interaction is present in the nido-
carborane derivative Tl,BqHoC,Me,, where the closest distance
between thallium atoms is 3.67 A.2° Other weakly associated
examples with long thallium-thallium contacts include di-
meric  {TI[Tp* ™'},  (([Tp” "] =hydridotris(3-para-tolyl)
pyrazol-1-yl)borate,”* TI-T1=3.86 A), {TI[Bp]},, ([Bp = hydri-
dobis(pyrazol-1-yl)borate], TI-TI=3.70 A),** and {MeSi[N
(Th)'Bu]5}, (TI-TI 3.15A).>° For comparison, thallium-
thallium distances in some tetrameric TI(I) compounds are
4.06 A in {[TIN(SiMes)C¢Hs-2,6-"Pr,]},%® 3.32-3.64 A in {TI
[C(SiMes)s]}4,%” or 3.64 A in {TI[Tp ™|}, (Tp™"* = hydrido-
tris(3-cyclopropylpyrazol-1-yl)borate).®

The first stable example for an organometallic compound of
thallium(I) in which a monodentate ligand is bound only via a
sigma bond to the metal center was provided by the m-terphenyl-
based compound Ar'TITIAY (Ar' =2,6-(2,6-iPr,-C¢H3),-CeHs).

In this complex, the Ar'TITIAr' core adopts a trans-bent
structure with a C-TI-Tl angle of 122.9(4)° and a TI-TIl dis-
tance of 3.0936(8) A. The use of sterically less hindered ligands
results in the isolation of a trimeric species (Ar*Tl); (Ar*=2,6-
(2,4,6-Me;-CgH,),-CgHs).?° Here, the three Tl atoms form an
almost perfect isosceles triangle with two longer (3.3782(3)
and 3.3590(3) A) and one short (3.2144(3) A) TI-TI distances.
Coordination around the thallium atoms in the trimer is pyra-
midal and hence indicative of a certain degree of lone-pair
character at the metal center. For instance, the sums of angles
around the metal centers are 290.38(10)°, 323.15(10)°, and
337.22(10)°. In comparison to the dimeric Ar'TITIAY, which
exhibits the shortest molecular TI-TI distance of 3.0936(8) A
known to date, the TI-TI distances in the trimer are elongated
by ca. 0.22 A on average.

Copyright © 2013. Elsevier. All rights reserved.

Nevertheless, the thallium-thallium distances in the m-
terphenyl based dimers and also the trimers are much shorter
than the 3.46 A found in the pure metal. Yet, these are consid-
erably longer than the intermetallic distances found in most of
the singly bonded R,TI-TIR, derivatives. In these, TI-TI dis-
tances are typically well below 3 A, for example, 2.881(2)1&
in [(Ph'Bu,Si),Tl], or 2.961(1)A in [(‘BusSi);Tl],>° and
2.9142(5)A in  {[(MesSi)sSi],T1},>" Both m-terphenyl-
stabilized compounds were synthesized by the reaction of
aryl lithium with thallium chloride at low temperatures to
prevent formation of elemental thallium. In solution, these
species are labile and sensitive toward light, but can be stored
for extended periods in the dark at temperatures below
—20 °C. The ultraviolet-visible (UV-Vis) spectra of Ar'TITIAr
and (Ar*Tl)s, which form deep red crystals in the solid state, in
hydrocarbon or aromatic solvents are almost identical and very
similar to the electronic excitations observed for Ar*Tl
(Ar*=2,6-(2,4,6-iPr3-C¢H,),-CsH3) which is known to be mo-
nomeric in the solid state and believed to remain unassociated
in solution.>* Two relatively strong absorption bands around
367 and 492 nm associated with in-plane and out-of-plane n-p
transitions were observed for all three compounds. Further-
more, experimental data suggest dissociation of Ar'TITIAr
and (Ar*Tl); into monomers upon dissolution, although cryo-
scopic measurements for the heaviest group 13 Ar'EEAr are
negatively affected by decomposition reactions. Nevertheless,
both dimeric and trimeric m-terphenyl-based compounds react
readily with B(C4Fs); to form 1:1 donor-acceptor complexes
ArT] — B(C¢Fs5)s. The Lewis acid-Lewis base complex was struc-
turally authenticated for ATl and further evidenced by a ''B
NMR signal observed at —11.3 ppm. The thallium-boron dis-
tance in the B(C¢Fs); adduct is 2.311(2)A and is in good
agreement with the sum of covalent radii. The thallium atom
shows an almost perfectly linear coordination with a C-T1-B
angle of 174.358(7)°. The boron center in ArTl — B(CgFs)3 is
strongly pyramidalized and the sum of C-B-C angles accounts
for 341.03(15)°. This deviation from planarity indicates the
formation of a rather strong donor-acceptor bond (Scheme 5).

The related indium complex Ar'InInAr’ had been obtained
earlier by the reaction of Ar'Li with indium chloride in tolu-
ene.*® Single-crystal x-ray structure analysis confirmed the
trans-bent conformation of the C-In-In-C unit which had
been computationally predicted for the heavier REER (Al-In)
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Scheme 7 Weakly associated In(l) B-diketiminates {In[N(Ar)C(Me)]oCH}.

compounds.>*3> The experimentally found indium-indium
distance of 2.9786(5)A is only ca. 0.12 A shorter than the
metal-metal distance in the respective thallium derivative
and the In-In-C angle of 121.23(6)° is almost identical to
the respective data of the heavier congener. The angle between
the (C-ipso)-In-In-(C-ipso) unit and the central aryl ring of the
m-terphenyl ligand is 39.3°. Consequently, the In-In ‘multiple’
bond in Ar'InInAr’ was shown to be very weak. For instance, it
was also found to react rapidly with B(C4Fs); to give the 1:1
complex Ar'In — B(CgFs); (Scheme 6).

Similar to the putative ‘dithallene’ Ar'TITIAr, Ar'InInAr’ was
also shown cryoscopically to dissociate into monomers in
hydrocarbon solution. Further evidence for dissociation of
the ‘diindene’ upon dissolution is gained from UV-Vis spec-
troscopy. UV-Vis spectra of Ar'InInAr’ in hexanes and the
Ar*In complex’® which is monomeric due to the iso-propyl
groups in para position of the flanking aryl are virtually iden-
tical with two transitions associated with indium based in- and
out-of-plane n-p transitions at 335 and 441 nm.

In addition to m-terphenyl ligands, which provide enough
steric protection to stabilize compounds (ArE),, n=1-3,
B-ketiminates are well suited for the preparation of low-valent
group 13 derivatives. These ligands stabilize the low-valent
centers by a combination of steric shielding and the presence
of N-donor functionalities.

Similar to the m-terphenyl-based indium derivatives, subtle
changes in the ligand periphery of low-valent B-diketiminate
indium complexes resulted in the isolation of monomeric,
dimeric, or oligomeric complexes.

The B-diketiminate chelated In(I) dimer {In[N(C¢H»-2,4,6-
Mes)C(Me)],CH},, for instance, is characterized by a remark-
ably long In-In distance of 3.1967(4) A. It was isolated from the
reaction of indium(I) iodide, potassium bis(trimethylsilyl)
amide, and the f-imino amine H[N(CsH,-2,4,6-Me;)C
(Me)],CH.>” A direct In-In contact of 3.3400(5)A was also
observed in the related, yet somewhat less crowded, complex
{In[N(C4Hs-2,6-Me,)C(Me)],CH},.*® Both compounds adopt
a trans-bent conformation with respect to the coordination
planes around indium in the solid state. In {In[N(CH,-2,4,6-
Mes),C(Me)],CH},, for instance, the six-membered indium f-
diketiminato subunit is almost perfectly planar and the trans-
bending angle between this plane and the second indium center
is 113.02°. Clearly, the structural motif is governed by a high
degree of lone-pair character at the indium centers. Density
functional theory (DFT) calculation on the model compound
{In[N(H)C(H)],CH}, confirmed that the HOMO is nonbond-
ing with respect to an indium-indium interaction and is instead
composed of the In-centered lone pairs with high s-character.
Degenerate HOMO-1 and HOMO-2 orbitals are essentially
metal-ligand n-bonds and result from the overlap of empty In
p-orbitals with N-centered lone pairs. The HOMO-3, finally, is
associated with the indium-indium o-bond and plays the cen-
tral role in metal-metal bonding in this complex. As the HOMO
is of nonbonding nature rather than a slipped n-bond, clearly no
multiple bonding regime is operative. Calculations provided a
bond dissociation energy of the model compound {In[N(H)C
(H)],CH}, into two singlet indanediyl fragments: {In[N(H)C
(H)],CH} of only ca. 2 kcal mol™! (Scheme 7).
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Scheme 8 Synthesis of ‘digallene’ Ar'GaGaAr’ and digallane Ar'Ga(X)Ga(X)Ar’ (X=iodine).

In addition to the above-mentioned dimeric compounds,
variation of the aryl groups allows for the isolation of the
landmark catenated indium hexamer (L)InI[In(L)]4(L)InI,
which shows spectroscopic properties that are consistent with
o-delocalization along the indium chain.*®

Nevertheless, when the steric demand of the ligands was
slightly augmented, such as in the symmetric B-diketiminate
{IN(Dipp)C(Me)],CH}~ *>*! or in the unsymmetric {N
(Dipp)C(Me)CHC(Me)N(o-Anis)} ~,*>” mononuclear com-
plexes were isolated. Detailed diffusion ordered (DOSY)
NMR spectroscopic investigations of several B-diketiminate
indium compounds showed similar hydrodynamic radii and
monomeric nature of all studied complexes in solution.*®

The first example of a neutral digallium complex to follow
the general formula RGaGaR was isolated when ‘Gal’ had been
reacted with the m-terphenyl lithium salt Ar'Li (Ar'=2,6-(2,6-
iPr,-CcHs),-CsH;) at low temperatures in toluene. The most
important structural features are a Ga-Ga distance of 2.6268
(7)A, a trans-bending angle of 123.16(7) A, and a perpendicu-
lar arrangement of the central aryl ring of the m-terphenyl
ligands with respect to the (C-ipso)-Ga-Ga-(C-ipso) unit.
This is in contrast to the related Tl and In compounds. In the
case of Ar'TITIAr, a coplanar arrangement of the central rings
of the m-terphenyl and the (C-ipso)-Ga-Ga-(C-ipso) plane was
found. In the case of Ar'InInAr’, the angle of 39.3° between the
central aryls and the (C-ipso)-In-In-(C-ipso) core is almost
perfectly halfway between gallium and thallium (Scheme 8).

The synthesis of Ar'GaGaAr' via salt elimination from Ar'Li
and ‘Gal’ resulted in the concomitant formation and isolation
of ArGa(X)Ga(X)Ar (X=iodine).****> Although Ar'Ga(X)Ga
(X)Ar (X=iodine) is a single-bonded, trivalent Ga(II) deriva-
tive, its x-ray crystallographic structural analysis provided im-
portant structural information with respect to potential
multiple bonding in ArGaGaAr'. In this three-coordinate Ga
(II) compound, the triel centers are separated by 2.493(2)A
and are in fact about 0.14 A closer than in the case of
ArGaGaAr. The Ga-Ga distance in Ar'Ga(X)Ga(X)Ar
(X=iodine) falls well in the range of known gallium-gallium
single-bond distances for which values between 2.33** and
2.54% A have been reported. Although the Ga-Ga distance of
2.6268(7)A in the dimeric Ga(I) species Ar GaGaAr is signif-
icantly elongated with respect to Ar'Ga(X)Ga(X)Ar
(X=iodine), the bond distance compares well with the dis-
tances found in the tetrameric, electron-deficient tetrahedral
clusters (RGa),. In these, Ga-Ga distances span a range be-
tween 2.57 and 2.71 A. Yet, these clusters were proven to
dissociate in solution and an equilibrium between monomeric
and tetrameric associates was established experimentally. In
the gas phase, the tetramers were shown to dissociate into
monomers by means of mass spectrometry and electron dif-
fraction studies.*®*” Hence it is not surprising that Ar GaGaAr’
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Dipp Ga---Ga Dipp ~————— 2

Dipp  Ga

Dipp
Dipp

Scheme 9 Dissociation equilibrium of dimeric Ar'GaGaAr’ and
monomeric Ar'Ga: in hydrocarbon solution.

sublimes similar to the tetramers at temperatures above 150 °C
at a pressure of 0.05 mmHg which supports dissociation upon
evaporation. UV-Vis spectra of ArGaGaAr in hydrocarbon
solution display two maxima associated with gallium-related
excitations at 350 and 437 nm. These have been ascribed to
Ga-related n-p in-plane and out-of-plane transitions. Cryo-
scopic measurements support partial dissociation and the ex-
istence of a monomer/dimer equilibrium in solution for
Ar'GaGaAr' (Scheme 9).

The structural data and physical properties collected for
Ar'GaGaAr' substantiate the weakness of the gallium-gallium
interaction and a bond order significantly less than unity.

The influence of substituents in remote ligand positions on
the bonding situation in m-terphenyl-based gallium(I) com-
pounds was assessed by the synthesis of a series of modified
m-terphenyl derivatives [ArGa], (n=1, 2). Introduction of a
tert-butyl substituent in para position of the central aromatic
ring in the Ar’ ligand produced a dimeric structure with slightly
shorter Ga-Ga distances. Compared to Ar'GaGaAr’, the solid-
state structure of (4-Bu‘Ar*)GaGa(Ar*-4-Bu‘) was found disor-
dered over three positions for which Ga-Ga distances between
2.512(7) and 2.596(4)A were refined. Although all of the
disordered parts have almost planar, trans-bent C-Ga-Ga-C
cores in common, the C-Ga-Ga angles vary notably between
119.2(2)° and 132.4(2)°. Similarly, the gallium atoms in the
dimeric, para-CFs-substituted derivative (4-CFs-Ar*)GaGa
(Ar*-4-CF;) are separated by 2.6031(8)A. (Minor contribu-
tions from two further conformers together with <6% contri-
bution put the galliums in distances of 2.61(1) and 2.569(7)
A.) Two significantly different trans-bending angles of 121.68
(5)° and 128.53(5)°, respectively, are observed in the major
component in the crystal structure of (4-CF3-Ar*)GaGa(Ar*-4-
CF;). The bonding situation changes dramatically, however,
when two iso-propyl groups in meta positions of the central
ring are introduced. Owing to the steric demand of the iso-
propyl groups attached to the central ring in the ligands, the
aryl groups in 2,6-positions of the central ring are pushed
forward and cause the space available for coordination of the
gallium center to shrink considerably. Thus, the angle between
centroids of the flanking aryls and the centroid of the central
ring is reduced by ca. 10°. This is apparently just enough to
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Scheme 10 Substituent modifications in m-terphenyl-based ‘digallenes.’

increase the Ga-Ga separation in a potential dimer and to
render the monomeric solid-state structures energetically
favored. The solid-state structures of [CgH-3,5-"Pr,-2,6-(CgHs-
2,6-'Pry),]Ga and [CgH-3,5-"Pr,-2,6-(CgH,-2,4,6-Pr3),]Ga
feature strictly mono-coordinate gallium centers with Ga-C
distances of ~2.03 A. Calculations reproduced the experimen-
tally observed bonding situation reasonably well. Bond
energies of 8.1-8.9 kcal mol™! for ArGaGaAr’, 5.3 kcal mol ™!
for (4-'BuAr*)GaGa(Ar*-4-'Bu), and 5.8 kcal mol™" for (4-
CF;-Ar*)GaGa(Ar*-4-CF;) confirm a weak gallium-gallium
interaction in these compounds. In contrast, computational
results favor the monomeric structure for the 3,5-di-iso-propyl
substituted derivative [CgH-3,5-"Pr,-2,6-(CgH,-2,4,6-"Pr3),]Ga
by ca. 1.7 kcal mol™". Calculations for the slightly less crowded
[C6H-3,5-"Pr,-2,6-(C¢H;-2,6-Pr,),]Ga are in favor of a dimeric
structure in the gas phase which is more stable by ca. 1.4-
2.9 kcal mol™'. Given the weakness of the bond, packing
forces may well be enough to compensate for the increase in
energy and cause the experimentally observed monomeric co-
ordination mode (Scheme 10).

The UV-Vis spectra of all m-terphenyl-substituted gallium
(I) compounds in hydrocarbon solution feature two strong
absorptions around 350 and 440 nm. According to time-
dependent DFT calculations, these are associated with symme-
try allowed excitations from the nonbonding HOMO lone pair
with high s-orbital character at the gallium center to gallium
centered out-of-plane (lowest unoccupied molecular orbital -
LUMO) and in-plane (LUMO + 1) p-orbitals. In contrast, cal-
culations predict transitions at around 450 and 810 nm in the
UV-Vis spectra for the dimeric structures. The absence of the
low energy transitions at around 810 nm in experimental spec-
tra further emphasizes the importance of the monomeric struc-
ture of these Ga(I) of m-terphenyl-ligated Ga(I) compounds in
solution.*®

In comparison to their heavier homologs, the chemistry of
neutral ‘dialumene’ compounds with general formula RAIAIR
is by far less developed. In fact, no x-ray structural data for a
‘dialuminene’ have been reported to date, although compounds
with formula RAIAIR were reported as reaction intermediates.
The reduction of the sterically hindered organoaluminum di-
iodide Ar'All, with potassium graphite in diethyl ether yields a
dark red solution, which is stable under strictly inert condition
for extended periods. The formation ‘dialuminene’ as reaction
intermediates is further substantiated by the isolation of sev-
eral derivatives. These include compounds which arise from

Ga
Ar Ar

Monomeric: Ar = Trip; R=R’=H

Ar = Dipp; R=H; R'=Pri
Ar = Trip; R=H; R'=Pri

[242] or [2+4] cycloaddition reactions with unsaturated
hydrocarbons. Removal of the solvent from reaction mixtures
which contained Ar'AlAIAr and extraction with toluene
results in the isolation of a bicyclic addition product. The
formation of this intriguing species can be readily rationalized
as a [2+4] Diels-Alder cycloaddition of toluene to a dialumi-
nene*® which is also supported by theoretical investigations>°
(Scheme 11).

When the reduction of Ar'All, with potassium graphite was
carried out in toluene in the presence of 1,2-bis-trimethylsilyl
acetylene, a 1,2-dialumina cyclobutene structure was obtained.”’
A related alumina cyclopropene derivative was obtained from
the reduction of B-ketiminato aluminum diiodide complex I,Al
{C[(CMe)(NAr)],} (Ar=CgHs-2,6-Pr,) with potassium in the
presence of substituted alkynes RC=CR (R="Ph, Me).’? Reduc-
tions of m-terphenyl-substituted group 13 dihalides in the pres-
ence of metallocene dihalides led to the isolation of several
transition metal complexes.’*~>”

Ar'AlAIAY’ was also shown to undergo two-electron reduc-
tion to yield the dianion [Ar'AlAIAr]*". The latter example
features potential triple bonding and is discussed in
Section 1.10.5.

Finally, the existence of a series of neutral diborenes R-B=
B-R (R:"Per,58 sec-Bu,N, 2,2,6,6-tetramethylpiperidyl) was
verified by means of B NMR Spectroscopy, mass spectrometry,
and through trapping reactions.>® Attempts to isolate diborenes
from reductions of m-terphenyl-substituted boron precursors
have failed so far® (Table 1).

1.10.2.2 Reaction Chemistry of Neutral Ditrielenes REER

It was shown in the previous section that the metal-metal
bond in compounds of general formula REER (E=Ga, In, Tl)
is weak and that derivatives of the heavier elements gallium to
thallium usually dissociate at least in part into monomers
upon dissolution. As a consequence, it seems rather unlikely
that the metal-metal scaffold in the complexes REER (E=Ga,
In, Tl) will remain intact in the course of derivatization
reactions. Nevertheless, heavier group 13 complexes of type
RE: feature a combination of a lone pair of largely s-electron
character and two empty orbitals with pronounced p-orbital
properties. In other words, the RE: fragments combine
electron-donating, Lewis-base properties with Lewis-acid prop-
erties. In this respect, they resemble the singlet Arduengo-type
carbenes and are interesting candidates with respect to
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Scheme 11 Addition reactions of dialuminene Ar'AIAIAr" with unsaturated molecules.

Table 1 Structural data and spectroscopic properties for neutral REER (E=B, Ga, In, Tl) and related species

E-£ distance (,ZI ) R-E-E angle (°) Ref.

L":BH=BH:L 1.561(18) [12]

L’ =:C{N(CgH3-2,6-Pr,)CH},
L*:BH=BH:L* 1.582(4)-1.679(9) [13]

L* ==:C{N(CeH2-2,4,6-Me)CH},
Ar'GaGaAr’ 2.6268(7) 123.16(7) [42,43]
4-Bu'-Ar*GaGaAr*-4-Bu’ 2.512(7)-2.596(4) 119.2(2)-132.4(2) [48]
4-CF3-Ar'GaGaAr'-4-CF5 2.6031(8) 121.68(5)-128.53(5) [48]
{In[N(CeH2-2,4,6-Me3)C(Me)].CH}, 3.1967(4) [37]
{In[N(CeH3-2,6-Me,)C(Me)],CH}, 3.3400(5) [38]
Ar’IninAr 2.9786(5) 121.23(6) [33]
[{Cs(CH2Ph)sHn], 3.631 [18]
Ar'TITIAr 3.0936(8) 122.9(4) [29]
[{Cs(CH2Ph)5iTI]2 3.632 [21]
TlngHgCgMeg 3.67 [20]
TITp” ™), 3.86 [23]
{TI[Bp]}2 3.70 [24]
{MeSi[N(Tl)Bu]s}» 3.15 [25]
Cp'TI-Cp'Tl 3.76-4.625 [19]

Cp'-Cp’ =1,1'3,3'-Bu’4-5,5"-pentafulvalene

activation of small molecules.””® In contrast to the heavier
congeners, the high reactivity of the aluminum derivatives
RAIAIR is a result of their diradical ground state.

The putative digallene Ar'GaGaAr' readily undergoes oxida-
tive addition to the carbon-carbon triple bond of phenyl-
acetylene. Even at room temperature, reaction of the green
solution of the gallium(I) species Ar'GaGaAr’ with two equiv-
alents of phenylacetylene rapidly yields the colorless 1,4-
digallatacyclohexadiene derivative. This compound, in which
the gallium atoms in the formal oxidation state +III, adopts a
flattened chair conformation in the solid state with fold angles
around 15°. In the 1,4-digallatacyclohexadiene complex, the
carbon-carbon double bond distances are 1.353(2) A, carbon-
gallium separation accounts for 1.959(2) and 1.967(2)A.

Treatment of a solution of the 4n-electron 1,4-
digallatacyclohexadiene with two equivalents of potassium in
diethyl ether produces dark blue solutions of the respective
dianionic 1,4-digallatabenzene (Scheme 12).

Single-crystal x-ray structure analyses confirm the dianionic
nature and reveal notable structural changes upon the twofold
reduction. The 6n-electron [Ar GaCHC(Ph)],?~ ring is planar
with the two potassiums located above and below the centroid
of the metallo-aromatic ring and complexed by the flanking
aryl groups of the m-terphenyl substituents. The carbon-
carbon distance in the ring is lengthened by ca. 0.06 A to values
of 1.408(3) and 1.418(3)A. In contrast, the endocyclic
gallium—carbon distances at 1.899(2) to 1.941(2)A are both
shorter than in the parent neutral molecule. Given the planar
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Scheme 12 Addition of phenylacetylene to ‘digallene’ Ar'GaGaAr’ and formation of dianionic 1,4-digallatabenzene.
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Scheme 14 Activation of dihydrogen and ammonia by digallene Ar'GaGaAr'.

structural motif, the shortening of the gallium carbon bonds
and the concomitant elongation of the endocyclic carbon-
carbon bonds, the formulation of [AFGaCHC(Ph)],>™ as a
delocalized 6n-electron aromatic system seems appropriate.®!

It was also shown that the m-terphenyl-based digallene
Ar'GaGaAr reacts under mild conditions with unactivated,
nonconjugated olefins such as ethane, propene, 1-hexene, or
styrene. In all cases, the transformations proceed under rupture
of the gallium-gallium bond and the outcome of the reactions
are 1,4-digallatacyclohexanes. Similarly, oxidative addition to
2,3-dimethyl-1,3-butadiene gave a 1,6-digallatacyclodecadiene
derivative®? (Scheme 13).

The mechanism of the cycloaddition reactions is currently
unknown. It may proceed via a stepwise, twofold [2 + 2] cyclo-
addition, which is, however, symmetry-forbidden. Alterna-
tively, the stepwise addition may involve radicals as reaction
intermediates. Moreover, a reaction pathway which involves
the initial dissociation of the digallene into monomers, fol-
lowed by formation of a gallatacyclopropene and subsequent
dimerization, is conceivable. However, no experimental evi-
dence for the intermediate formation of a gallatacyclopropane
has been observed.®?

Probably the most significant reactions of heavier group 13
dimetallenes are activation reactions involving dihydrogen. It
was shown by the group of Power that the m-terphenyl based,

low-valent Ga(I) dimer Ar'GaGaAr (Ar =2,6-(2,6-iPr,-
CsHj3),-CsHj3) reacted upon dissolution in toluene with dihy-
drogen to produce the dimeric Ga(lll) species [Ar'Ga(p-H)
H],.%* This compound features two distinctly different dis-
tances between the bridging hydrogen atoms and the gallium
centers at 1.69(2) and 1.78(2)A, respectively. The much
shorter terminal gallium-hydrogen distance at 1.46(2)A falls
in the same range as in other monomeric, terminal gallium
hydrides with bulky ligands such as the Ga-H distances in
Mes*,GaH or Ar*,GaH.**

The activation under mild conditions (ambient tem-
perature and hydrogen pressure of 1 bar) is remarkable as
calculations suggested high activation energies of around
43 kcal mol™" for the reaction between GaH and H, to yield
GaH3.%>"%" Interestingly, attempts to convert the respective
m-terphenyl-substituted gallium halides into the hydrides by
reaction with hydride sources such as DIBAL-H, sodium hy-
dride, and alkali metal borohydrides were unsuccessful. Spec-
troscopic investigations evidenced that the complex reaction
mixtures derived from these reactions did not contain [Ar'Ga
(n-H)H], at all (Scheme 14).

ArGaGaAr (Ar=Ar, 4-Me;Si-Ar’) also reacts directly with
ammonia at ambient temperature under insertion into one of
the nitrogen-hydrogen bonds in ammonia. Spectroscopic and
x-ray structural analysis proved the formation of an amido-
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Scheme 16 Addition of unsaturated nitrogen compounds to digallene Ar'GaGaAr'.

bridged, dimeric complex with a rhombohedral, planar Ga,N,
core. In this, the gallium-nitrogen distances are almost identi-
cal at ca. 1.98A (avg) and the gallium-nitrogen—gallium
angles found, account for ca. 95° in contrast to more acute
nitrogen-gallium-nitrogen angles of ca. 85°. The terminal hy-
drogen gallium distance of 1.54(2)A in this species was found
slightly elongated with respect to the hydrogen insertion prod-
uct (vide supra). Earlier studies on the reaction of gallium(I)
compounds with ammonia relied on much more drastic con-
ditions. In the case of the reaction of neo-pentyl gallium(I)
with ammonia at temperatures of 460°, complete decomposi-
tion of the organogallium compound was observed. The iso-
lated reaction products included neo-pentane, dihydrogen,
and gallium nitride, instead.®®

Reaction of Ar'GaGaAr and Ar'InInAr’ with m-terphenyl
azide N3-C¢Hs-2,6-(CgH,-2,6-Me,-4-Bu'), results in an imme-
diate color change and the evolution of dinitrogen with con-
comitant formation of gallium or indium imides. Both, the
gallium and the indium imides, display short E-N distances of
1.701(3)A (E=Ga) and 1.928(3)A (E=In) and wide angles
around the triel and nitrogen atoms®® (Scheme 15).

Ar'GaGaAr also undergoes addition reactions with the
N=N unit in diazene. The outcome of these reactions, how-
ever, strongly depends on the substitution of the diazene
Ar-N=N-Ar. Treatment of Ar'GaGaAr with dimesityl and
2,6-diethylphenyldiazene results in an insertion of Ar'Ga:
into a ligand side group. Reaction with bis(p-tolyl)diazene
proceeds under conservation of the Ga-Ga bond and yields a
four-membered 1,2-Ga,N, ring structure. Surprisingly,

reaction of ArGaGaAr with diazoalkene Ph,CN, does not
lead to the evolution of dinitrogen, but yields the four-membered
cyclic 1,3-Ga,N, product instead. In this, the gallium atoms
are bridged by Ph,CN, units through their terminal nitro-
gen atoms’® (Scheme 16).

The reaction chemistry of dithallenes Ar'TITIAr is largely
unexplored. Nevertheless, it readily reacts with white phospho-
rus to vyield dithallium diaryltetraphosphabutadiendiide
TL,[P4Ar,] in which both thalliums are coordinated in an n-4
fashion above and below the central, planar P,-subunit. The
shortest thallium-phosphorus distances in this complex are
slightly longer than 3.03 A and the thallium-phosphorus in-
teraction remains intact in solution as demonstrated by the
observation of 2°*T1/>'P and 2°°Tl/*'P coupling constants in
the range of 500 Hz as well as a large 2°*Tl/*°*Tl coupling
constant of ca. 12000 Hz. Oxidation of Tl,|P4Ar,]| under
mild conditions with elemental iodine yields thallium(I) io-
dide and diaryltetraphosphabicyclobutane”" (Scheme 17).

As far as reactions of group 13 dimetallenes with the group
16 elements oxygen to tellurium are concerned, reports are
scarce. Both, digallenes and diindenes A MMAY’, are oxidized
by N,O or elemental sulfur to yield the dimeric arylgallium
and -indium oxides and sulfides, respectivelyA72 In the case of
thallium, no products other than Ar'H were isolated from the
reaction mixtures (Scheme 18).

In all cases, the dimers [ArME], (M=Ga, In; E=0, S)
feature three-coordinate metal centers with planar M,E, core
in the solid state. The oxides crystallize as almost perfectly
square planar rings with M—O distances of 1.83 A for M=Ga
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Scheme 17 Activation of white phosphorus by dithallene Ar'TITIAr.
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Scheme 18 Oxidation of ditrielenes Ar'EEAr’ (E=Ga, In) by nitrous oxide and elemental sulfur.
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Scheme 19 Two-electron reduction of diborane Mes,BBMesPh to yield [MeszBBMesPh]Z*.

and 2.03 A for M=In. In the solid state, the M0, cores adopt
a perpendicular orientation with respect to the central rings of
the flanking aryl groups. In the heavier chalcogenides [ArMS],
(M=Ga, In) the central quadrilateral deviates significantly
from a square arrangement to form a rhombus in which
S-M-S angles are 100.7° (M=Ga)/98.1° (M=In) and M-S-M
angles account for 79.3° (M=Ga) and 81.9° (M=In).”?

1.10.3 Syntheses and Structural Properties of
Double-Bonded Dianionic Compounds [R,EER,]%>~

As stated in Section 1.10.1, two-electron reductions of
tetraorganodiboranes result in group 13 dianions which are
isoelectronic to ethenes.

In 1992, the first example of a doubly reduced diborane was
reported in a groundbreaking study by the research group of
Power. Treatment of Mes,BBMesPh with excess lithium in
diethylether/hexane mixtures yields [(Et,O)Li],|Mes,BBMesPh|
as dark red crystals (Scheme 19).

Comparison of data from x-ray structural analyses of the
starting material and the doubly reduced compound substan-
tiates the formulation of [Mes,BBMesPh]>~ as an ethene
homolog. The boron-boron distance shrinks by ca. 0.07 A
from 1.706(12)A in neutral Mes,BBMesPh to 1.636(11)A in
the case of the dianion. The decrease in bond length in these
compounds is less pronounced than in the carbon homologs
where typical carbon-carbon single-bond distances are ca.
1.54 A and double-bond distances are shorter by ca. 0.22 A
and typically account for ca. 1.32 A. This difference is readily
rationalized by considering the electronic repulsion of two
vicinally oriented, negatively charged boron centers. For

comparison, the boron-boron distance in the B-B singly
bonded boron-centered dianion (Me;Si),C=B(Ar)(™)-B(Ar)
(7)=C(SiMe;3),, in which the two negative charges are located
at the boron atoms, is 1.859(8)A.”> When comparing
(MesSi),C=B(Ar)(~)-B(Ar)(~)=C(SiMes), and [Mes,BBMesPh]*~,
which both feature similar coulombic repulsion due to the
negative charges, the B-B bond distance in the doubly bonded
species is shortened by the same ca. 0.2 A as observed for
C-C distances in alkanes versus alkenes.”*

The interpretation of the bonding situation in
[Mes,BBMesPh]?~ as twofold is further corroborated by the
drastic changes in the orientation of the boron coordination
planes. In Mes,BBMesPh, the C,B planes are almost per-
pendicularly oriented with an angle of 79.1°. In [(Et,O)
Li],[Mes,BBMesPh], however, the C,BBC, center is almost per-
fectly planar where the C,B planes are twisted by only 7.3°.
NMR spectroscopically, the reduction leads to a ca. 70 ppm
upfield shift in ''B NMR spectra from 499 ppm in Mes,BB-
MesPh to +24.7 ppm in [(Et,O)Li],[Mes,BBMesPh]|.

Reduction of the diamino diaryl diborane Ph(Me,N)BB
(NMe,)Ph with elemental lithium in diethylether/THF mix-
tures gives the doubly reduced salt [(Et,O)Li],|Ph(Me,N)BB
(NMe,)Ph]. Similar to the tetraaryl-substituted diborate, the
boron-boron distance contracts from 1.714(4)A in the start-
ing material to an average of 1.627 A in the reduced species. It
is also noteworthy that the boron-nitrogen distance increases
drastically upon reduction from a value of 1.399 A (avg.) in the
neutral compound to 1.561 A (avg.) in the dilithio salt. The N
(C-ipso)BB(C-ipso)N core in [(Et,O)Li],[Ph(Me,N)BB(NMe;)
Ph] is planar while the orientation of the NMe, groups is then
perpendicular to this unit. Hence, the N-B n-interaction oper-
ative in the starting material is lost in the doubly reduced form
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Scheme 20 Two-electron reduction of bis aminoborane (Me,N)PhBBPh(NMe,).

at the cost of the formation of the boron-boron n-bond. ''B
NMR spectra display an upfield shift of ca. 16 ppm upon
reduction from a shift of +49.3 ppm in Ph(Me,N)BB(NMe;,)
Ph to 433 ppm in the reduced complex’® (Scheme 20).

A series of dilithium tetraaminodiborates [(Me,N)(R,N)BB
(NR,)(NMe,)]*~ (NR, = pyrrolyl, indolyl, and carbazolyl) fur-
ther exemplifies the shortening of the boron-boron bond
upon two-electron reductions. In these dianions, the B-B
bond distances decrease from 1.72 A to values around 1.58 A.
Again, the shortening of the central B-B interaction is accom-
panied by very significant lengthening of the B-N bonds. In
the parent neutral molecules, two distinctively different sets of
B-N distances are observed. The shorter distance at ca. 1.39 A
originated from bonding to the dimethylamino group and a
longer B-N separation at 1.49 A to the aromatic substituents.
This is again a strong evidence for the donation of nitrogen-
based electron density into the empty orbital at each of the
boron atoms. Upon reduction, however, all boron-nitrogen
bonds in the dianion become almost equidistant at values
slightly over 1.53 A. Moreover, the nitrogens of the dimethyl
amino substituents are pyramidalized in the reduced deriva-
tives and the Me,N are perpendicularly arranged with respect
to the planar N,BBN, unit. ''B NMR shifts of the neutral
diboranes were all observed around +37 ppm. Reduction
causes a slight increase in chemical shielding and an upfield
shift of about 4-10 ppm.”®

A summary of bond distances, angles, and ' 'B NMR shifts is
given in Table 2.

1.10.4 Syntheses and Structural Properties of Group
13 Radicals with Multiple Bond Character

1.10.4.1 Open-Shell Boron Compounds with Bond Order
Greater Than Unity

Tetraorganodiboranes, R,B-BR,, are normally unstable with
respect to disproportionation. The use of sterically demanding
substituents, however, provides access to examples of this class
of compounds. As already exemplified, these molecules feature
vacant p-orbitals at boron which are accessible for two inde-
pendent one-electron reductions to yield the singly reduced
radical anions [R,BBR;]*” and the doubly reduced dianions
[RoBBR,]*™.

Copyright © 2013. Elsevier. All rights reserved.

Population of the r-orbital which results from a combina-
tion of the p-orbitals at boron will result in a certain degree of
multiple bonding with a formal bond order of 1.5 for the
radical anion and 2 for the dianion (vide supra).

For instance, tetra-neo-pentyldiborane is unstable at room
temperature and decomposes with a half-life of ca. 15 min in
solution. Its reduction with sodium/potassium alloy in mix-
tures of 1,2-dimethoxyethane/THF produces the respective
radical anion with t; ;=20 min at 140° in solution. EPR spec-
troscopic investigations indicate equivalent coupling of the
unpaired electron to both boron centers. A small *'B hyperfine
coupling constant of 0.8 G is in good agreement with popula-
tion of a m-type rather than o-type orbital.”” Similar coupling
patterns and coupling constants are also observed for the related
tetra-alkyl-substituted radical anions [Bu‘(Bu‘CH,)BB(CH,Bu")
Bu]*~ and [BuBBBu’,] %7 (Scheme 21).

The related mixed alkoxy/aryl-substituted compound {Li
(OEt,),} [Mes(MeO)BB(OMe)Mes] is available via stoichio-
metric reduction of the neutral precursor with lithium metal.
In this species, the B-B distance is short at 1.636(7)A. The
boron atoms in the radical anion are about 0.09 A closer than
in the parent neutral molecule Mes(MeO)BB(OMe)Mes, where
the borons are separated by 1.724(9) A. The short B-B distance
in the reduced species is accompanied by much longer B-O
distances (B-O=1.454(4)A) in the radical anion with respect
to the neutral species (B—-O =1.363(10)A)*° (Scheme 22).

Similar bond-shortening effects are observed for the tetra-
aryl compounds Mes,BBMesPh (d B-B 1.706(12)A) and its
potassium-based radical anion derivative {K(18-crown-6)
(THF),}[Mes,BB(Ph)Mes| (d B-B 1.649 A).%!

Comparison of neutral Mes,BBMesPh, radical anion
[Mes,BBMesPh]*~, and dianion [Mes,BBMesPh]?~ is particu-
larly interesting in the context of multiple-bonded diboron
compounds as it is the only series of compounds for which
x-ray crystallographic data for all three compounds are avail-
able. Both reduced compounds feature coplanar arrangements
of the C,B planes in contrast to the perpendicular orientation
in the parent neutral species. B-B distances contract upon
consecutive addition of electrons. The small drop in B-B dis-
tance resulting from the second reduction step is also a conse-
quence of coulombic repulsion of the neighboring negative
charges. Nevertheless, the existence of boron-boron multiple
bonding is clearly evidenced by experimental facts.
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Table 2 Structural and spectroscopic data for parent [REER] molecules, and radical anions [REER]®~ and dianions [REER]>~

Compound E-E i E-C distances (/°l ) Torsion UV-Vis (nm)  Hyperfine "B NMR  Ref.
distance (A) angle (°) coupling shift
constant to (ppm)
E(G)
Boron
Bu’,BBBuU,"~ 1.44 [79]
(BUCH,),BB(Bu'CH,),"~ 0.8 [77]
(BuCH,'Bu’BBBU!(BUCH,* - <0.6 [78]
Mes(Me0)BB(OMe)Mes 1.724(9) 1.572(9) (avg.) (B-C), 1.363 74.9 61 [80]
(10) (avg.) (B-0)
Mes(MeO)BB(OMe)Mes*~ 1.636(7) 1.589(5) (avg.) (B-C), 1.454 2.5 307, 589 Not. res. [80,86]
(4) (avg.) (B-0)
Mes,BBMesPh 1.706(12) 1.577(11 )(avg) 791 +99 [74]
Mes,BBMesPh*~ 1.649(11) 1.61(2) (avg.) 6.9 630 13 [81]
Mes,BBMesPh?~ 1.636(11) 1.637(8) avg. 7.3 +24 [74]
Ph(Me,N)BBPh(NMe,) 1.714(4) 1.399 (avg.) (B-N) 88.7 320 +49 [75]
Ph(Me,N)BBPh(NMe,)?>~ 1.627() 1.593(6) avg. (B-C), 1.561(5) 0 +33 [75]
(avg.) (B-N)
(MeoN)RoNBBNR,(NMe,) 1.718(2) 1.393(2) (avg.) (B-NMey), 73 37 [76]
NR, = pyrrolyl 1.488(6) avg. (B-NR,)
(Me,N)R,NBBNRy(NMe,)?~ 1.59(1) 1.537(7) (B-NMey), 1.562(5) 27 [76]
NR,=pyrrolyl (B-NRy)
(MeoN)RoNBBNRo(NMey) 1.723(4) 1.388(3) (avg.) (B-NMey), 57 37 [76]
NR,=indolyl 1.489(3) avg. (B-NR,)
(Me,N)R,NBBNRx(NMe,)?~ 1.582(4) 1.531(3) (avg.) (B-NMey), 28 [76]
NR,=indolyl (avg.) 1.562(2) avg. (B-NRy)
(MeaN)RoNBBNRy(NMey) 38 [76]
NR, =carbazolyl
(Me,N)R,NBBNRo(NMe,)?~ 1.567(9) 1.542(6) (avg.) (B-NMey), 29 [76]
NR,=carbazolyl (avg.) 1.569(6) avg. (B-NR,)
Aluminum
Trip2AlAITrip, 2.647(3) 1.996(3) avg. 448 397, 451(sh), [85]
742
Trip,AlAITrips*~ 2.470(2) 2.021(1) (avg.) 1.4 10.4 [85]
[(Me3Si)2CH]LAIAI[CH 2.660(1) 0 [82]
(SiMes)2]2
[(Me3Si)2CH],AIAI[CH 2.53(1) 2.040(5) (avg.) 0 368, 451, 11.1-11.9 [83,84]
(SiMes)a]2"~ 551, 650
(sh)
(Buf3Si)AIAI(SiBu'3)," 2.420(1) 21.8,18.9 [90]
Gallium
Trip,GaGaTrip, 2.515(3) 2.008(7) 43.8 [87]
TripoGaGaTrip,"~ 2.343(2) 2.038(10) 15.5 360, 900 35.4/43.9 [87]
[(Me3Si)oCH],GaGa[CH 2.541(1) 1.996(5) 0 [45]
(SiMes)2]2
[(Me3Si)oCH],GaGa[CH 2.401(1) 2.064(4) avg. 0 357,550 57.4/72.8 [88]
(SiMes)a]a"" (300 K),
54.4/42.8
(200 K)
(Bu'3Si)GaGa(SiBu's),® 2.420(1) 50/64, 32/41 [89]

1.10.4.2 Open-Shell Heavier Group 13 Compounds with
Bond Order Greater Than Unity

Similar to the boron congeners, sterically hindered tetraorgano
dialanes and -digallanes undergo one-electron reduction to
yield stable radical anions with formal bond order of 1.5.
First examples of compounds with aluminum-aluminum
one-electron m-bonds were reported in two independent sem-
inal studies in 1993 by the groups of Porschke, Uhl, and

Power. Reduction of tetrakis(bis(trimethylsilyl)methyl)dialane
Bsi,AlAlBsi,®? with lithium in diethylether in the presence of
tmeda provides the black violet radical anion {Li(tmeda),}
[{(MesSi),CH},AIAI{CH(SiMe3),},] as a solvent separated
ion pair in the solid state.®* The respective reduction products
are also accessible through reaction with elemental potassium
or via electron transfer from neo-pentyl lithium or trimethylsi-
lylmethyl lithium.®* Lithium metal reduction of tetraaryldia-
lane Trip,AlAlTrip, yields the dark green complex Li
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[Trip,AlAlTrip,].%% In all these dianions, reductions cause a
notable contraction of the Al-Al distance. While the Al-Al
distance in [(MesSi),CH],AIAI[CH(SiMes),], is 2.660(1)A,
the reduced species features a metal-metal distance of 2.53
(1)A. The bond-shortening effect upon population of the
empty m-orbital is even more pronounced in the case of
the tetraaryldialane. In Trip,AlAlTrip,, for instance, the alumi-
num atoms are separated by 2.647(3) A, whereas the distance
in the radical anion is only 2.470(2)A. In the latter case, the
hypothesis of a single electron n-bond formed from primarily
Al-based p-orbitals is further corroborated by other structural
changes, which become apparent upon reduction. In the par-
ent, neutral Trip,AlAlTrip,, the aluminum centers adopt an
almost planar coordination. Yet, the coordination planes
around the aluminum atoms exhibit a torsion angle of about
44.8°. In sharp contrast, all atoms of the C,AlI-AlC, core in
| Trip,AlAlTrip, ]~ are almost coplanar with a torsion angle of
only 1.4° between the C,Al units. The EPR spectrum of
| Trip,AlAlTrip,|*~ displays an 11-line multiplet due to sym-
metric coupling of the unpaired electron to two 2’Al nuclei
(?’Al, 1=5/2, 100% natural abundance). Again, a small cou-
pling constant indicative for the population of a n-orbital of
10.4 G is observed. Similar coupling constants of about 11.1-
11.9 G are operative in Bsi-substituted [(Me;Si),CH],AlAI[CH
(SiMes),],* %5 (Scheme 23).

Both, the tetraaryldigallium Trip,GaGaTrip, and
[(Me3Si),CH]GaGa|CH(SiMes),|, were shown to undergo the
same one-electron reduction chemistry as their aluminum
homologs. Parent, neutral digallium compounds are available
from the reaction of Ga,Cl,(dioxane), with TripMgBr, and
from the reaction of Ga,Bry(dioxane), with LiCH(SiMes),,
respectively.*

Reduction of Trip,GaGaTrip, with lithium in diethylether
in the presence of crown ether yields the radical anion [Li(12-
crown-4),][Trip,GaGaTrip,| as solvent separated ion pairs in
the solid state. Again, reduction causes a sharp decrease of the
Ga-Ga distance. While the galliums are separated by 2.515(3)
A in the neutral tetraaryl digallane, this distance decreases to
2.343(2) A in the radical anion. As already described in the case
of the tetraaryl dialane, the C,Ga planes are strongly twisted in
the parent digallane with a twist angle of 43.8°. Reduction
causes a decrease of the twisting to a value of only 15.5°.

R=Bul, CH,Bu!

Scheme 21 One-electron reduction of tetra-alkyl diboranes Ro,BBR,
(R=Bu’, CH,Bu).

MeQ OM 8 8
e e Me! Me
\ / h\ /é
B—B ~— ©OB—B
\ / \
Mes Mes Mes Mes

Scheme 22 One-electron reduction of Mes(MeO)BB(OMe)Mes.

In the UV-Vis spectra, two absorption maxima associated
with non-aryl excitations are observed at 360 and 900 nm.
EPR spectroscopy in THF solution at room temperature
shows coupling of the unpaired electron to two equivalent
gallium nuclei with coupling constants of approximately 35.4
and 43.9 G to the ®°Ga (60.4% natural abundance, 1=3/2)
and 7'Ga (39.6% natural abundance, I =3/2) centers.®” Reac-
tion of [(Me;Si),CH|GaGa[CH(SiMes),] with ethyl lithium in
n-pentane/tmeda mixtures at low temperatures results in single
electron transfer and formation of [Li(tmeda),][(Me3Si),CH]
GaGa|CH(SiMes),]. The gallium-gallium distance in the N,N’,
N”-trimethyl triazinane complex is 2.401(1)A and is thus ca.
0.14 A shorter than in the parent neutral digallane. In analogy
to the previously discussed aluminum analog, the gallium
atoms in both, parent digallane and radical anion, feature
planar coordination (sum of angles 360°). Moreover, the
GaC, planes are strictly coplanar in the reduced derivative
and almost planar with a twist angle of 8° in the neutral
substance. EPR spectroscopic measurements show a strong
dependence of the appearance of the spectra from temperature.
At 300 K, the coupling constants are determined as 57.4 G to
%Gaand 72.8 G to “'Ga and are thus considerably larger than
in [Trip,GaGaTrip,|* ™. The larger coupling constant suggests a
higher degree of s-character of the singly occupied molecular
orbital (SOMO) in [(Me;Si),CH]GaGa|CH(SiMes),|*~ com-
pared to [Trip,GaGaTrip,|*~. This is ultimately a consequence
of the more electron-donating properties of the CH(SiMe;3),
substituents compared to Trip groups. At 200 K, however,
smaller coupling constants of 42.8G (*°Ga) and 54.4 G
(“'Ga) are observed which resemble those in
[Trip,GaGaTrip,]|*~. These EPR spectroscopic findings support
the existence of a nonplanar conformation with higher s-
character for the singly occupied n-orbital which is progressively
populated at higher temperatures.®® The coupling constant to
the ?°Si atoms of 5.3 G is similar to the value observed in the
related dialane radical anion (4.35 G).

The UV-Vis spectrum features two bands attributable to
excitations of the gallium core at 357 and 550 nm. Among
these, the band at 360 nm is also present in the parent neutral
molecule and is characteristic for a Ga-Ga c-bond.

Further examples of group 13 radicals which feature a cer-
tain degree of multiple bonding are the neutral silyl substituted

E=Alor Ga R=Trip or CH(SiMe3),

Scheme 23 Generation of radical anions [REER]®~ by one-electron
reduction of neutral [REER] (R=Trip, CH(SiMes)y).

b B8 {Li*(OEt),}
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ECl; + 6NaSiBu’y

E=Al Ga

Bu'3Si,

=-E-SiBul, + Bu!,SiSiBul,

BulSi’

Scheme 24 Syntheses of radicals [(Bu'sSi),EE(SiBu’s)]® (E=AI, Ga) with bond order 1.5.

radicals [R3SiAl(T)AI(IT)(SiR3),]|* and [R5SiGa(I)Ga(IT)(SiRs),]*
(R3Si="Bu;Si).**~°! Both compounds are accessible via reaction
of the MCl; salts (M=Al, Ga) with excess ‘supersilyl’ sodium,
‘BusSiNa. Concerning the mechanisms of formation of both
radicals, the intermediates (R3Si)oMCl and (R3Si),MM(SiRs3),
were substantiated to play key roles. Subsequent reaction of
(R3Si),MM(SiRs), with supersilyl radical ‘BusSi® yields one
equivalent of ‘BusSiSi‘Bus and the respective group 13 radical.
The x-ray structure analysis of the dark blue radical species
[R3SiGa(I)Ga(II)(SiR3),]* shows a planar (RsSi),Ga(II)Ga(I)
moiety (sum of angles around the three-coordinate gallium
center of 359.6°) and a linear arrangement of the divalent Ga
(I) center in the R3SiGaGa subunit (SiGa(I)Ga(II) angle 170.0°).
The most important finding in the context of potential multiple
bonding, however, is a short Ga-Ga distance of only 2.420(1) A.
Given the planar coordination around the Ga(II) center and the
linear coordination of the Ga(I), the gallium atoms are best
described as sp” and sp hybridized, respectively. Thus, the
bond order in [RsSiGa(I)Ga(II)(SiRs),]|* accounts for 1.5 due
to a single o-bond between the galliums in combination with a
half-filled m-orbital. In the EPR spectra, two sets of hyperfine
coupling constants to two distinctively different gallium centers
with 50/64 and 32/41 G are observed. A slightly decreased Ga—
Ga distance of 2.3797(6)A characterizes the singly reduced,
anionic species (R3Si),GaGa(SiR;)~ which is accessible from
[R3SiGa(I)Ga(II)(SiRs),] via reduction with sodium or silyl so-
diums. One-electron reduction of [R3SiGa(I)Ga(II)(SiRs),]" also
leads to a decrease of the R3SiGaGa angle to a value of 142.41
(4)° (Scheme 24).

The large hyperfine coupling constants in [R3SiGa(I)Ga(II)
(SiR5),]® are contrasted by much smaller values in the related
aluminum derivative [R3SiAl(I)Al(II)(SiRs),]* where values of
21.8 and 18.9 G are found. In addition to linear [R3SiAl(T)Al
(I1)(SiR3),]*, the electron-deficient cyclic radical (R5Si)4Al; is
also obtained from thermolysis reactions of (RsSi),AlAl
(SiR5),. The Al-Al distances in the dark green compound are
crystallographically determined as 2.703(2), 2.737(2), and
2.776(2)A. For comparison, the calculated aluminum-
aluminum distance in [R3SiAl(I)Al(IT)(SiR;),]" is significantly
shorter at 2.537 A and agrees well with a formal bond order of
1.5. The related radical [Bsi,AlAlBsi]* with a hyperfine cou-
pling constant of 1.72 G was reported by Uhl to form under
photolytical conditions from Bsi,AlAlBsi,.”?

In contrast to cyclic (R3Si)4Al;, the respective gallium de-
rivative (R3Si)4Gas; adopts an isosceles, triangular structure
with two identical and rather short Ga-Ga distances of
2.5267(7)A and a longer base of 2.879(1)A. One-electron
reduction produces the bent anion (R;Si)GaGa(SiR;),Ga
(SiR3)™ with two distinctly different gallium-gallium distances
at 2.494(1) and 2.569(2)A. The shortening of a terminal
gallium-gallium bond may again be interpreted in terms of a
bond order greater than unity as the additional electron oc-
cupies a Ga-Ga-centered n-orbital.

Neither a respective indium nor thallium radical or radical
anion has been reported to date.

A detailed account on main group radicals is given in
Chapter 1.14.

1.10.5 Group 13 Element Compounds with Formal
Bond Order Greater Than Two

In a seminal publication, Robinson and coworkers reported in
1997 on the reduction of [C¢Hs-2,6-(CgH,-2,4,6-Pr3)]GaCl,
with excess sodium. x-Ray structural analysis revealed the deep
red crystals isolated from the reaction mixture to be [{CsHj-
2,6—(CGH2—2,4,6—iPr3)}Ga]zNaz, the first example of heavier
group 13 alkyne analog. On account of short gallium-gallium
distance of only 2.319(3) A and the fact that [Ar*GaGaAr*]*~
is isoelectronic with alkynes RC=CR, the compound was stated
to contain a gallium-gallium triple bond.’® The sodium atoms
in [{CsHs-2,6-(CgH,-2,4,6-'Pr3)} Ga],Na, are complexed by
the flanking tri-isopropyl phenyl groups of the m-terphenyl
substituents and form symmetrical isosceles triangles with
the gallium atoms with Na-Ga distances of ca. 3.08 A
(Scheme 25).

The interpretation of [{CgH3-2,6-(CsH,-2,4,6-Pr3)}
Ga],Na, to contain a triple bond sparked immediate interest
of synthetic and computational chemists and resulted in a
fierce debate on the nature of the multiple bonding in this
main group compound. Since its discovery, numerous theoret-
ical approaches were undertaken to gain further insight into
the nature of the bond in [{C¢Hs-2,6-(CgH,-2,4,6-Prs)}
Ga]zNa2.34’35’°4‘1°2

Earlier, the reduction of slightly less encumbered [CsHs-
2,6-(CgH,-2,4,6-Me3)|GaCl, under similar conditions had
yielded the dianionic trimer {[CsHj3-2,6-(CsH,-2,4,6-Me3)]
Ga}3Na,. This compound is of particular interest in the context
of multiple bonding as the gallium-gallium contacts account
for 2.441(1)A. Two negative charges are delocalized over the
three-membered metalloaromatic ring core in which the sum
of angles around the planar gallium atoms adds up to 360°.
The sodium atoms are located at a distance of ca. 3.15 A above
and below the centroid of the equilateral gallium triangle. It
was thus concluded that {[CsH3-2,6-(CsH,-2,4,6-Mes)]
Ga};Na, constitutes a 2 n-electron Hiickel-aromatic cyclopro-
penium cation homolog'®® (Scheme 26).

Slightly shorter gallium-gallium distances between 2.4187
(5) and 2.4317(5)A were found in the respective dipotassio
derivative {|CsHj;-2,6-(CsH;-2,4,6-Me3)]|Ga}sK,. Yet, it is im-
portant to note the short distances between the alkali metals
centers and the centroids of the aryl groups in 2,6-positions of
the m-terphenyl substituents.'® Reduction of sterically more
shielded {C¢H3-2,6-(CsH,-2,4,6-Pr3)}GaCl, with potassium
rather than sodium resulted in the isolation of [{CsHs-2,6-
(C6H2—2,4,6-iPr3)} 2Gay|K, which has an octahedral cluster
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Excess na

Dipp Dipp
|
!
Ga—Ga
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|
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Ar
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Ar

E=Al; X=I; Ar=Dipp (R=Pri, R’=H)
E=Ga; X=Cl; Ar=Trip (R=R'=Pr)

Scheme 25 Syntheses of compounds [ArEEAr]Na, which feature formal bonder order 3.

Excess K

-

Ar=Trip, E=Ga

Ar

Ar

Excess M

EX,

Ar=Mes; E=Al; X=1; E=Ga;
X=Cl; M=Na, K

Scheme 26 Syntheses of metalloaromatic compounds [ArE]sM, (E=Al, Ga; M=Na, K) and [(ArGa),Gaz]K>.

core in which the galliums form an almost perfect square
which is bi-capped by the potassium atoms.'°® In all cases,
the cyclic gallium derivatives exhibit two negative charges
delocalized over the central triel ring.

The nature of the gallium-gallium interaction in [{CsH3-
2,6-(CgH,-2,4,6-"Pr3) }Ga],Na, was further investigated by the
synthesis of the sterically slightly less hindered compounds
[{C6H3-2,6—(C6H3—2,6—iPr2)}Ga]2N32 and the related neutral
complex [{CgH3-2,6-(CgHs-2,6-"Pry) }Gal,.'%¢ As discussed in
Section 1.10.2.1.2, the solid-state structure of the neutral al-
kene homolog [{C¢H3-2,6-(CsHs-2,6-Pr,)}Gal, features a
long Ga-Ga distance of over 2.62 A and a trans-bent (C-ipso)
GaGa(C-ipso) core which is indicative of a high degree of lone-
pair character of the gallium atoms. Gallium-gallium bonding
is weak in this compound and it is known to exist in an
equilibrium of monomeric and dimeric forms in solution.
The doubly reduced species [{C6H3—2,6—(C6H3—2,6—iPr2)}
Ga|,Na,, however, displays very similar structural parameters
with respect to the ‘triple bonded’ [ { CsHs-2, 6—(C6H2—2,4,6—iPr3) }
Gal,Na, with Ga-Ga distances around 2.32 A, (C-ipso)GaGa
angles around 130°, sodium-gallium distances between
2.88 and 3.05A and short distances between the sodium
atom and carbon atoms of the flanking aryls of around

3.0 A. In summary, the observation of trans-bending in both,
the neutral and the doubly reduced species, the weakness
of the gallium interactions in the so-called neutral, parent
‘digallenes,” and the strong interaction of the alkali metals
with the ortho-aryl substituents of the ligands experimentally
suggest a bond order of significantly less than three for the
complexes ArGaGaArM,. Moreover, several ArGa: compounds
exist as monomers in the solid state.*®

As far as the respective aluminum compounds are
concerned, a similar picture can be drawn. The aluminum-
aluminum distance of 2.428(1)A in [{C¢H3-2,6-(CsHs-
2,6-'Pr,) }Al|,Na, is ca. 0.11 A longer than the triel separation
in Robinson’s ‘digallyne’ which is presumably a consequence
of the larger radius of aluminum (1.3 A) in comparison to
gallium (1.25 A). [Ar'AIAIAr' |Na, adopts a trans-bent structure
in the solid-state ((C-ipso)-Al-Al angle of 131.71(7)°). In con-
trast to gallium, the neutral derivative Ar’'AlAIAY is unstable in
aromatic hydrocarbons and undergoes [4+ 2] cycloaddition
reactions which are indicative for its high diradical character.
Multiple bonding in [{CgH3-2,6-(CsHs-2,6-Pr,)}Al],Na, is
weak with a Wiberg bond-index of 1.13. Al-Al distances in
the trialuminum derivative {[CcHs-2,6-(CsH,-2,4,6-Me3)]
Al}3Na,, which displays the same structural motif of a planar
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Table3  Structural data for compounds [REER]>~, [(RE)s]?~, and [(RE)oE5]>~ (E=AI, Ga)

E-F distance (4) C-E distance (A) E-M distance (4) C—E—F angle (°) Ref.
[ArAIAIAr |Nay 2.428(1) 2.043(2) 3.152(1) 131.71(7) [107]
[(Ar*Al)3]Na, 2.520(1) 2.021(3) 3.285(2) 142.8(1)/157.2(1) [107]
[Ar*GaGaAr*Na, 2.319(3) 2.06(2) 3.056(6)/3.085(7) 133.5(4) [93]
[Ar'GaGaAr']Na, 2.347(1) 2.059(5) 130.7(1) [106]
[(Ar*Ga)s]Na, 2.441(1) 2.037(3) 3.229(2) 133.7(1)/166.3(1) [103]
[(Ar*Ga)s]Ko 2.4187(5)-2.4317(5) 2.040(3)-2.050(3) 3.5289(8)-3.5817(8) 143.03(10)/156.69(10) [104]
[(Ar*Ga),Gao]Ks 2.4623(4)/2.4685(3) 2.0058(19) 3.4710(6)-3.8330(6) 139.33(6)/133.44(6) [105]

aluminum three-membered ring with sodiums above and
below the central plane, are 2.520(1)A.'%7 In all these com-
plexes, the interaction of the alkali metal centers with aryl
groups plays a key role in the molecular assembly. For instance,
no solvent separated ion pairs nor respective singly reduced
radical anions [ArEEAr]*~ have been isolated to date (Table 3).

A neutral molecule with a certain degree of boron-boron
triple bond character is the bis-carbonyl complex of diboron
OC-B=B-CO. It was produced by co-condensation of boron
atoms with carbon monoxide in an argon matrix at 8 K and
characterized by Fourier transform (FT)-IR spectroscopy of
different isotopomers. DFT calculations employing broken-
symmetry unrestricted wavefunctions predicted the linear trip-
let state in O=C-B=B-C=O to be about 20.5 kcal mol™'
higher in energy than the linear singlet state. The molecule is
best described as an excited-state diboron core which interacts
with two carbonyls. The doubly degenerate HOMOs are
boron-boron n-bonding orbitals which involve back-bonding
from the diboron core to what are antibonding orbitals in
uncomplexed carbon monoxide. The HOMO-1 orbital essen-
tially constitutes the B-B o-bond. In summary, singlet O=C-
B=B-C=O0 features some B-B triple bond character through
the population of the HOMO-1 and degenerate HOMO or-
bitals. Calculations indicate a very short B-B distance of little
over 1.45 A, a value which is significantly smaller than the
experimentally observed boron-boron distances known to
date. Concerning the mechanism of formation, dimerization
of B-CO seems more plausible than reaction of B, with two
molecules of CO as upon thermal annealing the signal attrib-
uted to BCO had decreased while O=C-B=B-C=0 concomi-
tantly formed."%®

1.10.6 Conclusion

In summary, examples of compounds of all group 13 elements
boron to thallium which feature multiple bonding or which
have formal multiple bonds have been synthesized.

Most convincing experimental data for the existence of true
multiple bonds are available for the lightest element boron.
Isolation of the neutral bis-NHC adducts L:BH=BH:L, the sin-
gly and doubly reduced derivatives [R,EER,]*~, [R,EER,]*~
and the formally triply bonded OC-B=B-CO provided strong
experimental evidence for the existence of true multiple bond-
ing in these compounds. Experimental data include short B-B
distances, in fact shorter than in the parent neutral molecules,
and planar arrangements of the R,BBR, cores in the reduced
compounds in contrast to the parent molecules which

frequently adopt a perpendicular arrangement of the R,B
planes. Planarity is also observed in two of the four known
isomers of L:.BH=BH=:L. EPR spectroscopy revealed coupling
of the unpaired electron in the radical anions [RBBR]*™ to two
magnetically equivalent boron atoms in symmetrical com-
pounds and very similar hyperfine coupling constants to the
borons in unsymmetrical [Mes,BBMesPh]*~. Small hyperfine
coupling constants further corroborate the nature of the
SOMOs as m-orbitals which are essentially combinations of
boron p-orbitals.

Multiple bonding is also operative in the singly reduced
heavier group 13 compounds [R,EER,|*™ (E=Al, Ga; R=Trip,
CH(SiMe;3),). One-electron reductions of parent dialans and
digallans result in shortened E-E bonds and rearrangement of
previously twisted molecules to radical anions with coplanar
R,EER,; cores. EPR investigations clearly show delocalization of
the unpaired electrons over both triel centers. Analysis of the
hyperfine coupling constants show that the SOMO is in fact
a delocalized m-orbital which consists of the p-orbitals at
aluminum or gallium. Neither a doubly reduced derivative
[R,EER,]?~ nor a respective singly or doubly reduced indium
or thallium compound has been isolated to date.

In contrast to reduced salts [R,EER,]*™ and [R,EER,]*~ and
the NHC-stabilized diborene L:HB=BH:L, multiple bonding in
neutral, heavier group 13 compounds REER (E=Ga, In, Tl) is
weak. In the case of aluminum, simultaneous population of
the two m-orbitals with one electron each is responsible for the
diradical nature and exceedingly high reactivity of these com-
pounds. No structural data on dialuminene REER are currently
available, although a red solid with constitution Ar’ AIAIAr was
isolated from the reduction of Ar'All,. Owing to its high reac-
tivity which is very likely a consequence of its diradical charac-
ter, only cycloaddition products have been isolated to date.
Approaches to reduce the related aryl-substituted boron com-
pounds failed, but there is some experimental evidence for the
existence of amino-substituted derivatives R,N-B=B-NR,.

Heavier group 13 element derivatives REER (E=Ga, In, TI)
show an increasing tendency to exist as a monomer/dimer
equilibrium in solution and to remain as monomers in the
solid state. These compounds possess a combination of a lone
pair and two empty orbitals which render them promising
candidates with respect to coordination chemistry and activa-
tion of small molecules. Intriguing first experimental results for
their reaction chemistry are provided by the activation of dihy-
drogen and ammonia under very mild conditions and addition
to alkenes and alkynes.

Certainly the most controversial aspect in heavier group 13
multiple bonding is caused by the doubly reduced compounds
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[REER]M,. Their valence electron count puts them in relation
with alkynes. Yet, significant trans-bending, strong interaction
with alkali metal cations and the weakness of the putative
multiple bonds in the neutral parent ditrielenes REER severely
questions the triple bond character in these compounds. Fi-
nally, the characterization of the unusual compound OC-
B=B-CO provides an exciting perspective in the field of neutral
group 13 triple bonded compounds.
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LUMO  Lowest unoccupied molecular orbital uv Ultraviolet

MO Molecular orbital
NBO Natural bond orbital

1.11.1 Introduction

The family of unsaturated hydrocarbons, which includes al-
kenes >C=C<, alkynes -C=C-, 1,3-dienes >C=C-C=C<,
and allenes >C=C=C< (and other cumulenes), constitutes
one of the most fundamental classes of organic compounds,
having paramount importance for the chemical industry. The
multiple bonding between carbon atoms (or between carbon
atom and heteroatom) is a central theme of organic chemistry,
contributing to its great variety and richness.

Likewise, the analogs of unsaturated hydrocarbons, featur-
ing multiple bonds to silicon, germanium, tin, and lead, are
equally important in the chemistry of the low-coordinate or-
ganometallics of the group 14 elements. Sometimes called the
‘heavy’ alkenes, alkynes, 1,3-dienes, and allenes, these species
are ubiquitous, initially being generated as fleeting intermedi-
ates in a vast number of chemical transformations. Although

originally thought to be synthetically inaccessible (a prejudice
known as the ‘double-bond rule”: elements with the principal
quantum number equal to or greater than three cannot form
multiple bonds because of the significant Pauli repulsion of
the electrons in the inner shells), the analogs of alkenes
R,E=ER,, alkynes RE=ER, 1,3-dienes R,E=E(R)-E(R)=ER,,
and allenes R,E=E=ER, (E=Si-Pb) were finally isolated as
room-temperature stable compounds stabilized by the right
combination of electronic and steric effects of substituents R.
As milestones of the field, one should mention the synthesis
of the first stable distannene Dsi,Sn=SnDsi, by Lappert in
1976," disilene Mes,Si=SiMes, by West in 1981,%® and
silene (Me3Si),Si=C(OSiMe3)Ad by Brook in 1981.% Despite
the isoelectronic composition and formal structural similarity
with organic unsaturated hydrocarbons, their heavy analogs
exhibit sharply distinctive properties: synthetic approaches,
structural peculiarities (double-bond nature), and reactivity.
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The preparation methods leading to the stable Si, Ge, Sn, and
Pb analogs of alkenes, alkynes, 1,3-dienes, and allenes, as well
as their unusual structural and bonding features, are discussed
in this chapter. Among the heteronuclear derivatives, only
those containing a double bond between two different heavy
group 14 elements are considered, whereas the combinations
E=C (E=Si-Pb) and E=E' (E=Si-Pb, E'=group 13, 15, or 16
element) are outside the framework of this chapter. Likewise,
radical, ionic, and aromatic compounds, featuring multiple
bonds to the heavy group 14 elements, are not considered,
nor are the aspects of the chemical reactivity of the heavy
analogs of alkenes.

1.11.2 Stable Analogs of Alkenes of the Heavy
Group 14 Elements

1.11.2.1 Homonuclear Derivatives

1.11.2.1.1 Disilenes >Si=Si<*

1.11.2.1.1.1 Synthesis

Tetramesityldisilene Mes,Si=SiMes,, the very first stable
compound with an authenticated Si=Si double bond, was
prepared by West and coworkers in 1981 by the 254 nm
photolysis of the precursor Mes,Si(SiMes), via the transient
silylene Mes,Si:, dimerization of which produced the disilene
Mes,Si=SiMes,.”* Since then, about 70 other room-
temperature stable disilenes have been isolated and structur-
ally characterized (excluding ionic, radical, and aromatic
compounds containing Si=Si bonds, as well as compounds
with conjugated Si=Si-Si=Si and cumulated Si=Si=Si
bonds) (Table 1). The majority of them (57 isolable disi-
lenes) were reported after 2000.

The general synthetic approaches leading to stable disilenes
can be classified into six major methods: (1) photolysis of
acyclic trisilanes (A); (2) photolysis of cyclotrisilanes (B);
(3) reductive dehalogenation of 1,1-dihalosilanes (C); (4) re-
ductive dehalogenation of 1,2-dihalodisilanes (D); (5) cou-
pling of the stable lithium disilenides with the appropriate
electrophiles (E); and (6) 1,2-addition across the Si=Si triple
bond of the isolable disilynes (F) (Scheme 1).

Method A was used for the preparation of the first-ever
known stable disilene, Mes,Si=SiMes,. The cycloreversion by
method B was mostly employed for the synthesis of tetraaryl-
disilenes. A great variety of alkyl-, aryl-, and silyl-substituted
disilenes were synthesized by applying method C (28 com-
pounds), one of the most widely used synthetic approaches
for the preparation of stable disilenes. Method D (dehalogena-
tion of the vicinal 1,2-dihalodisilanes), which allowed for the
preparation of several alkyl-, aryl-, and silyl-substituted disi-
lenes, is not widely used at the present time. Methods E and F
were developed most recently, when lithium disilenides (start-
ing material in E) and disilynes (starting material in F) became
readily available as stable derivatives; rather unusual disilenes
(17 by method E and 8 by method F) with a mixed substitution
pattern (including heteroatom substituents), unavailable by
any other synthetic approaches, were synthesized using these
novel methods. Among the nontraditional methods (other
methods), which can be used only for the preparation of a
particular disilene, one can mention the following: reaction
of the cationic (1°-MesCs)Si™-B(C¢Fs)s~ with (MesSi),NLi

forming disilene (E)-(n'-MesCs)[(MesSi),N]Si=Si(n'-CsMes)
[N(SiMes),]; coupling of the 1,1-dilithiosilane derivatives
(R5S1),SiLi, (R3Si=SiPr;, SiMeBu',) with dichlorosilanes
Ar,SiCl, (Ar=Mes, Tip) giving unsymmetrically substituted
disilenes (Pri3Si)ZSi:SiMesz, (Pr'3Si),Si=SiTip,, (Bu',MeSi),Si=
SiMes,, and (Bu‘,MeSi),Si=SiTip,; and reduction of the
N-heterocyclic carbene (NHC): — SiCl, complex with KCg form-
ing a remarkable substituent-free NHC-supported disilene
NHC: — Si = Si— :NHC [NHC = 1,3-bis(2,6-diisopropylphenyl)-
imidazol-2-ylidene], featuring a double bond between two Si
atoms in the formal oxidation state of 0.

1.11.2.1.1.2 °Si NMR spectroscopy of disilenes

The origin of the diagnostic deshielding of the doubly bonded Si
atoms in disilenes is well understood in terms of a highly
asymmetric electronic distribution around the silicon nuclei.
As was convincingly demonstrated in a comprehensive experi-
mental/computational study,*’ disilenes showed a remarkable
anisotropy of their chemical shift tensors, first of all manifested
in the very strong deshielding along the x-axis lying in the plane
of the molecule and perpendicular to the n-bond and the Si-Si
bond (1) (Figure 1). Moderate deshielding and strong shield-
ing were found along the in-plane y-axis J,, (along the Si-Si
bond) and out-of-plane z-axis d35 (perpendicular to the plane of
the molecule) (Figure 1).

The most important deshielding along the d;; vector is
assigned to its strong paramagnetic contribution, stemming
from the shielding current induced by the applied magnetic
field. The degree of such paramagnetic contribution, which is
determined by the Ramsey formula,*? is inversely proportional
to the energy difference between the interacting occupied and
vacant molecular orbitals (MOs) that are mixed along the d;;
axis upon the application of the magnetic field. In the partic-
ular case of disilenes, these occupied and vacant MOs are
o(Si-Si) and n*(Si=Si) orbitals, respectively (for a more de-
tailed discussion, see Ref. [41]).

Although the low-field resonances of the sp®-Si atoms
in disilenes were observed over a very wide area spanning
from —47.2 to 276.3 ppm, the vast majority of them were
found in the narrower range of 30.4-167.4 ppm (Table 1).
The record shielding of —47.2 ppm (Si = Si-H), rather unusual
for the doubly bonded Si atoms, was observed in the amino-
substituted disilene (E)-R(Bu'HN)Si=Si(H)R (R=SiPr'Dsi,),
for which an important contribution from the charge-separated
resonance form Bu'HN"= Si(R)-Si (H)R was proposed as a
result of the N lone pair - Si=Si bond n-conjugation.>> Another,
low field, extreme of 276.3 ppm (Si = Si-R) was found in the
NHC-disilyne complex R(NHC:—)Si=SiR [R=SiPr'Dsi,,
NHC=(MeCNMe),C:], in which the lone-pair electrons reside
on the dicoordinate Si center.*®

The magnitudes of the 2°Si NMR (nuclear magnetic reso-
nance) chemical shifts in disilenes are governed by the substi-
tution pattern through both electronic (decrease/increase in AE
(osi_si-T*si—si)) and steric (stretching/twisting of the Si=Si
bond) effects. Accordingly, the doubly bonded silicon centers
are the least deshielded in tetraaryldisilenes Ar,Si=SiAr, (53.4-
72.9 ppm); they showed a record deshielding in tetrasilyldisi-
lenes (R3Si),Si=Si(SiR3), (132.4-167.4 ppm), whereas in
tetraalkyldisilenes R,Si=SiR,, they were observed in the
intermediate region (102.5-135.9 ppm) (Table 1). The
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Table 1 Crystallographic and spectral parameters of the structurally characterized disilenes.

Disilene (synthetic method) > S/':S/'<[,Zl ] 2(Si) [°] >Si=Si<twist [°] 295i(Si=S5i) Reference
(ppom)

Mes,Si=SiMes, 2.143(2) 358.1 3.0
(R) 358.3
[Mes,Si=SiMes,]-C;Hg 2.160(1) NA 12.0 63.6 [2]
(A)
[Mes,Si=SiMes,]-thf 2.146 NA 13.0
(A)
(F)-Mes(Bu")Si=Si(Mes)Bu’ 2.143(1) 359.8 NA 90.3 [2¢,d]
(A)
(E)-Mes(Ad)Si=Si(Mes)Ad 2.138(2) 360.0 NA 87.1 [5]
(A)
(E)-Tip(Me3Si)Si=Si(Tip)SiMe; 2.152(3) NA 0 97.8 [6]
(A)
(E)-Tip(Bu')Si=Si(Tip)Bu’ 2.157(2) NA 0 87.4 [6]
(A)
Ar,Si=SiAr,(Ar = 2,6-Ety-CgH3) 2.140(3) 360.0 10.0 NA [7b]
(B)
Tip2Si=SiTip, 2.144 359.9 3.0 534 [8]
()
(E)-Tbt(Mes)Si=Si(Tht)Mes 2.228(3) 357.2 8.7 66.5 [9]
(C) 358.9
(2)-Tbt(Mes)Si=Si(Tbt)Mes 2.195(4) 358.8 14.0 NA [9]
(C) 359.3
(E)-Bbt(Br)Si=Si(Bbt)Br 2.2264(8) NA NA 79.4 [10]
()
(E)-Fe(Tip)Si=Si(Fc)Tip 2.1733(15) 352.3 30.7 72.6 [11]
(C) [Fc = ferrocenyl]
Pr'oMeSi),Si=Si(SiMePr's), 2.228(2) NA 0 144.5 [12]
(©)
(Bu'Me,Si),Si=Si(SiMe,Bu), 2.202(1) NA 8.9 1421 [12]
(€) _
(Pr'3Si),Si=Si(SiPr'3), 2.251(1) NA 0 154.5 [12]
(©
(E)-(R3Si)(R’'3Si)Si=Si(SiR3)SiR's 2.196(3) 360.0 0 141.8 [13]
() [RsSi = SiMe,BU,
R’3Si = SiMePr’y)
(E)-CI(R3Si)Si=Si(CI)SiR3 2.163(4) 359.6 3.8 NA [14]
(C) [R3Si = SiMe(SiBu's),]
(E)-[(R3Si)2MeSi](R3Si)Si= 2.1984(5) 359.5 29.0 103.8 (=SiSiy) [15]
SiMe(SiRs) [RsSi = SiMeBu’] 359.8 158.9 (=SiMe)
()
(Bu;MeSi),Si=Si(SiMeBu’), 2.2598(18) 359.6 54.5 155.5 [16]
(©) 359.7
(E)-R(Bbt)Si=SiR(Bbt) [17]
(©)
R = C=C-SiMe; 2.202(2) 359.0 NA 44.6
R = C=C-Ph 2.1871(10) 358.5 NA 42.6

R R 2.2890(14) 345.6 25.1 119.5 [18]

N N 346.6
( = ) ©

N—Si Si—N\

R RN\JNRRI\\II\/\NR R

[R = Buf]

RS 2.2061(8) 356.3/ 11.7 136.7(Si2)/ [19]

/\Si\ 357.1 162.2(Si')
Mezsi\ ./Si‘:Siz(SiMeQBu’)Q ©)

/S'\ [R=SiMe]

R R

(Continued)

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:26:31.



292 Multiply Bonded Compounds of Group 14 Elements

Table 1 (Continued)

Disilene (synthetic method) > S/':S/‘<[,Z| ] 2(Si) [°] >Si=Si<twist [°] 295i(Si=Si) Reference
(ppm)
@ 2.1851(12) 349.2 NA 70.6 [20]
Tip
Ssi=si] ©)
Tip
Ru
(E)-Ar(Ph)Si=Si(Ar)Ph 2.1556(6) NA 0.02 NA [21]
(C)
Et Pr?
Et Pr?  Ar’'=naphtyl
Ar =
Et Pt Ar’ =fluoreny!
Et Pr?
(E)-Ar(Ar')Si=Si(Ar')Ar [22]
©
B Bt 2.1623(18)/ 357.2/ NA 60.2/
B & 2.1667(12) 359.7 64.8
Ar e 2.149(5)/ 359.8/ NA 60.4
2.1531(13) 359.9
Et Et
Et Et
(E)-Ph(Ar)Si=Si(Ph)Ar 2.1593(16) NA 3.3 63.2 [23]
(©)
Et Et
Et Et
Ar =
Et Et
Et Et
A @ 2.156(2) 359.9/ 0.3/ NA [23]
A Si 360.0 3.8
si ¢ ©
O,
Ar [Ar: see above]
(E)-Ph(Bu’5Si)Si=Si(Ph)SiBu’s 2.182(2) 359.5 9.0 128.0 [24a]
(D) ,
(Bu'Me,Si),Si=Si(SiPr's), 2.2011(9) 360.0 28.0 142.0 [25]
(D) , 152.7
(Bu'Me,Si),Si=(SiMePr’), 2.198(1) 360.0 9.0 132.4 [25]
(D) [2 independent molecules] 2.1942(8) 360.0 11.7 156.6
< (E)-MesSi(R3Si)Si=Si(SiMes)SiRs 2.1967(11) 358.4 NA 147 1 [26]
g (D) [RsSi = SiPr3]
¢ Tip,Si'=Si2(Tip)P(cyclohexyl), 2.1542(11) 359.0/ 35 52.5(Si%)/ [27]
g (E) 359.5 95.4(Si")
2 Tip,Si'=Si(Tip)1 2.1914(9) 348.8/ NA 76.8(Si")/ [27]
< (E) 352.1 51.7(SP?)
2 Tip,Si'=Si2(SnMes)Tip 2.1618(8) 359.3/ NA 38.9(Si?)/ [28]
s (E) 359.9 103.4(Si")
o Tip,Si'=Si2(SnCIBu’,) Tip 2.1882(12) 355.9/ NA 40.9(Si%)/ [28]
g (E) 356.8 114.5(Si")
2 Tip,Si'=Si2(ZrCp,Cl)Tip 2.2144(7) 359.5/ 20.2 116.8(Si')/ [29]
2 (E) 359.7 152.5 (Si%)
8
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Table 1 (Continued)

Disilene (synthetic method) > S/':S/'<[;| ] 2(Si) [°] >Si=Si<twist [°] 295i(Si=Si) Reference
(ppm)
Tip,Si'=Si2(Ph)Tip 2.1754(11) 353.9/ 5.0 55.2(Si")/ [30]
(E) 354.2 71. 8(S|2)
Tip,Si'=Si2(4-F-CgH4)Tip 2.1468(8) 359.7/ 5.4 55.7(Si")/ [30]
(E) 359.9 70. 6(S|2)
Tip,Si'=8i?(4-Cl-CgHy4)Tip 2.1735(4) NA 10.8 57.3(Si")/ [30]
(E) 69.3(Si%)
Tip,Si'=8i?(4-Br-CgHy)Tip 2.1707(5) NA 10.6 57.4(Si")/ [30]
(E) 69.2(Si%)
meta-[Tip,Si'=Si2(Tip)]-CeHa 2.189(1) NA 10.6 54.6(Si")/ [30]
(E) 72.9(S1%)
para-[Tip,Si'=Si?(Tip)]-CeHa 2.1674(8) 356.1/ 3.4 56.8(Si'")/ [30]
(E) 356.9 70.7(SP)
MeSi SiMe,
/Bu’
Si‘—SiQ\R (E)
Me,si  SiMes
[R_ a: b: c: }
OO
a: 2.1943(14) 352.7/ NA 97.7(SP?)/ [31]
357.8 131.8(Si")
b: 2.209(2) 351.1/ NA 99.6(Si?)/ [31]
357.6 132.4(Si")
c: 2.1754(12) 359.3/ NA 85.6(Si2)/ [31]
359.4 123.2(Si%)
(Buf,MeSi),Si'=Si?(SiMeBu’,)BR, 2.192(2) 360.0 7.1 11.7(Si")/ [32]
[R = catecholboryl] (E) 127.3(Si2)
(F)-R(EtoN)Si'=Si?(R)H 2.1647(10) 354.9/ NA —39.3(Si%)/ [33]
[R = SiPr'Dsiy] (F) 358.7 170.5(Si")
(F)-R(Ph,N)Si'=Si?(R)H 2.1790(14) 357.8 NA 66.6(Si%)/ [33]
[R = SiPr'Dsiy] (F) 136.4(Si")
(F)-R(R'5B)Si'=Si?(R)H 2.1634(12) 358.1/ NA 84.3(Si")/ [34]
[R = SiPr'Dsiy; 358.7 123.4(Si%)
R’,B = catecholboryl] (F)
(F)-R(R'3B)Si'=Si*(R)H 2.1838(12) 359.7/ NA 121.7(Si"y/ [33]
[R = SiPr'Dsiy; 359.9 150.5(Si%)
R’,B = 9-borabicyclo[3.3.1]nonan-9-yl] (F)
(F)-R(R'N)Si'=Si2(R)H 2.1596(17) 356.8/ NA —34.1(Si%)/ [35]
[R = SiPr'Dsiy; 359.1 159.0(Si")
R’,N = pyrrolidyl] (F)
(F)-R(R'N)Si'=Si%(R)H 2.1949(7) 341.7/ NA —47.2(Si?)/ [35]
[R = SiPr'Dsiy; 355.2 136.5(Si")
R’,N = Bu’NH] (F)
(F)-R(NHC—)Si'=Si%(R) 2.1989(6) 359.2 NA 28.7(Si")/ [36]
[R = SiPr'Dsiy; 276.3(Si%)
NHC = (MeCNMe) C: ] (F)
(2)-R(NHC—)Si'=Si%(—2ZnCl,)R 2.2006(13) 355.4/ NA 66.9(Si")/ [36]
[R = SiPr'Dsiy; 359.7 190.8(Si?)
NHC = (MeCNMe),C:] (F)
(2)-Tip(TipoHSi)Si=Si(SiCITip,) Tip 2.2149(9) 360.0/ NA 96.0/ [37]
(other methods) 360.0 102.7
(2)-Tip(TipoHSi)Si=Si(SiBrTip,)Tip 2.2088(10) 360.0/ NA 95.6/ [37]
(other melhods) 360.0 1041
(F)-R(n'-Cp*)Si=Si(R) (n'-Cp*) 2.1683(5) 359.1/ 4.9 NA [38]
[R = N(SiMes),] (other methods) 359.5
(Continued)
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Table 1 (Continued)

Disilene (synthetic method) > S/':S/‘<[,Z| ]

>(Si) [°] >Si=Si<twist [°] 295i(Si=Si) Reference

(ppm)

NHC:—Si=Si—:NHC 2.2294(11)
[NHC = (HCNAr),C: [Ar = 2,6-Pr’p-CgHs]
(other methods)
R R 2.2621(15)
Si_ Si==Si i
NS

Si .
"R Rx'/_ F
R R

[R = Bu’] (other methods)

R

NA 2245 [39]

360.0 12.1 102.5 [40a]

NA=not available.

>Si(SiMeg),

\
A

1,2-add.

Si—Si

N
o

N

—Si=Si —

/
F

RXTE XX

\
Si =Si
\

Scheme 1 Major synthetic routes to the stable disilenes >Si=Si<.

633/ 622

51 1/ 5xx

Figure 1 Directions of the principal shielding tensor components in a
planar disilene R,Si=SiR,.

extraordinarily low-field shifted resonances of the disilenes
bearing sterically demanding o-donating silyl substituents
originate from the deshielding in the d,, direction. Stretching
of the Si=Si bond, caused by the bulkiness of the silyl groups,
and a remarkable decrease in the AE(Gs;_si—T *si—si), caused by
the raising of the og;_g; energy level resulting from the electro-
positive silyl substitution, are jointly responsible for the ex-
treme deshielding observed in tetrasilyldisilenes.

Li

Mixed substituted disilenes (aryl(alkyl)disilenes, aryl(silyl)
disilenes, and alkyl(silyl)disilenes) exhibited resonances of
their doubly bonded silicon centers in the region intermedi-
ate between those of identically substituted compounds
(tetraaryldisilenes/tetraalkyldisilenes, tetraaryldisilenes/tetrasi-
lyldisilenes, and tetraalkyldisilenes/tetrasilyldisilenes).

In the particular case of disilenes (R3Si),Si = SiAr, with an
unsymmetrical substitution pattern, silyl-substituted sp*-
silicons were extraordinarily shielded, whereas the resonances
of the aryl-substituted sp®silicons were found at very low
fields: —0.8 and +152.3 ppm ((Pr's8i),Si = SiMes,), +14.0
and 4+137.2ppm  ((Pr'3Si),Si=SiTip,), +82 and
+148.6 ppm  ((Bu’,MeSi),Si = SiMes,), and +14.9 and
+142.0 ppm ((Bu‘,MeSi),Si = SiTip,).*> Such unusual NMR
spectral features were explained by considering the high impor-
tance of the paramagnetic nuclear spin-electron orbit term,
representing the degree of interaction with the nuclear magnetic
moment and affecting the magnitude of the paramagnetic con-
tribution and, consequently, the overall deshielding.**
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1.11.2.1.1.3 Crystal structures of disilenes

The most fundamental structural characteristic of the doubly
bonded organosilicon compounds, differentiating them from
their singly bonded counterparts, is the length of the silicon-
silicon bond. Although the structurally characterized Si=Si bond
lengths are reported to vary rather widely from 2.138(2) to
2.2890(14)A, the overwhelming majority of them (88%) span
the narrower range of 2.14-2.22 A with the major part (66%)
fitting within the 2.14-2.19 A range (Figure 2).

These values are comparable (albeit slightly longer because
of the remarkable steric congestions) to the estimate of 2.14 A
made for the Si=Si bond on the basis of the double-bond
covalent radius of 1.07 A recently reported for the Si atom.*
The experimental values for the Si=Si bond of 2.14-2.19 A
are also substantially shorter (6-9%) than the sum of the
single-bond covalent radii for the two Si atoms of 2.32 A*®
and the average value of the experimentally determined Si-Si
single-bond lengths of 2.34 A.

The other diagnostic features of the Si=Si bonds, princi-
pally distinguishing them from organic alkenes with planar
C=C bonds, are the structural deformations, of which the
trans-bending at sp>-Si atoms and twisting about the Si=Si
bond are the most important (for a comprehensive discussion,
see leading reviews: Ref. [4]). If the twisting about the Si=Si
bond is mostly attributed to the huge steric interaction be-
tween the highly sterically demanding substituents, the trans-
bending at silicons is definitely electronic in its origin. Thus,
electronegative substituents (F, OH, and NH,) cause an in-
crease in the singlet-triplet energy gap (AEsr) and the extent
of mgi_si—O*si_s; orbital mixing, resulting in a pronounced
trans-bending at the sp-Si atoms, stretching and weakening
the Si=Si bond. By contrast, electropositive substituents (BH,
and SiH3) reduce AEgt and the degree of ms;_s;—6 *s;_s; interac-
tion, resulting in a flattening at the sp>-Si, shortening and
strengthening the Si=Si bond.

Of all structurally characterized disilenes, tetraalkyldisilenes
R,Si=SiR, are typically trans-bent and twisted when they have
bulky substituents. Their structural features vary in the follow-
ing range: 2.1767(6)-2.2687(7) A (Si=Si bond length); 345.0-
360.0° (sum of the bond angles around sp>-Si indicating the
degree of pyramidality); and 3.9-42.5° (twisting about Si=Si
bond) (Table 1).

Distribution of the Si=Si bond lengths in disilenes

026208 A >228A

2.23—2.25Aw N\ 1%

8%

2.14-2.16 A

2.20-2.25 A
22%

Figure 2 Distribution of the Si=Si double-bond lengths in the stable
disilenes.

Tetraaryldisilenes Ar,Si=SiAr, are normally less deformed
than their tetraalkyl-substituted counterparts, showing the fol-
lowing range of structural characteristics: 2.140(3)-2.228(2) A
(bond length); 349.2-360.0° (sum of the bond angles); and
0.02-14.0° (twisting) (Table 1).

In agreement with theoretical expectations (see above), tetra-
silyldisilenes (R3Si),Si=Si(SiR3), are the least deformed of all
known disilenes, showing nearly ideal planar geometry around
the silicon centers: 356.3-360.0° (sum of the bond angles)
(Table 1). However, in contrast to computational predictions,
sterically congested tetrasilyldisilenes showed rather long and
extremely twisted Si=Si bonds because of the extreme steric
repulsion between the bulky substituents: 2.180(3)-2.2598
(18)A (bond length) and 0.0-54.5° (twisting) (Table 1). For
example, in accord with its huge electropositive silyl groups, the
most heavily substituted tetrasilyldisilene (Bu',MeSi),Si=Si
(SiMeBu',), is particularly strongly deformed with the longest
Si=Si bond among tetrasilyldisilenes of 2.2598(18) A and great-
est twisting of 54.5°, being nevertheless nearly planar at the
sp>-silicons (sum of the bond angles 359.6°/359.7°)."°

The longest known Si=Si bond of 2.2890(14)A was
reported for the unusual bis(amino)bis(silyl)disilene, which
was also markedly trans-bent at the silicons (345.6° and
346.6°) and notably twisted (25.1°) at the Si=Si bond.'®
Both steric and electronic effects are responsible for such
great structural distortions seen in this compound.

1.11.2.1.14 Cyclic disilenes with an endocyclic Si=Si bond
There are no universal approaches for the design of cyclic
disilenes; therefore, the particular synthetic methods for each
class of such derivatives (depending on the ring size) are de-
scribed (Table 2).

1.11.2.1.1.4.1 Three-membered ring compounds (heavy
cyclopropenes)*”  These cyclic compounds are especially in-
teresting because of their unusual structures (combination of the
highly strained three-membered ring and double bond in one
molecule) and extreme reactivity (Table 2). The particular
geometry of the heavy cyclopropenes, bearing electropositive
o-donating silyl groups, allows for effective mz_p-6*_g; orbital
mixing, stabilizing the highest occupied molecular orbital
(HOMO)(mg—g) of the molecule and resulting in the remarkable
relaxation of the inherent ring strain (for the n-c* orbital inter-
action concept, see Ref. [48]) (Figure 3).

The first stable cyclotrisilene was prepared in 1999 by the
reduction of (Bu‘Me,Si)3Si-SiBr,Cl with potassium graphite
(Scheme 2).*°

A further two stable cyclopropene analogs featuring an
endocyclic Si=Si double bond, symmetrically substituted
cyclotrisilene®® and hybrid 3H-disilagermirene of different
heavy group 14 elements,” were readily available by the re-
ductive Wiirtz coupling of RSiBr; and R,EX, (R=SiMeBu',,
E=Si/Ge, X=CIl/Br) with metallic sodium (Scheme 3).

The unprecedented alkyl-substituted heavy cyclopropene,
as the nearest homolog of the above-described symmetrically
substituted cyclotrisilene distinguished by only one CH,-unit,
was prepared by the thermal isomerization of trisilabicyclo
[1.1.0]butane (Scheme 4).?

A cyclotrisilene with different substituents at the sp>- and
sp°-Si atoms was synthesized by the coupling of (Bu’,MeSi),.
SiLi, and Bu'sSi-SiBr,-SiBr,-SiBu'; (Scheme 5).°?
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Table 2 Crystallographic and spectral parameters of the structurally characterized cyclic disilenes.

Cyclic disilene >Si=Si< [A]  Z(S)P] >Si=Si< Ring 295i NMR Reference
twist [°] Folding [°]  (Si=Si) (ppm)
R R
A\
E
R-SI=Si—g
[E = Si; R = R’ = SiMe,Bu’; R” = SiRy] 2.132(2) 356.7 21.4 81.9 (= Si-R)  [49]
360.0 99.8 (= Si-R")
[E = Si; R = R = R" = SiMeBu’,] 2.138(2) 357.5 31.9 97.7 [50]
358.1
[E = Ge; R = R’ = R” = SiMeBu'y, 2.146(1) 3569  37.0 107.8 [51]
357.4
[E = Si; R = SiMeBu’,; R” = R” = SiBu’s] 2.1612(8) 359.8 4.8 97.4 [53]
360.0
[E = Si; R" = R” = SiMes; R,R =-C 2.1428(5) 359.1 8.6 142.9 [54]
(SiMeg)ZCHZCHg(Messi)QC— 360.0
R ;z"
R 2 WR
\«T_E,.»
R/Si:Si\R
[E = F'= Si; R = R = R” = SiMe,Bu] 2.174(4) 358.6 12.3 37.0 160.4 [55]
[E=F = Si;R = R = SiBus; R” = 1] 2.257(2) 3592 308 28.0 164.4 [56]
359.6
[E=F =Si;R=R = SiBu’s, R” = H] 2.360(2) 350.4 NA 23.0 141.3 [57]
[E=F G, R =R = H; R = SiMe(SiBu's,] 2.175(1) 359.8 NA 8.3 151.4 [58]
360.0
[E=F = C; R = SiPrDsiy; R = Me; R = H] 2.1632(10) 358.1 32.2 1.0 152.1 [59]
358.4
[E = E' = Si; R= R’ = SiMeBu’,. R” = Br] 2.2014(9) 359.0 NA 337 1414 [60]
359.7
[E = E' = Ge; R = R = SiMeBu’y, R” = Me] 2.1875(13) 355.3 NA 43 167.6 [61]
357.6
[E = Si, E' = Se; R = R = R” = SiMeBu’y; 2.1706(12) 3600 0.1 1.7 100.8 (=Si-Si)  [62]
no substituents R” and R” on Se] 192.1 (=Si-Se)
Tip Tip 2.170(1) 3586 265 NA 86.0 [63]
“si—si 359.7
Tip‘Si/\ /\srTip 2.181(1) 3585 268 NA 90.3 [63]
T’ ET VTip 359.6
2.198(2) 3586 282 NA 97.8 [63]
[E=S] 359.3
[E = Se]
[E = Te]
 SiMe, 2.1926(6) 359.7/ NA 334 150.2 [19]
MESSI\S‘i\S/SiMeZBu' 359.9
|
MEQSI\ ./ls’i\
Wit SiMe,But
MegSi™ gime,
R Ra 2.180(3) 360.0 16.7 22.1 167.4 [64]
R;Sli\ i/'s{
Me,Si I SiMe,
’ /Si/s"Si{
RRR RR
[R = SiMey]
Me,Si_ SiMe, 2.1595(9) 356.7/ 4.8 NA 100.9 [65]
_Ph 358.4
Si
Si_
Ph
MegSi~ SiMe,
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Table 2 (Continued)

Cyclic disilene >§i=Si< [A]

XS]  >Si=Si<  Ring 295i NMR Reference
twist [°] Folding [°]  (Si=Si) (ppm)

RR RR
Si=Si [R = SiMe,]
RMeESifsiMez R
Trans— 2.2687(7)
Cis—- 2.1767(6)

345.0/ 42.5 NA 135.9 [66]
346.0
357.7/ 3.9 NA 128.1 [66]
359.8

NA =not available.

QSi Q’
o D Te-E S
=5 Q E
R Si/ ED\/Q?O
3 RSSi/G

Figure 3 The stabilizing ng_g—o*g_g; orbital mixing in the heavy
cyclopropenes.

R\ R
KCg si
R,Si-SiBr,Cl ——»
THF Si—si
[R = SiMe,Bu] R T SiR,

Scheme 2  Synthesis of the first stable cyclotrisilene.

R R
\ &
E
Na
2RSiBrg + REXy ——
Toluene Si—=si
[R = SiMeBul,; E = Si, R~ ™R
X=Br;E=Ge, X=Cl]
[E = Si, Ge]

Scheme 3 Synthesis of the symmetrically substituted cyclotrisilene
and hybrid 3H-disilagermirene.

R R CH-R
sl' CH \s’;

R—°! 2 130°C !
R/SI_SI\ oluene R/SI—SI\R

[R = SiMeBul,]

Scheme 4 Synthesis of the alkyl-substituted cyclotrisilene.

An unusual derivative, in which the cyclotrisilene fragment
is a part of a spiroheptene system, was prepared by cleavage of
one of the Si=Si bonds of the stable tetrasilabuta-1,3-diene
followed by the intramolecular insertion of the resulting sily-
lene into the second Si=Si bond (Scheme 6).>*

The resonances of the sp>-Si atoms of silyl-substituted cyclo-
trisilenes are observed at markedly higher fields than those
of acydlic tetrasilyldisilenes: 81.9-122.8 ppm versus 132.4-
167.4 ppm. This trend is in line with that in organic chemistry,
where doubly bonded carbons in cyclopropene (108.7 ppm)
resonate at higher fields than those in ethylene (123.5 ppm).

The Si=Si bonds in the silyl-substituted cyclotrisilenes
are notably shorter than those of acyclic tetrasilyldisilenes:
2.132(2)-2.1612(8) A versus 2.180(3)-2.2598(18)A. How-
ever, the Si=Si bonds in cyclotrisilenes are more twisted than
those in tetrasilyldisilenes with the torsion about the Si=Si
bond ranging from 21.4° to 37.0°. Such remarkable twisting
may result from the important steric repulsion between the
eclipsing bulky silyl-substituents at the sp-Si atoms. As an
exceptional case, the cyclotrisilene with the extraordinarily
bulky Bu'sSi-groups at the doubly bonded silicons showed a
nearly planar geometry about the Si=Si bond, with a twisting
angle of only 4.8° (Scheme 5).>*
1.11.2.1.1.4.2 Four-membered ring compounds (heavy
cyclobutenes) Nine heavy cyclobutenes featuring an endo-
cyclic Si=Si bond have been prepared to date (each by a
particular synthetic method), of which eight have been struc-
turally characterized (Table 2 and Scheme 7).

The first isolable representative, hexasilylcyclotetrasilene,
was synthesized in 1996 by the coreduction of a mixture of
tetrabromodisilane RSiBr,SiBr,R and dibromosilane R,SiBr,
(R=SiMeBu',) with lithium naphthalenide (Scheme 8).>*

The first cyclic disilenes with a chalcogen atom (S, Se)
incorporated into the four-membered ring were synthesized
by the photochemical isomerization of 2-thia(2-selena)-
1,3,4-trisilabicyclo[ 1.1.0]butanes (Scheme 7, H).®*> Mechanistic
studies showed the symmetry-allowed [c2s-+G2s] concerted
disrotatory transformation of bicyclo[1.1.0]butane to cyclobu-
tene as the most likely mechanistic scenario. Moreover, such
chalcogen-substituted cyclic disilenes showed no signs of a
significant conjugation between the Si=Si bond and S/Se
lone pairs, as was determined by their structural and spectral
characteristics.
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2R,SiLi, + R'-SiBry-SiBr,-R' —»

THF
[R = SiMeBul,; R’ = SiBu's]

/\ +1/, R,Si = SiR,

R’/SI SI\R,

Scheme 5 Synthesis of a cyclotrisilene with different substituents at the sp3- and sp?-Si atoms.

R R AB0°C) or
) . hv (> 390 nm)
. SI /SI

S' Benzene
RR

R R

R = SiMey] _-Si

RR

Scheme 6 Synthesis of the spirocyclic cyclotrisilene.

The resonances of the doubly bonded Si atoms of the heavy
cyclobutenes were found at remarkably lower fields than those
of the heavy cyclopropenes: 95.1-195.0 ppm versus 81.9-
122.8 ppm. This tendency is again quite parallel to that ob-
served in organic chemistry: deshielding of sp?-carbons in
cyclobutene (137.2 ppm) relative to those in cyclopropene
(108.7 ppm). Moreover, the sp’-silicons of cyclotetrasilenes
are even more deshielded than those of acyclic tetrasilyldisi-
lenes: 95.1-195.0 ppm versus 132.4-167.4 ppm.

The Si=Si bonds in the heavy cyclobutenes are longer
than those of the heavy cyclopropenes (likewise, cyclopropenes
in organic chemistry are well known to possess the shortest
C=C bonds among cycloalkenes): 2.1632(10)-2.360(2)A
versus 2.132(2)-2.1612(8)A. The extent of other structural
distortions (pyramidalization at the sp®-Si, twisting of the
Si=Si bond, folding of the four-membered ring) is totally gov-
erned by the substitution pattern: 350.4-360.0° (pyramidaliza-
tion); 0.1-32.2° (twisting); and 1.0-37.0° (folding).
1.11.2.1.1.4.3 Five-membered ring compounds (heavy
cyclopentenes) Five stable heavy cyclopentenes (Table 2)
with an endocyclic Si=Si bond have been reported to date;
three of these were prepared by the [1+ 4]-cycloaddition of
chalcogens (S, Se, and Te) to the isolable tetrasilabuta-1,3-diene
derivative Tip,Si=Si(Tip)-Si(Tip)=SiTip, (Scheme 9),%° the
cyclopentasilene by the thermal rearrangement of the cyclote-
trasilane with an exocyclic Si=Si bond (Scheme 10),'” and the
fused bicyclic disilene by the reductive dehalogenation of the
1,1-dichlorocyclotetrasilane (Scheme 11).%*

The doubly bonded silicons in the chalcogen-containing
heavy cyclopentenes shown in Scheme 9 were markedly shielded
(86.0-97.8 ppm),®* compared with those of the cyclopentasilene
in Scheme 10 (150.2 ppm)'® and fused bicyclic disilene in
Scheme 11 (167.4 ppm),** in accord with their differing substi-
tution patterns (aryl vs. silyl substituents). The Si=Si bonds in the
heavy cyclopentenes (2.170(1)-2.198(2)A) are comparable to
those in heavy cyclobutenes (2.1632(10)-2.360(2) A), albeit lon-
ger than those in heavy cyclopropenes (2.132(2)-2.1612(8)A).
The five-membered rings are nearly planar in the chalcogen-
containing heavy cyclopentenes (Scheme 9),°> whereas in the

R R R R R
R
| S./
H |
S ~
siv” \SI —> Si\”
| Si
R \
R R R R R

cyclopentasilene (Scheme 10)'° and fused bicyclic disilene
(Scheme 11)°* the rings are noticeably folded (folding angles
are 33.4° and 22.1°, respectively). Although only an insignifi-
cant pyramidalization at the sp?-Si atoms (358.6/359.3-360.0/
360.0°) was observed in the heavy cyclopentenes, the twisting
about the Si=Si bond was quite sizeable (16.7-28.2°).6%%*
1.11.2.1.1.4.4 Six-membered ring compounds (heavy
cyclohexenes) Three examples of six-membered ring com-
pounds having an endocyclic Si=Si bond are represented by
the cyclic disilenes prepared by the reductive cyclization of
1,1,6,6-tetrabromo-1,6-disilahexane derivatives with potas-
sium graphite, as depicted in Schemes 12°° and 13.°° The
sp>-silicon resonance of the heavy cyclohexene with a mixed
diaryl—dialkyl substitution pattern (Scheme 12)°> was found
at 100.9 ppm, which is between those of the tetraaryldisilenes
Ar,Si=SiAr, and tetraalkyldisilenes R,Si=SiR,. By contrast, the
doubly bonded silicons in both cis- and trans-isomers of the
fused tricyclic disilene (Scheme 13)°° resonated at a lower field
(128.1 and 135.9 ppm, respectively), as one can expect for a
tetraalkyl-substituted disilene.

The Si=Si double bond in the heavy cyclohexene
(Scheme 12)°° of 2.1595(9) A is slightly shorter than those in
the heavy cyclobutenes (2.1632(10)-2.360(2)A) and heavy
cyclopentenes (2.170(1)-2.198(2)A), being comparable to
those in heavy cyclopropenes (2.132(2)-2.1612(8) A). Whereas
the Si=Si bond in the cis-isomer of the fused tricyclic disilene
(Scheme 13)°° of 2.1767(6)A was quite normal, that of the
trans-isomer of 2.2687(7)A was extraordinarily stretched as a
consequence of the severe strain imposed by the fused tricyclic
skeleton.

The geometry around the Si=Si bond in the heavy cyclo-
hexene (Scheme 12)°° was almost undistorted with rather
insignificant pyramidalization at the doubly bonded Si atoms
(sum of the bond angles 356.7°/358.4°) and small twisting
about the Si=Si bond (4.8°). However, the geometry of the
Si=Si bond in the fused tricyclic disilene (Scheme 13)°° is
distinctly different in its cis- and trans-isomers: essentially pla-
nar in the cis-isomer (357.7/359.8° (sum of the bond angles at
the sp?-Si) and 3.9° (Si=Si twist angle)) and highly distorted in
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Scheme 7 Synthesis of the stable heavy cyclobutenes with an endocyclic Si=Si bond.
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the trans-isomer (345.0/346.5° (sum of the bond angles at the
sp-Si) and 42.5° (Si=Si twist angle)).

Accordingly, the six-membered ring in the heavy cyclo-
hexene (Scheme 12)°° adopts a conformation that is half-
way between an ideal chair and an ideal half-chair, whereas
the conformation of the six-membered ring in the cis- and
trans-isomers of the fused tricyclic disilene (Scheme 13)°® can
be best described as a boat (cis-isomer) and a twist-boat (trans-
isomer).

1.11.2.1.2 Digermenes >Ge=Ge<%"

1.11.2.1.2.1 Synthesis

The first stable digermene, Dsi,Ge=GeDsi,, was prepared by
Lappert and coworkers in 1976 (i.e., prior to the report on the
first stable disilene by West?) by the reaction of the stable bis
(amino)germylene [(Me;Si),N],Ge: with DsiLi.®® To date,
about 30 room-temperature stable digermenes have been iso-
lated and structurally characterized (excluding ionic, radical,
and aromatic derivatives containing Ge=Ge bonds, as well as
compounds with conjugated and cumulated Ge=Ge bonds)
(Table 3). Most of them (22 stable digermenes) were synthe-
sized after 2000.

Stable acyclic digermenes are available by one of four major
synthetic routes: (1) photolysis of cyclotrigermanes (A); (2)
dimerization of germylenes (B); (3) reductive dehalogenation
of 1,1-dichlorogermanes (C); and (4) 1,2-addition or cycload-
dition to the isolable digermyne (D) (Scheme 14).

Photolysis of hexaarylcyclotrigermanes (method A) was
introduced and developed as the synthetic approach for the
stable tetraaryldigermenes Ar,Ge=GeAr,. Method B, used for
the synthesis of the first isolable digermene Dsi,Ge=GeDsi,,
is the most widely used procedure for accessing stable

R, ,R
Rl R
LiNp \Si—Si""R
R-SiBr,-SiBr,—R + 2R,SiBry, ——»
R = SiMe,Buf] T SIS
= 2 R R
Scheme 8 Synthesis of the first stable cyclotetrasilene.
R
N b 1/g Sg, OF Se/EtyP, 7
Si—Si or Te/EtP /S' = S'\
S// \\S _— R— Si Si —R
1 | AN
R™ \ / SR Toluene R/ E R
R R R =Tip]
[E=S, Se, Te]

Scheme 9 Synthesis of the heavy cyclopentenes with an endocyclic
Si=Si bond.

Me;Si SiMe
3 \ / 3
Si

N / i
Me28i< /Si:Si(SiMezBu')Q —rOt—> MezSi_ Il

Si
/ \
Messi SiMes

Scheme 10 Synthesis of the cyclopentasilene.

digermenes by the coupling of RLi/RMgX with :GeX,-diox
complex. Reductive dehalogenation of 1,1-dichlorogermanes
(method C), the second most popular method, allowed isola-
tion of several digermenes bearing either aryl or silyl substitu-
ents. Method D represents the newest approach to the stable
digermenes: 1,2-addition or cycloaddition to digermynes (or
their valence isomers), which was brought into effect after the
recent preparation of the latter compounds. Lappert’s diger-
mene Dsi,Ge=GeDsi, (as well as some other digermenes),
although stable in the solid state, is reported to be in
equilibrium with the corresponding germylenes in solution
R,Ge=GeR,==2R,Ge:, confirmed by ultraviolet (UV)-visible
(Vis) studies and germylene trapping reactions.

1.11.2.1.2.2 Crystal structure of digermenes

In the absence of a magnetically useful nucleus (the ">Ge
nucleus has a large quadrupole moment and low sensitivity
resulting in a remarkable broadening of its resonance signals,
greatly limiting the applicability of “>Ge NMR spectroscopy),
most structural information on digermenes has been obtained
from their x-ray diffraction studies (Table 3).

The Ge=Ge double bonds, which are generally shorter than
typical Ge-Ge single bonds, span a wide range of 2.213(2)-
2.5087(7)A, although the majority of them (59%) were found
to fit within the narrower range of 2.30-2.39 A (Figure 4).
These last values are slightly longer than the 2.22 A estimate
based on the Ge atom double-bond covalent radius of
1.11 A,*® being nevertheless shorter than the sum of the single-
bond covalent radii for the two Ge atoms of 2.42 A *°

The structural deformations of digermenes are even more
pronounced compared with disilenes, although the trends that
determine the extent of the structural distortions are general in
both cases: electronegative substituents cause appreciable trans-
bending at the sp>-Ge, stretching and weakening the Ge=Ge
bond, whereas introduction of electropositive groups results in
planarization at the sp>-Ge, shortening and strengthening the
Ge=Ge bond. Compared with Si=Si bonds, Ge=Ge bonds are
usually longer, weaker, more trans-bent, and more twisted.

There is only one example of a tetraalkyldigermene, Dsi,.
Ge=GeDsi,, which has a Ge=Ge bond of the normal length,
trans-bent and not twisted: 2.347(2) A (Ge=Ge bond length);

R R R R
\ /7 RL | R
S Li/ THF Si~g—Si
Me,Si Sicl ——>  Me,Si [l SiMe
2 \S‘/ 2 rt. Si/Si\Si 2
2\ [R = SiMeg] q | Ng
R R R R R

Scheme 11  Synthesis of the fused bicyclic disilene.

SiMe,

MesSi
¢ \Sli\ _SiMe,But

—Si
Si g t
A SiMe,Bu

MesSi siMe,
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Me;Si SiMes

SiBr,Ph

PhB,Si
MesSi  SiMe,

Scheme 12 Synthesis of the six-membered ring cyclic disilene.

Br2 M82 M62 Br2
Si —Si

\Q<_.

[R = SiMeg]

Br |V|62 Me, Br2
Si —Si

>

AT e

MesSi SiMeg
Ph
KCq si”
— I
THF Si
~Ph
Messi SiM63

Cis-isomer

Trans-isomer

Scheme 13  Synthesis of the fused tricyclic disilene (cis- and trans-isomers).

348.5° (sum of the bond angles around sp-Ge indicating the
degree of pyramidality); and 0.0° (twisting about Ge=Ge
bond) (Table 3).°®

Compared with the tetraalkyldigermene (see above), tetra-
aryldigermenes typically feature shorter and less trans-bent
Ge=Ge bonds, which however can be twisted when substituted
by bulky groups: 2.213(2)-2.416 A (bond length); 345.5-
360.0° (sum of the bond angles); and 7.0-20.4° (twisting)
(Table 3).

In line with the structural trends observed in tetrasilyldisi-
lenes, tetrasilyldigermenes are deformed rather insignificantly,
featuring relatively short Ge=Ge bonds: 2.267(1)-2.298(1) A
(bond length); 357.0-359.6° (sum of the bond angles); and
0.0° (twisting) (Table 3). As a remarkable exception, one
should mention tetrasilyldigermene (Bu‘,MeSi),Ge=Ge(SiMe-
Bu',),, which has very bulky silyl substituents. Albeit still pla-
nar at the sp>-germaniums (sum of the bond angles 358.8°/
359.2°), this unusually colored deep-blue digermene features
an extraordinarily twisted (52.8°) and stretched Ge=Ge bond
of 2.346(2)A.%?

The record twisting of the Ge=Ge bond was reported for the
digermene with a mixed bis(amino)bis(silyl)-substitution
pattern - 63.0° (Table 3)” - whereas the longest Ge=Ge
bond length was reported for the (E)-Bbt(Br)Ge=Ge(Bbt)Br
digermene - 2.5087(7)A.7”

1.11.2.1.2.3 Cyclic digermenes with an endocyclic Ge=Ge bond
Eighteen organometallic compounds featuring endocyclic
Ge=Ge bonds have been reported: thirteen three-membered
rings, three four-membered rings, and two five-membered
rings.

1.11.2.1.2.3.1 Three-membered ring compounds (heavy
cyclopropenes)*”  The first-ever reported stable cyclotriger-
menes were prepared by the reaction of Bu';sEM (E=Si,
M=Na; E=Ge, M=Li) with GeCl,-diox complex (Scheme 15
and Table 4).%°

A series of unsymmetrically substituted cyclotrigermenes
was prepared by the coupling of tris(tri-tert-butylsilyl)cyclotri-
germenylium tetrakis|3,5-bis(trifluoromethyl)phenyl|borate
with the corresponding silyl-, germyl-, and aryl-alkali metal
salts RM (Scheme 16 and Table 4).5°

Treatment of tris(tri-tert-butylsilyl)cyclotrigermenylium tet-
rakis(2,3,5,6-tetrafluorophenyl)borate with potassium halides
KX (X=Cl, Br, and I) resulted in the formation of halogen-
substituted cyclotrigermenes (Scheme 17 and Table 4).%”

Interaction of tetrachlorodigermane R-GeCl,-GeCl,-R
(R=SiMeBu',) with either 1,1-dilithiosilane R,SiLi, or
dilithiogermane R,GeLi, was found to be another route
to the three-membered ring cyclic digermenes: 1H-
siladigermirene and cyclotrigermene (Scheme 18 and
Table 4).5% A three-membered ring dichloride A was proposed
as the first reaction intermediate, undergoing a rapid Li« Cl
exchange with the second mole of R,ELi, (E=Si/Ge) to give
digermenoid B, which finally underwent f-elimination of LiCl
(Scheme 18). In accord with the proposed reaction pathway, a
half-equivalent of the disilene R,Si=SiR, (or digermene
R,G=GeR;) was also formed under the reaction conditions.

The nearest homologs of the above-described 1H-
siladigermirene and cyclotrigermene, namely, alkyl-substituted
heavy cyclopropenes distinguished from them by one CH,-
unit, were synthesized by the reductive dehalogenation of
1,3-dichlorocyclobutane derivatives (Scheme 19).%° The

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:26:31.



Copyright © 2013. Elsevier. All rights reserved.

302 Multiply Bonded Gompounds of Group 14 Elements

Table 3 Crystallographic parameters of the structurally characterized digermenes.

Digermene (sybthetic method) >Ge:Ge<[ZI ] 2(Ge) [°] >Ge=Ge < twist [°] Reference
Ar,Ge=GeAr, 2.213(2) 358.4 10.0 [69]
(A) [Ar = 2,6-Ety-CgHs]
Dsi,Ge=GeDsi, 2.347(2) 348.5 0.0 [68]
(B)
(E)-Ar(Cl)Ge=Ge(Ar)Cl 2.443(2) 333.8 NA [70]
(B) [Ar = 2,6-Mes,-CgHs]
(E)-Ar(Cl)Ge=Ge(Ar)Cl 2.4624(4) 327.8 NA [71]
(B) [Ar = 2,6-(2,6-Pr'-CeHs)o-CHa]
(E)-Ar(Me)Ge=Ge(Ar)Me 2.3173(3) 342.9 NA [72]
(B) [Ar = 2,6-Tip2-CeHa]
(E)-Ar(Et)Ge=Ge(Ar)Et 2.47(3) 343.0 NA [72]
(B) [Ar = 2,6-Tip-CeHs]
(E)-Ar(Ph)Ge=Ge(Ar)Ph 2.3183(5) 348.4 NA [72]
(B) [Ar = 2,6-Tip,-CgHs]
(E)-Ar(Cl)Ge=Ge(Ar)Cl 2.363(2) 346.6 NA [72]
(B) [Ar = 2,6-Tip-CeHs]
(E)-Ar,Ge=GeAr, 2.2521(8) 360.0 20.4 [73]
(B) [Ar = 2-Bu’-4,5,6-Me3-CgH]

/R R\

N\ /N

N_Sfe:G?Si:} (2)-isomer 2.454(2) 337.6 22.3 [74]
VAV TR (8) [R=Buf 338.7
N N

R RN\ /NR /R'

N Si—N E) -isomer

- J E ; byt 2.460(1) 3315 63.0 [75]

N-si N Pri]

R RN/ NR R
Ar,Ge=GeAr, 2.3643(4) NA NA [76]
(B) [Ar = 2,5- Bu’>-CeH 3]
(E)-Bbt(Br)Ge=Ge(Bbt)Br 2.5087(7) 332.6 NA [77]
(B)
(E)-R(Ar)Ge= Ge( )Ar 2.3224(4) 341.9 NA [78]
(B) [Ar = 2,6-Pr',-CgHs)5-CeHs] 2.3239(3) 342.5 NA
R = Me3Si-C=C
R = Bu'-C=C
(2)-Mes(Ar)Ge=Ge(Mes)Ar 2.301(1) 345.5 7.0 [79]
(C) [Ar 2,6- Pl/g CgHg]
(Pr,MeSi),Ge=Ge(SiMePr), 2.267(1) 359.6 00 [80]
(©)
(Pr3Si),Ge=Ge(SiPr), 2.298(1) 357.0 0.0 [80]
(©)
(E)-Tbt(Mes)Ge=Ge(Tht)Mes 2.416(2) 355.3 NA [81b]
(C) 356.6
(Bu',MeSi),Ge = Ge(SiMeBu's), 2.346 (2) 358.8 52.8 [82]
(C) 359.2
(E)-Ar(H)Ge =Ge(AnH 2.3026(3) NA NA [83a]
(D) [Ar=2,6-(2,6-Pr'5-C¢Hs)5-CeHs]
Ar-G-e=Ge(—:CNBu")Ar 2.3432 (9) 360.0 (three-coordinate Ge) NA [84]

(D)[Ar =2,6-(2,6-Pr'a-CeHs)o-CoHa]

NA =not available.

reaction is believed to proceed through the intermediate for-
mation of bicyclo[1.1.0]butane derivatives, followed by their
rapid room-temperature isomerization to more stable heavy

cyclopropene analogs (Scheme 19).

Similar to the case of cyclotrisilenes, the Ge=Ge bonds in
cyclotrigermenes are slightly shorter than those of acyclic

tetrasilyldigermenes: 2.239(4)-2.2743(8)A versus 2.267(1)-
2.298(1)A (Tables 3 and 4). The longest Ge=Ge bonds were
found in halogen-substituted cyclotrigermenes (2.2721(6)-
2.2743(8)A), which was explained by the notable Tge_ce-6
* ce-x Orbital mixing facilitated by the electronegative halogens

at the sp>-Ge.
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Typically, cyclotrigermenes showed the expected trans-bending
at the spz-Ge, apart from the (MesSi)sSi-, Br-, and I-substituted
cyclotrigermenes, which showed unusual cis-bending at the
Ge=Ge bond resulting from the electronic and steric interplay
with the substituents at the sp>-Ge.

Most cyclotrigermenes featured remarkable twisting about
the Ge=Ge bond: from 8.1° to 51.0° (Table 3). Cyclotriger-
mene substituted with the bulky Bu‘,MeSi groups (Scheme 18)
showed a record twisting of the skeletal Ge=Ge bond in heavy
cyclopropenes (59.7°).

2|\

>Ge: —» Ge—Ge

/

N

<«— >GeCl,

1,2-Addition /
cycloaddition

AN
GeGe
AN

Scheme 14  Major synthetic routes to the stable digermenes >Ge=Ge<.

Distribution of the Ge=Ge bond lengths in digermenes
>2.50 A 2.20-2.29 A

4% T~ /_ 14%

2.40-2.49 A -
23%

Figure 4 Distribution of the Ge=Ge double-bond lengths in the stable

Scheme 15 Synthesis of the first isolable cyclotrigermenes.

1.11.2.1.2.3.2 Four-membered ring compounds (heavy
cyclobutenes) Three heavy cyclobutenes featuring an endo-
cyclic Ge=Ge bond have been reported (Table 4).

The first four-membered ring cyclic digermene, disiladiger-
macyclobutene, was unexpectedly formed upon the ring ex-
pansion of either 3H- or 1H-disilagermirenes with GeCl,-diox
complex (Scheme 20).”°

Overall, such a reaction represents a rather curious trans-
formation of a Si=Si (or Si=Ge) bond of the starting disilager-
mirenes into a Ge=Ge bond of the final product, exemplifying
a way of making a digermene from a disilene (or a silager-
mene). The doubly bonded germaniums in disiladigermacy-
clobutene are rather insignificantly pyramidalized with the
sum of the bond angles around them amounting to 357.2°
and 358.6° (Table 4). The Ge=Ge bond in disiladigermacyclo-
butene of 2.2911(4) A is one of the longest reported for cyclic
digermenes, whereas the skeletal Ge-Si bonds in the same
compound are notably squeezed and the Si-Cl bonds are
stretched. Such structural peculiarities can be best described
by mge—ce—0 *si_c) orbital mixing, facilitated by the presence of
electronegative chlorines and folding of the Ge,Si,-ring (28.3°)
favoring such hyperconjugative interaction.

Likewise, reaction of the readily available cyclotrigermene
(Scheme 18) with the GeCl,-diox complex resulted in the
formation of the first homonuclear heavy cyclobutene analog,
tetragermacyclobutene (Scheme 21).%*

The extent of pyramidalization at the sp>-Ge atoms (354.4°
and 356.4°) in tetragermacyclobutene is similar to that
of disiladigermacyclobutene (357.2° and 358.6°), and the
Ge=Ge bond of 2.2993(5)A in the former compound is just
marginally longer than 2.2911(4)A in the latter (Table 4).

The heavy cyclobutene with an endocyclic Ge=Ge bond
within the Ge;C four-membered ring skeleton was made by a diff-
erent pathway, namely, the reaction of tetragermabuta-1,3-diene
Tip,Ge=Ge(Tip)-Ge(Tip)=GeTip, with 2-methoxyphenyl iso-
cyanide (Scheme 22).°' For this cyclic digermene, the Ge=Ge
bond distance of 2.2808(7);& was reported, which was slightly
shorter than those of the above-described disiladigermacyclobu-
tene and tetragermacyclobutene (Table 4).
1.11.2.1.2.3.3 Five-membered ring compounds (heavy
cyclopentenes) Two five-membered ring heavy cyclopentenes
with skeletal Ge=Ge bonds were prepared by the [1+4]-
cycloaddition reactions of chalcogens (sulfur or selenium) with
the  tetragermabuta-1,3-diene  Tip,Ge=Ge(Tip)-Ge(Tip)=
GeTip, (Scheme 23 and Table 4).°"”> These compounds, like
their silicon counterparts (see Scheme 9), exhibited Ge=Ge
bonds of 2.2841(5) and 2.2975(5)A, which are longer than
those in the cyclotrigermenes but similar to those in the cyclote-
tragermenes (Table 4). The pyramidalization at the sp®-Ge

Q
g
% digermenes. atoms in the heavy cyclopentenes with an endocyclic Ge=Ge
=
5 BuE,  EBufy
w F
g THF Ge
© 2BU’3EM + GeClyedioX — > / \
g ~Bul,E-EBU! Ge™Ge
< [E = Si, M = Na; HaET=Ets BuE ~~EBUY,
S E =Ge, M = Lj] )
[E = Si, Ge]
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Table 4 Crystallographic parameters of the structurally characterized cyclic digermenes.

Cyclic digermene >Ge=Ge< S (Ge) >Ge=Ge<  Ring Reference
[A] ] twist [°] Folding
i
R R
\$
E
/N
R/Ge—Ge\R
[E = Ge; R = R’ = SiBu';] 2.239(4) 359.9 0.0 [85]
[E = Ge; R = SiBu's, R’ = Si(SiMe)s] 2.264(2) 358.7 8.1 [86]
359.8
[E = Ge; R = SiBu’s, R = Cl] 2.2723(8) 357.2 29.7 [87]
359.3
[E = Ge; R = SiBus, R’ = Br] 2.2743(8) 343.7 34.9 [87]
3594
[E = Ge; R = SiBu's, R =] 2.2721(6) 344.8 35.3 [87]
359.6
[E = Si; R = R’ = SiMeBu’,] 2.2429(6) 353.8 51.0 [88a]
354.2
R R
Rl WR
E—E™
| |
/Ge—Ge\
R R
[E = F'=Si; R = R’ = R** = SiMeBu';; R” = R* = Cl] 2.2911(4) 357.2 NA 28.3 [90]
358.6
[E=Ge, E' = C; R = R = Tip; R* + R**: = N—(2-Me0-CgH4)] 2.2808(7) NA NA NA [91]
[E = F'=Ge; R = R = R** = SiMe Bu'y;; R” = R* = Cl] 2.2993(5) 354.4 NA 24.4 [92]
Tip, Tip 356.4 24.6
Ge=Ge
Tip‘Gé C\ie’Tip
Tie© ET Tip 2.2841(5) 348.4 NA NA [93]
[E=S] 3514
[E = Se] 2.2975(5) 349.2 NA NA [91]
349.9
NA = not available.
|SiBu‘3 R\ SiBu'y
Ge i Ge
JE\  BBSCF)CH ——— /\
/Ge—Ge\ Et,0 Bts'/Ge_Ge\S'Bt
Bu;Si SiBul Hs! s

[RM = Bu'3SiNa, Bu'3GeNa,

(Me3Si)3SiLi, (Me3Si);Geli, MesLi]

[R = Bul;Si, Bu'yGe,
(Me3Si)3Si, (Me;Si);Ge, Mes]

Scheme 16 Synthesis of the unsymmetrically substituted cyclotrigermenes.

bond was notable (348.4/351.4° and 349.2/349.9°), whereas
the Ge,C five-membered rings were only insignificantly folded
(Table 4).

1.11.2.1.3 Distannenes >Sn=Sn<5"""¢

1.11.2.1.3.1 Synthesis

Tetraalkyldistannene Dsi,Sn=SnDsi, was the very first struc-
turally characterized analog of an alkene of the heavy group
14 elements, reported by Lappert and coworkers as early as
1976.%¢P<¢ Distannene was synthesized by the same

method as that used for the preparation of the first stable
digermene (see above), namely, by the reaction of the stable
bis(amino)stannylene [(MesSi),N],Sn: with DsiLi. Like the
above-described digermene Dsi,Ge=GeDsi,, distannene
Dsi,Sn= SnDsi, showed a notable pyramidalization at the
sp?-Sn atoms (sum of the bond angles 342°) and nontwisted
Sn=Sn bond (twist angle 0°). In the distannene, the Sn=Sn
double bond of 2.764(2)A was remarkably long, being
quite comparable to typical Sn-Sn single bonds. Similar to
the isostructural digermene Dsi,Ge=GeDsi,, distannene

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:26:31.



Multiply Bonded Compounds of Group 14 Elements 305

|SiBuf3 X\ ¢SiBu‘3
Ge KX Gé
JO\  *B2,3,5,6-F,-CeHl; — / \
Ge —Ge Et,O t e —CGe—Ge :
ButySi” S siBut, BU'Si SiBu's
[X=Cl,Br1]
Scheme 17 Synthesis of the halogen-substituted cyclotrigermenes.
R\ R
=
R-GeCl,-GeCly-R + 2R,ELi, — > / \ +1/5 RyE = ER,
Toluene R/Ge:Ge\R
A
) [E = Si, Ge; R = SiMeBul,]
R2EL|2
X 2
R\ R R\ R
E RoELiy E
/\ " " . /' \ + RECIL
R—Ge—Ge —Cl Li—-Cl exchange R—Ge—Ge —Li
/ \ / \
Cl R Cl R
A B
Scheme 18 Synthesis of the 1H-siladigermirene and cyclotrigermene.
R"‘ /R T R CH»R
.E &
R R 2KC —E CH, ri.
L N 8 R
T T L S TR
w Ge—Ge p—
Cl \C/ Cl ; N R/Ge Ge__
H, R R
[E = Si, Ge; R = SiMeBul,]
Scheme 19 Synthesis of the homologs of 1H-siladigermirene and cyclotrigermene.
R R R R
N
\ ¢ N
E THF Ge :Ge
/ + GeClyediox ——
E'—Si . )
R— ™R al o Si—Si g
[E =Ge, E' =Si;
E=Si,E' = Ge; R cl
R = SiMeBu’,]

Scheme 20 Synthesis of the first four-membered ring cyclic digermene.

Dsi,Sn=SnDsi, retained its structural integrity only in the
solid state, whereas in solution it dissociated into a pair of
stannylenes Dsi,Sn:.

Since the first report on Lappert’s distannene, 11 other
stable distannenes (including three distannenes with an

Copyright © 2013. Elsevier. All rights reserved.

endocyclic Sn=Sn bond) have been isolated and structurally
characterized (Table 5). They are available by one of three
general procedures: (1) photolysis of cyclotristannanes (A);
(2) dimerization of stannylenes (B); and (3) ligand redistribu-
tion between the homoleptic stannylenes R,Sn: and R',Sn: to
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Ry & R R
\ W AN
Ge THE Ge —Ge
/ \ + GeClyediox ———» ‘
R/Ge—Ge —R al w-Ge —Ge g
[R = SiMeBu',] K a1
Scheme 21  Synthesis of the first tetragermacyclobutene.
NC: Gle
\ / Hexane Tip—Ge 2 GeTip,
Ge—Ge + —_— e + Tip,Ge = GeTip,
\ ¢
Tip,Ge GeTip, H
MeO

Scheme 22  Synthesis of the trigermacyclobutene featuring an endocyclic Ge=Ge bond.

Tip Tip
Tip Tip N
\ 1/4Sg or Se/EtzP (/Ee:Ge
Ge—Ge —>  Tip— Ti
\ Toluene or hexane P /Ge\ . /Ge\/ P
Tip,Ge GeTip, Tip Tip

[E=S, Se]

Scheme 23  Synthesis of heavy cyclopentenes with an endocyclic
Ge=Ge bond.

form heteroleptic stannylenes RR'Sn:, followed by their dimer-
ization (C) (Scheme 24).

As in the case of stable disilenes and digermenes, method A
was introduced and developed for the preparation of
tetraaryldistannenes, for example, Tip,Sn=SnTip, by the pho-
tolysis of the hexaarylcyclotristannane cyclo-(TipgSns).”* The
Sn=Sn bond in this distannene was proved to remain intact
in the condensed phase, as was demonstrated by its ' '°Sn NMR
resonance observed at 427.3 ppm. By the dimerization of
transient stannylenes (method B), several stable distannenes
were prepared, including tetraaryl-, tetrasilyl, and mixed
dialkyldiaryl- and diaryldisilyldistannenes. All of these distan-
nenes >Sn=Sn<, except for the tetrasilyldistannene (Bu‘,Me-
Si),Sn=Sn(SiMeBu',),, dissociate in solution into monomeric
stannylenes >Sn:. Redistribution of ligands forms heteroleptic
stannylenes RR'Sn:, followed by their dimerization (method
C) was mostly employed for the synthesis of distannenes with
the mixed diaryldisilyl-substitution pattern. Distannenes pre-
pared by this method also dissociate in solution into mono-
meric stannylenes.

1.11.2.1.3.2 '9Sn NMR spectroscopy of distannenes

'19Sn NMR spectroscopy is a very useful tool to elucidate the
structure of distannenes in solution. From Table 5, it can be
seen that the ''”Sn NMR resonances of the isolable acyclic
distannenes in solution were observed at a very low field,
well above +1000 ppm, which is in the region more typical
of monomeric stannylenes than of dimeric distannenes. This
observation indicates dissociation (at least partial) of the

>Sn=Sn< bond of distannenes into the stannylenes >Sn:.
Accordingly, all of these tin-tin doubly bonded derivatives
showed solution reactivity characteristic of stannylenes but
not of distannenes. Only the tetraaryldistannene Tip,Sn=Sn-
Tip, was claimed to behave as a distannene with a real Sn=Sn
bond (see above); however, it was not isolated as an individual
compound.’ To date, the only isolable acyclic distannene for
which the presence of an authentic Sn=Sn double bond both
in the solid state and in solution was reliably established is
tetrasilyldistannene (Bu‘,MeSi),Sn=Sn(SiMeBu';), made by
the reaction of silyl sodium derivative Bu‘,;MeSiNa with
SnCl,-diox complex in tetrahydrofuran (THF).”” The tin signal
was observed at 630.7 ppm, which is in the region expected for
the >Sn=Sn< bond in distannenes but clearly beyond the
range of stannylene >Sn: resonances. This was further corrob-
orated by the reactivity studies of (Bu‘,MeSi),Sn=Sn(SiMe-
Bu',), in solution; it reacted exclusively as a distannene but
not as a stannylene.

1.11.2.1.3.3 Crystal structure of distannenes

The lengths of the Sn=Sn double bond in distannenes are
found in the range 2.67-2.91 A, with the most abundant set
fitting within the 2.78-2.83 A interval (34%), values that are
nearly equal to (or even longer than) those of standard Sn-Sn
single bonds (Figure 5 and Table 5). Moreover, the experimen-
tal values of 2.78-2.83 A for the Sn=Sn bond are notably
greater than the sum of the Sn atoms’ double-bond covalent
radius of 2.60 A, being quite comparable to the sum of the
single-bond covalent radii for the two Sn atoms of 2.80 A.*°
The two double-bond extremes in distannenes are represented
by the shortest (and strongest) Sn=Sn bond of 2.6683(10) A in
tetrasilyldistannene (Bu’,MeSi),Sn=Sn(SiMeBu’,),’° and the
longest bond of 2.910(1)A in tetraaryldistannene Ar,Sn=SnAr,
(Ar=2-Bu"-4,5,6-Me;CH)’® (Table 5).

In accord with the general trends on descending group 14,
distannenes manifested stronger pyramidalization at the dou-
bly bonded Sn atoms than that of disilenes and digermenes.
As expected, tetraaryl- and tetraalkyldistannenes showed
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Table 5 Crystallographic and spectral parameters of the structurally characterized distannenes.
Distannene (Synthetic Method) >Sn=Sn<  Z(Sn)[°’] >Sn=Sn<  %°Sn NMR Reference
Al twist [°] (pom)
Dsi,Sn=3nDsi, 2.764(2) 342.0 0.0 NA [68a,b,c,
(B) e]
(F)-Ar(R)Sn=Sn(Ar)R 2.7705(8)  329.7 NA 1205.7 [95]
(B) [R = CHy(4-Bu'-CgHa;
Ar = 2,6‘(2,6'PH2'06H3)2'05H3]
Ar,Sn=SnAr, 2.910(1) 320.9354.9 440 1401.0 (sol.)  [96]
(B) [Ar = 2-Bu’-4,5,6,-Me3CqH] 819.0 (CP-
MAS)
[(Me3Si)sSi].Sn=Sn[Si(SiMe3)s]» 2.8247(6)  352.0 63.2 NA [97,98b]
(B)
(E)-Mes[(Me3Si)sSi] Sn=Sn(Mes)|[Si(SiMe3)s] 2.7023(8) NA NA NA [98]
(B)
(Bu',MeSi),Sn=5n(SiMeBU’,), 2.6683(10)  360.0 44.6 630.7 [99]
(B)
(F)-R(Ar)Sn=Sn(R)Ar 2.85126 325.4 NA 381.0 [78]
(B) [Ar = 2,6-(2,6-Pr,-CgHs),-CoH?] (19)
R = Me3Si-C=C
(F)-Ar[MesSi)s SiJSn=Sn(Ar)[Si(SiMes)s] 2.833(1) 337.9 NA NA [100]
[Ar = 2,4,6-(CF3)3-CgHs]
(€)
(E)-Ar[Me3Si)3SilSn=Sn(Ar)[Si(SiMe3)3] 2.7914(4) 337.4 NA 1506 [101]
[Ar = 2-Bu’-4,5,6-Mes-CgH]
(©
Cyclic distannenes:
R R 2.601 (3)/ 350.8 NA 412.0 [102]
5 2.582(4) 355.8/
359.6
R/Sn:Sn\R 360.0
[R = SiBu's]
(2 independent molecules);
[R = Si(SiMe3)3] 2.575(4) 359.8 5.0 539.0 [103]
360.0
R RR R 2.689(5) 352.2 27.0 5445 [104]
M 2.686(4) 354.0/ 28.6
MeSI™ $n §Me, 352.7 353.7

Me,Si Sn SiMe,

R RR R

[R = SiMegs]
(two Sn atoms are
disordered over two
positions each)

Na = not available.

X2
>Sn: ——»

Sn——Sn

<— 2RR'Sn: <— R,Sn: + R’,Sn:

C

Scheme 24 Major synthetic routes to the stable distannenes >Sn=Sn<.
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pyramidalization at their tin centers far greater than that of
their tetrasilyl-substituted counterparts: 320.9° and 342.0°
versus 360.0° (Table 5). Substitution with extraordinarily
bulky substituents causes not only stretching of the Sn=Sn
bond, but also its extreme twisting: from 44.0° to 63.2°
(Table 5).

The above-described tetrasilyldistannene (Bu‘,MeSi),Sn=
Sn(SiMeBu',),, featuring a genuine Sn=Sn double bond in
the solid state and in solution, showed an unusual combina-
tion of structural characteristics caused by the presence of the
very bulky electropositive silyl substituents.”® Thus, it has a
very short Sn=Sn bond of 2.6683(10)A, which is highly
twisted (44.6°) but nevertheless absolutely undistorted at the
sp-Sn atoms (sum of the bond angles 360°) (Table 5). This
unusual structural motif in distannene (Bu’,MeSi),Sn=Sn
(SiMeBu',), (short, nonpyramidal, and highly twisted Sn=Sn
bond), which has no precedent in distannene chemistry, was
explained in terms of the out-of-plane interaction of the two
triplet stannylenes (Scheme 25). The triplet state of bis(silyl)
stannylene (Bu‘,MeSi),Sn: might be accessible because of its
relatively small singlet-triplet energy separation AEs_t =8.5 kcal
mol™!, caused by the electronic effect of the o-donating
silyl-substituents and their large steric bulk.”® Accordingly,
deep-green distannene (Bu’,MeSi),Sn=Sn(SiMeBu',), showed
a substantial red shift in its UV-Vis spectrum with A=670 nm
(compare this value with 494 nm observed for Tip,Sn=SnTip,).
Such a remarkable bathochromic shift in (Bu‘,MeSi),
Sn=Sn(SiMeBu",), was attributed to the extreme twisting of
the Sn=Sn bond destabilizing its HOMO because of: (1) 5p,-
5px(Sn=Sn)-c(Sn-Si) orbital mixing and (2) reduced 5p,~5p,
orbital overlap taking place upon twisting.

1.11.2.1.34 Cyclic distannenes with an endocyclic Sn=Sn bond
Only three compounds of this type have been synthesized: two
three-membered rings and one six-membered ring.

The very first cyclotristannene cyclo-(Bu'sSi)4Sns, as the tin
analog of cyclopropene, was prepared by the reaction of silyl-
sodium derivative Bu';SiNa and stannylene (Bu‘O),Sn:
(Scheme 26 and Table 5).'%*

Similar to the case of persilyl-substituted cyclotrisilenes
(Table 2) and cyclotrigermenes (Table 4), cyclotristannene
cyclo-(Bu'5Si),Sn; featured the shortest Sn=Sn bond among
all structurally characterized distannenes of 2.601(3)/2.582

Distribution of the Sn=8n bond lengths in distannenes

>2.90 A
11%

272277 A
2.78-2.83 A

34%

Figure 5 Distribution of the Sn=Sn double-bond lengths in the stable
distannenes.

(4)A (for two independent molecules) (Table 5).'°2 However,
one should be cautious when considering these Sn=Sn bond
length values because of the poor x-ray crystallography refine-
ment data (R;=0.17). The doubly bonded Sn atoms in the
cyclotristannene featured rather insignificantly distorted geom-
etry: 350.8/355.8° and 359.6/360.0° (sum of the bond angles
for the two independent molecules). In agreement with the
short double bond and in contrast to most acyclic distannenes,
cyclotristannene cyclo-(Bu'sSi),Sns preserved its Sn=Sn bond
in solution, as was manifested by the observation of the sp>-Sn
resonances at 412.0 ppm.

The second example of a stable cyclotristannene, cyclo-
[(Me3Si)3Si]4Sns, was also recently reported.'® This novel
cyclotristannene was formed upon the reaction of metastable
SnBr (available by the cocondensation of Sn and HBr at
1240 °C) with (Me3Si);SiLi derivative. Although cyclotristan-
nene was not isolated as an individual compound, cocrystalliz-
ing together with another product of the reaction, the
metalloid cluster Sn;o[Si(SiMes)s]s, the structural parameters
of the former can be discussed. The endocyclic Sn=Sn bond in
the cyclotristannene cyclo-[(MesSi)5Si]4Sn; represents a record
shortening for all distannenes (both cyclic and acyclic): 2.575
(4)A. Such extreme shortening of the Sn=Sn bond was attrib-
uted to its planar arrangement induced by the steric bulk of the
four voluminous (MesSi)sSi-substituents. Such remarkable
planarity around the Sn=Sn bond can be seen in its negligible
twisting (twist angle 5°) and nonpyramidalized geometry of
the doubly bonded Sn atoms (sum of the bond angles 359.8°
and 360.0°). The resonance of the sp>-Sn atoms in cyclotris-
tannene was observed in a low-field region at 539.0 ppm, as
expected.

A bicyclic distannene, in which the bridging Sn=Sn bond is
embedded between the two six-membered rings, was synthe-
sized by the reaction of the 1,4-dipotassiotetrasilane with bis
(amino)stannylene [(MesSi),N],Sn: (Scheme 27).'°* The re-
action is believed to proceed through the initial formation of
the intermediate five-membered ring cyclic stannylene, fol-
lowed by its dimerization giving distannene with an exocyclic

5p,!
R R
R l',,..@ 01 01 g/ R h,,.. S S
/' n n /' n——on
TN TN,

5p,'

Out-of-plane interaction of
the two triplet stannylenes

Highly twisted but not
trans-bent Sn=Sn bond

Scheme 25 Orbital interaction mode in tetrasilyldistannene
(Bu',MeSi),Sn=Sn(SiMeBu’,),: out-of-plane interaction of the two triplet
stannylenes resulting in the formation of a highly twisted but not
trans-bent Sn=Sn bond.

Bul,Si \ SiBuly
Pentane Sn
BufySiNa + :Sn(OBuf), ——» / \
Busi— o1 oM ~siBu,

Scheme 26 Synthesis of the first isolable cyclotristannene.
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Sn=Sn bond, which finally isomerized via double 1,2-silyl
migrations accompanied by ring expansion to form the final
product.

This bicyclic distannene showed a low-field ''’Sn NMR
resonance of 544.5 ppm in the region expected for the sp>-Sn
centers. Its longest wavelength UV-Vis absorption was ob-
served at 626 nm, a value that is close to the 670 nm previously
reported for the acyclic distannene (Bu‘,MeSi),Sn=Sn(SiMe-
Bu',),. Although the crystal structure was reported for the
bicyclic distannene, it should be discussed with some caution
because of the low quality of its refinement data (both Sn
atoms are positionally disordered over two positions in a
ratio of 52:48, R;=0.12): 2.686(4)/2.689(5)A (Sn=Sn bond
length); 352.2° and 354.0°/352.7° and 353.7° (sum of the
bond angles around Sn atoms); and 27.0°/28.6° (Sn=Sn
bond twist angle).

Apart from the distannenes featuring an authentic Sn=Sn
bond (at least, in the solid state), there are some organotin
compounds with tricoordinate tin centers, which manifest very
long tin-tin separations and cannot be classified as true dis-
tannenes. Among them are compounds, which can be consid-
ered as the weakly bound stannylene dimers, zwitterionic
structures [R,Sn:]°"—[SnR,’]°~ with a single dative bond be-
tween the two greatly different stannylene units: Lewis basic
electron donor and Lewis acidic electron acceptor. Moreover,
given the rather shallow potential energy surface of the R,Sn,
derivatives, one can suggest the existence of structural isomers
other than the distannenes R,Sn=SnR,, such as stannylstanny-
lene, singly, doubly, and quadruply bridged structures, with
some of them being recently experimentally realized (for a
discussion, see Ref. [4d]).

1.11.2.1.4 Diplumbenes >Ph=Ph<°7"¢

1.11.2.14.1 Synthesis

The classification of the double bond between the heavy group
14 elements based on the length of this bond becomes pro-
gressively more and more problematic descending group. For
example, the lead-lead separations of 2.903-3.947 A found
between tricoordinate Pb centers, which formally can be
viewed as doubly bonded, are notably longer than the standard
lead-lead single bonds. Such compounds, depending on the
degree of the lead-lead separation, are classified sometimes as
diplumbenes with a >Pb=Pb< double bond and sometimes as
plumbylene dimers with a weak association between two
plumbylene monomers. However, the distinction between
these two classes is very subtle, and the border between them
is rather formal. In accord with the very long and weak double
dative bonds between two plumbylene units in either diplum-
benes or plumbylene dimers, all of them undergo easy disso-
ciation in solution forming monomeric plumbylenes. The

R\ R R\ /R R\ /R
./Si/\ si___si__
Me,Si K [(Me,Si),Nl,Sni/pentane ~ Me,Si Sn SiMe,

Me,Si ~g—K [R=SiMe,] Me,Si \S'/sn‘Si _SiMe,

/\ / \ /

R R R R R \R
Scheme 27 Synthesis of a bicyclic distannene with an endocyclic
Sn=Sn bond.

weakness of such donor-acceptor interaction between plum-
bylenes to form their dimers is due to the relativistic contrac-
tion of the lead valence s-orbital, increasing the energy gap
between the s- and p-orbitals and limiting the availability of
s-electrons for lead-lead bonding.

The first compound with a structurally authenticated dou-
ble bond between the two tricoordinate lead atoms, tetrakis
(2,4,6-triisopropylphenyl)diplumbene Tip,Pb=PbTip,, was
prepared by the reaction between aryl Grignard reagent
TipMgBr and PbCl, (Scheme 28).'°°

In accord with the general trend of progressive weakness of
the double-bond descending group 14, diplumbene
Tip,Pb=PbTip, exhibited a lead-lead separation of 3.0515
(3)A, which was slightly longer than that calculated for the
parent H,Pb=PbH,, being quite comparable to (or even longer
than) those of standard Pb-Pb single bonds. Accordingly,
diplumbene showed remarkable pyramidalization at the dou-
bly bonded lead atoms (sum of the bond angles 325.4°/
330.1°) and moderate twisting of the Pb=Pb bond of 21.7°
(Table 6).

To date, four stable compounds have been classified as
diplumbenes and the other four as plumbylene dimers. These
two classes of organolead derivatives, marginally distinguished
by the degree of lead-lead separation, were prepared by one
of two general synthetic procedures: (1) dimerization of
homoleptic plumbylenes (A) and (2) dimerization of hetero-
leptic plumbylenes (B) (Scheme 29). No compounds featur-
ing an endocyclic Pb=Pb double bond have been isolated
to date.

Apart from the diplumbene Tip,Pb=PbTip,, only MgBr,-
stabilized plumbylene dimer {Mes,Pb---[Br-Mg(THF),-Br]},
has been prepared by method A, by the reaction of MesMgBr
with PbCl,. All other derivatives, either diplumbenes or plum-
bylene dimers featuring a greater or lesser extent of double-
bond character between the two lead centers, have been
synthesized by the dimerization of heteroleptic plumbylenes
(method B).

1.11.2.14.2 297Pb NMR spectroscopy of diplumbenes

Because all diplumbenes or plumbylene dimers readily disso-
ciate in solution into the monomeric plumbylenes because of
the inherent weakness of the lead-lead bond (see above), they
showed either no signals or very low field 2°’Pb NMR reso-
nances above +7000 ppm, indicative of monomeric plumby-
lenes >Pb: rather than dimeric diplumbenes >Pb=Pb<
(Table 6).

1.11.2.14.3 Crystal structure of diplumbenes

Structural data have been reported for the tetraaryl-, aryl(alkyl)-,
and aryl(silyl)diplumbenes and plumbylene dimers (Table 6).
The lead-lead separation in these compounds spans a very
broad range of more than 1 A: from 2.9031(11) to 3.947(1)A
(from 2.9031(11) to 3.1601(6) A (for diplumbenes) and from

THF
4TipMgBr + 2PbCl, —» 2Tip,Pb: ==>= Tip,Pb=PbTip,

Plumbylene Diplumbene
(in solution) (in the solid state)

Scheme 28 Synthesis of the first stable diplumbene Tip,Pb=PbTip,.
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Table 6 Crystallographic and spectral parameters of the structurally characterized diplumbenes.
Diplumbene or plumbylene dimer >Pb=Pb< Y (Pb)  >Pb=Pb<twist *’Pb NMR Reference
A [l ri (opm)
TipoPb=Pb Tip, 3.0515(3) 325.4 21.7 NA [105]
330.1
(E)-Tip[(Me3Si)3Si]Pb=Pb(Tip) [Si(SiMes)s] 2.9899(5) 339.0 NA NA [106]
(E)-Mes[(Me3Si)sSi]Pb=Pb(Mes) [Si(SiMes)s] 2.9031(11) NA NA NA [98]
(E)-Ar(Me)Pb=Ph(Ar)Me (Ar = 2,6-(2,6-Pr',CgH3),-CgHs) 3.1601(6) 322.7 0.0 8738.0 [107]
(E)-[Ar[(Me3Si)3Si]Pb], (Ar = 2,4,6-(CF3)3-CeHo) [plumbylene dimer]  3.537(1) 336.8 NA NA [100]
(E)-[Ar[(Me3Si)sSi]Pb], (Ar = 2-Bu-4,5,6-MesCgH) [plumbylene 3.3695(11) NA NA 7545.0 [108]
dimer)
{Mes,Pb[BrMg(thf)4Brli, [plumbylene dimer] 3.3549(6) NA NA NA [106]
[Ar(Ar')Pb], (Ar = 2,6- (2,6-Pr'o-CgHs)o-CeHa; Ar' = 4-Bu-CgHy) 3.947(1) NA 74.2 7275.0 [107]

[plumblylene dimer]

NA = not available.

X2
R,Pb: ——> Pb—Pb <—— RR'Pb:

A /N B

Scheme 29 Major synthetic routes to the stable diplumbenes
>Pb=Pb<.

3.3549(6) to 3.947(1) A (for plumbylene dimers)). It should be
noted that all of these Pb-Pb distances are substantially longer
than the usual Pb-Pb single bonds. Both diplumbenes and
plumbylene dimers manifested a remarkable trans-bending at
the lead centers: from 322.7° to 339.0°. Depending on the
degree of steric interaction between substituents, diplumbenes
and plumbylene dimers showed either untwisted (twist angle
0.0°) or extremely twisted (twist angle 74.2°) Pb-Pb bonds.

The recently reported valence isomers of the diplumbenes
or plumbylene dimers, such as plumbylplumbylene with a
single bond between the divalent and tetravalent lead centers,
are not discussed in this chapter.

1.11.2.2 Heteronuclear Derivatives

1.11.2.2.1 Silagermenes >Si=Ge<*"""

1.11.2.2.1.1 Synthesis
The first representatives of stable silagermenes (known also as
germasilenes) were synthesized only 12 years ago. Before that,
in 1991, a metastable silagermene Mes,Si=GeMes, was gener-
ated by either thermolysis or low-temperature photolysis of
hexamesitylsiladigermirane.''° Formation of a tetramesitylsi-
lagermene, which was stable only below —70 °C, was proved
by low-temperature NMR and UV measurements (80.6 ppm
for the sp?-Si and 414 nm for the T-n*g;_ge electronic tran-
sition), as well as its quenching with methanol to form
the 1,2-addition product Mes,(MeO)Si-GeMes,H. At room
temperature, Mes,Si=GeMes, underwent irreversible 1,2-
Mes-migration from germanium to silicon forming silylger-
mylene Mes;Si(Mes)Ge:, subsequently quenched with Et3SiH
to give Mes3Si(Mes)Ge(H)SiEt; as the trapping product.

The first isolable silagermene, 1H-disilagermirene with an
endocyclic Si=Ge bond incorporated into a three-membered
ring Si,Ge-skeleton, was synthesized in 2000 by isomerization

(either photochemical or thermal) of the above-described 3H-
disilagermirene (see Scheme 3, E=Ge) with a skeletal Si=Si
bond (Scheme 30).%!

The driving force for such an isomerization is the thermo-
dynamic preference for the silagermene over the disilene: the-
oretical calculations showed ca. 2.3 kcal mol™' advantage in
energy of the silagermene compared with the isomeric disilene.
Computations also estimated the length of the cyclic Si=Ge
bond in the model HsSi-substituted 1H-disilagermirene as
2.178 A,°! which agrees excellently with the sum of the Si
and Ge atom double-bond covalent radii of 2.180 A.** The
doubly bonded Si atom in 1H-disilagermirene resonated in
the diagnostic low-field region of 100.7 ppm.

Thermal isomerization of the isolable disilagermabicyclo
[1.1.0]butane produced a novel 1H-disilagermirene as the
nearest homolog of the above-described 1H-disilagermirene
(see Scheme 30), featuring a more deshielded sp®-Si center
resonating at 126.6 ppm (Scheme 31).'""

The first structural authentication of the Si=Ge bond was
achieved in the five-membered ring 1,2-disila-3-germacyclo-
penta-2,4-diene  prepared by the reaction of 1H-
disilagermirene with phenylacetylene (Scheme 30).''? The
Si=Ge double bond in the 1,2-disila-3-germacyclopenta-2,4-
diene was twisted by 38.6°, and its length of 2.250(1) A was
between those of typical Si=Si and Ge=Ge bonds, being nota-
bly longer than the estimates of 2.178 and 2.180 A (see above)
because of the steric hindrances caused by the bulky subs-
tituents. The doubly bonded silicon atom in the 1,2-disila-
3-germacyclopenta-2,4-diene was observed in the low-field
region at 124.2 ppm, as expected.

The other two examples of stable silagermenes,
(Bu',MeSi),Si=GeMes,'"® and (Bu';Si),Si=GeMes,,''* were
prepared by the coupling of 1,1-dilithiosilane derivatives
R,SiLi, (R=SiMeBu',, SiBu's) with dichlorodimesitylgermane
Mes,GeCl,. Both silagermenes exhibited unusually shielded
sp>-Si centers, observed at 22.4 and 18.7 ppm, respectively.
This observation was explained by the ‘push-pull’ substitution
pattern (electron-donating groups on Si and electron-
withdrawing groups on Ge), altering the inherent $i®" = Ge®~
bond polarity to a reversed Si’°~ = Ge’". This conclusion was
further corroborated by the regioselectivity of MeOH addition
to (Bu',MeSi),Si=GeMes, to form a single regioisomer
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R\ R R R R
.': .': R ~ S/i
/Ge\ hv (> 300nm) S'\ Ph-C=C-H Ge= \S_ .wR
. —_— |
. — . 0, — H \
R/SI_SI\R or A (215°C) R/Ge_SI\R Ph AN R
[R = SiMeBuY,]

Scheme 30 Synthesis of the first stable silagermenes.

R CH,—-R
R el
| \S.“
_Ge CH, 130°C i
R "0,
" A\
/SI—SI\ Toluene R/Ge_SI\R

R R
[R = SiMeBUt,]

Scheme 31 Synthesis of the novel 1H-disilagermirene.

(Bu';MeSi), (H)Si-Ge(OMe)Mes,.''* The Si=Ge bond in the
silagermene (Bu'sSi),Si=GeMes, of 2.2769(8)A was longer
than that of the previously reported cyclic silagermene shown
in Scheme 30 (2.250(1)A), apparently because of the severe
steric repulsions in the former.''* Such important steric hin-
drances in (Bu'sSi),Si=GeMes, were also manifested in the
notable twisting of its Si=Ge bond by 24.7°, which caused a
remarkable red shift in its UV-Vis spectrum where the n-n*
electronic transition was observed at 553 nm. The silagermene
(Bu'sSi),Si=GeMes, undergoes thermal isomerization at
100°C to a symmetrically substituted isomer (E)-[Mes
(Bu'3Si)Si=Ge(Mes)SiBu's]."*

The latest example of a stable silagermene, (Bu‘Me,Si),.
Si=Ge(SiMe,Bu"),, was synthesized by the reductive dehalo-
genation of the 1,2-dibromosilagermane Br(Bu‘Me,Si),Si-Ge
(SiMe,Bu'),Br with sodium in toluene.''® Because of the posi-
tional disorder between the doubly bonded Si and Ge atoms in
silagermene (Bu‘Me,Si),Si=Ge(SiMe,Bu’),, only the Si=Ge
bond distance can be reliably discussed. Its value of 2.2208
(4)A is slightly shorter than those in the above-described 1,2-
disila-3-germacyclopenta-2,4-diene (see Scheme 30) and
(Bu'5S1),Si=GeMes, of 2.250(1)''? and 2.2769(8)A,''* re-
spectively. The geometry around the sp-Si and -Ge atoms in
silagermene was nearly planar, and the Si=Ge double bond
was insignificantly twisted by 7.5°. The isostructural digermene
(Bu'Me,Si),Ge=Ge(SiMe,Bu"),, whose crystal data were also
reported in the same paper, showed similar geometric charac-
teristics: 2.2704(9) A (Ge=Ge bond length), 360° (sum of the
bond angles around Ge atoms), and 7.5° (Ge=Ge bond twist
angle).''” Featuring an identical silyl-substitution pattern at
both Si and Ge atoms, silagermene (Bu‘Me,Si),Si=Ge(SiMe,.
Bu'), showed a highly deshielded resonance of its doubly
bonded silicon center at 144.0 ppm, as expected.

Silagermenes, in which the Si=Ge bond is incorporated
into an allenic fragment of the types >Si=Ge=Si< or
>Ge=Si=Ge<, are discussed in Section 1.11.3.

1.11.2.2.2 Silastannenes >Si=Sn<*""%

The sole example of an isolable silastannene (Bu‘,MeSi),.
Si=SnTip, was reported in 2002, being prepared by the cou-
pling of the 1,1-dilithiosilane derivative (Bu‘,MeSi),SiLi, with
the diaryldichlorostannane Tip,SnCl, (Scheme 32).1'°

LG TP
R,SiLiy + TipySnCl, —— Si—S$Sn

/ .
R = SiMeBut,] R Tip

Scheme 32 Synthesis of the first silastannene.

Scheme 33 Bonding interaction mode in the stable silastannene.

The silicon-tin  double bond in the silastannene
(Bu',MeSi),Si=SnTip, is inversely polarized as Si°~ = Sn°*
because of the ‘push-pull’ substitution pattern: electron
donors on Si and electron acceptors on Sn (computations:
—0.536 on Si and +1.400 on Sn (natural population analysis
(NPA) charges of the model silastannene (H;Si),Si=SnPh,)).
This was manifested in the remarkable deshielding of the sp>-
Sn (516.7 ppm) and shielding of the sp>-Si (27.4 ppm). Such
inversed Si=Sn bond polarization also altered the structure
of the silastannene, which features a rather unusual bending
pattern: the trans-bending at Si was unexpectedly much greater
than that at Sn (26.2° vs. 9.6°), which was rationalized in terms
of the nontraditional unsymmetrical donor-acceptor interac-
tion mode (Scheme 33). Accordingly, the bending at the neg-
atively polarized silicon part Si°~ was expected to be more
pronounced than that at the positively polarized tin fragment
Sn®*, which was indeed observed experimentally.

The Si=Sn double-bond length of 2.4188(14) A in the silas-

tannene (Bu‘,MeSi),Si=SnTip, is intermediate between the
typical values of Si=Si and Sn=Sn double bonds, being ca.
7% shorter than the standard Si-Sn single-bond length of
2.60 A."'® The Si=Sn bond in silastannene is notably twisted
by 34.6°, demonstrating a high degree of steric interaction
between the bulky substituents.
1.11.2.2.3 Germastannenes >Ge=Sn<*"1%?
The first report on the transient germastannene Mes,Ge=
SnTip,, generated by the reductive dehydrofluorination of the
(fluorostannyl)germane Mes,(H)Ge-Sn(F)Tip, with Bu'Li,
was published in 1996.''7 Because Mes,Ge=SnTip, decom-
posed at room temperature to form a set of products including
the three-membered ring germadistannirane cyclo-(Mes,Ge-
Tip,Sn-Tip,Sn), its formulation as a germastannene was based
on indirect evidence: observation of a low-field ''*Sn resonance
at 360 ppm and trapping reactions with MeOH and PhCHO.

The first structurally authenticated germastannene Tip,.
Ge=SnTip, was prepared by a simple one-pot reaction of
TipMgBr, GeCl,-diox complex and SnCl, (Scheme 34).''®
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THE Tip /Tip
TipMgBr + GeClyediox + SnCly, ————= Ge—Sn
Tip \Tip
Scheme 34 Synthesis of the first structurally characterized
germastannene.

The presence of the doubly bonded tin center was proved by its
low-field resonance at 268.0 ppm in the *'°Sn NMR spectrum.
The shortening of the Ge=Sn double bond of 2.5065(5) A was
ca. 4.6% compared with typical Ge-Sn single bonds, whereas
the trans-bending at Sn was more pronounced (337.3°) than
that at Ge (349.1°). Stable in the solid state, germastannene
Tip,Ge=SnTip, decomposed in solution forming cyclotristan-
nane cyclo-(Tip,Sn); and digermene Tip,Ge=GeTip,.

By the same synthetic procedure used for the preparation
of the above-described silastannene (see Scheme 32), a
novel germastannene (Bu’,MeSi),Ge=SnTip, was synthesized
by the reaction of the 1,1-dilithiogermane derivative
(Bu‘,MeSi),GelLi, and the diaryldichlorostannane Tip,SnCl,
(Scheme 35)."" In the absence of x-ray crystallography data,
this germastannene (Bu',MeSi),Ge=SnTip, was identified
by its diagnostic low-field '*Sn NMR resonance observed
at 525.1 ppm. Interestingly, upon gentle heating at 50 °C,
the initially formed germastannene (Bu‘,MeSi),Ge=SnTip,
quantitatively isomerized to a novel, symmetrically sub-
stituted, germastannene (E)-(Bu',MeSi)TipGe=Sn(SiMeBu",)
Tip (Scheme 35)."'° The 'H NMR kinetic studies of this isom-
erization gave a negative value of —12.0 cal K™ mol ™" for the
activation entropy AS*, thus suggesting a concerted isomeriza-
tion mechanism implying the dyotropic 1,2-migration of the
silyl and aryl groups in the starting germastannene.

3A-1,2,3,4-Disilagermastannetene, as the first cyclic germas-
tannene incorporating an endocyclic Ge=Sn bond into the
four-membered ring skeleton, was readily available by the
ring expansion reaction of either 1H- or 3H-disilagermirenes®"
with the SnCl,-diox complex (Scheme 36)."*° As expected,
the sp?-Sn center of this cyclic germastannene resonated in a
characteristic low-field region at 439.3 ppm. In sharp contrast
to the above-described germastannenes, Mes,Ge=SnTip, and
Tip,Ge=SnTip,, the cyclic germastannene was quite stable in
the solid state and in solution without any signs of dissocia-
tion into the germylene and stannylene. The amazing thermal
stability of its Ge=Sn double bond was ascribed to the coop-
erative effect of the o-donating silyl substituents and to
the proposed mge—sn— G*si_c) orbital mixing resulting in a
lowering of the m-energy level and overall stabilization of
the HOMO."*%"

1.11.3 Stable Analogs of 1,3-Dienes and Allenes
of the Heavy Group 14 Elements

1.11.3.1 Heavy Analogs of 1,3-Dienes’?’

The first stable 1,3-diene of the heavy group 14 elements, hex-
akis(2,4,6-triisopropylphenyl)tetrasilabuta-1,3-diene Tip,Si=Si
(Tip)-Si(Tip)=SiTip,, was synthesized in 1997 by the reaction
of the tetraaryldisilene Tip,Si=SiTip, with Li followed by the
addition of MesBr (Scheme 37).'?? The reaction is likely to
proceed through the initial generation of the disilenyllithium

Tip,Si=Si(Tip)Li, followed by its subsequent reaction with
MesBr forming Tip,Si=Si(Tip)Br, which finally coupled with
the remaining Tip,Si=Si(Tip)Li to give tetrasilabuta-1,3-diene.

The terminal silicon atoms Siey, of the Siierm = Siceni—
Sicent = Siterm 1,3-diene system resonated at a higher field
than the internal silicons Sicn: 52.3 ppm versus 89.5 ppm.
The particularly important issue of the conjugation between
the two Si=Si units was resolved in favor of the presence of
such conjugation. In solution, this was deduced from the
electronic spectrum of the tetrasilabuta-1,3-diene: the longest
wavelength absorption was observed at 518 nm, a value that
was ca. 100 nm red-shifted in comparison with those of known
tetraaryldisilenes with isolated Si=Si bonds. In the solid state,
the conjugation in the tetrasilabuta-1,3-diene was demon-
strated by the slight stretching of the Si=Si bonds (2.175(2)
A, which is ca. 0.03 A longer than those of tetraaryldisilenes)
and shortening of the single bond between the two sp-sili-
cons = Si-Si = (2.321(2) A, which is shorter than the standard
value of 2.34 A). The tetrasilabuta-1,3-diene featured a remark-
able s-cis conformation with a dihedral angle between the two
Si=Si units of 51.0°.

By the same synthetic procedure, a germanium analog
of the above-described tetrasilabuta-1,3-diene, namely, the
tetragermabuta-1,3-diene derivative Tip,Ge=Ge(Tip)-
Ge(Tip)=GeTip,, was also prepared (Scheme 37, E=Ge).'?
In its crystalline form, tetragermabuta-1,3-diene also adopted
an s-cis conformation, although the twisting between the two
Ge=Ge fragments was less pronounced than that in
tetrasilabuta-1,3-diene: 22.5° versus 51.0°. While the Ge=Ge
double bonds in tetragermabuta-1,3-diene of 2.3568(6) and
2.3439(5) A were longer than those of tetraaryldigermenes, the
central =Ge-Ge=distance of 2.4581(5) A was quite normal for
a single bond. Although the presence of conjugation between
the Ge=Ge double bonds in tetragermabuta-1,3-diene could
not be deduced from its crystal structure data, it was supported
by the observation of a longest wavelength absorption at
560 nm, a value that was ca. 140 nm red-shifted compared
with those of tetraaryldigermenes.

Another stable tetrasilabuta-1,3-diene, s-cis-(Bu‘,MeSi)s.
Si=Si(Mes)-Si(Mes)=Si(SiMeBu',),, was prepared by taking
advantage of the synthetic utility of the 1,1-dilithiosilane re-
agent (Bu’,MeSi),SiLi,, which was reacted with the 1,1,2,2-
tetrachlorodisilane MesCl,Si-SiCl,Mes.?* The doubly bonded
Si atoms in (Bu‘,MeSi),Si=Si(Mes)-Si(Mes)=Si(SiMeBu',),
were found at 71.5 and 150.8 ppm, which is in a more
deshielded area than those of Tip,Si=Si(Tip)-Si(Tip)=SiTip,.
The two Si=Si bonds in (Bu‘’,MeSi),Si=Si(Mes)-Si(Mes)=Si
(SiMeBu',), are greatly twisted, with a Si=Si-Si=Si torsional
angle of 72°, which was attributed to the steric repulsion of the
bulky silyl substituents. Another manifestation of the severe
steric interactions was the elongation of the Si=Si bonds
(2.1983(12) and 2.2003(12)A), whereas the central = Si-
Si = bond was quite normal (2.3376(11) A). However, despite
the great twisting of the buta-1,3-diene fragment, a partial
conjugation in  (Bu‘,MeSi),Si=Si(Mes)-Si(Mes)=Si(SiMe-
Bu',), between the two Si=Si n-bonds was still possible, as
was shown by the notable bathochromic shift of ca. 100 nm
for the longest UV-Vis absorption observed at 531 nm
(compare with 437 nm found for the related disilene
(Bu‘,MeSi),Si=SiMes,).
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Scheme 35 Synthesis of the germastannene using 1,1-dilithiogermane precursor, and its subsequent thermal isomerization into a novel,

symmetrically substituted germastannene.
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Scheme 36 Synthesis of the first cyclic germastannene.
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Scheme 37 Synthesis of the first stable tetrasilabuta-1,3-diene and
tetragermabuta-1,3-diene.

ArGeGeAr + Ph-C=C-Ph ——»

Ar = 2,6-(2,6-Priy-CgHg),-CoH
[Ar = 2,6-(2,6-Pr/,-CgHg),-CgHa] Ph Ph

Scheme 39 Synthesis of the 1,2-digermacyclobutadiene.

A tetrasilabuta-1,3-diene, featuring two exocyclic Si=Si
bonds, was synthesized by the reduction of tribromodisilane
with sodium (Scheme 38).%*

Because of the differing substitution pattern, the resonances
of the central and terminal sp?-silicons were found in highly
distinctive regions: 9.3 and 210.2 ppm, respectively. In con-
trast to the above-described derivatives, the new tetrasilabuta-
1,3-diene showed an s-trans-configuration of the two double
bonds with a Si=Si-Si=Si torsional angle of 122.6° and Si=Si
bond lengths of 2.1980(16) and 2.2168(16)A. Similar to the
previous cases, the notable red shift in the electronic spectrum
of the tetrasilabuta-1,3-diene (longest absorption at 510 nm)
suggested an important degree of T-n conjugation between the
two Si=Si bonds. As mentioned in Section 1.11.2.1.1, both
thermolysis and photolysis of the tetrasilabuta-1,3-diene with
exocyclic Si=Si bonds produced the unusual spirocyclic cyclo-
trisilene shown in Scheme 6.%*

In several compounds, the double bonds of the 1,3-diene
unit are incorporated into cyclic systems (cyclic dienes). Thus,
the above-described five-membered ring silagermene (see Sec-
tion 1.11.2.2.1, Scheme 30) manifested an s-cis-conformation
of the Si=Ge-C=C 1,3-diene unit dictated by its cyclic struc-
ture.’'? Structural trends expected for the conjugated system
(stretching of the double bonds and shortening of the single

+  SnClyediox

R R
AN
THF Ge —Sn
— | |
cal “.)Si—Si-...,R
R Cl
R
R R R
R R T
Br Na/toluene
’ Si S
SNSBR o 57 N7
SiBroR R = SiMey] |
R R R
R R R R

Scheme 38 Synthesis of a tetrasilabuta-1,3-diene with exocyclic Si=Si
bonds.

bond) were not observed in the cyclic silagermene despite the
planarity of the five-membered ring: the lengths of the Si=Ge
(2.250(1)A), C=C (1.343(5)A), and Ge-C (1.972(3)A)
bonds were quite normal for such bonds. Moreover, a bath-
ochromic shift was not observed in the UV-Vis spectrum of the
five-membered ring cyclic silagermene with the Si=Ge-C=C
unit compared with the 1H-disilagermirene with an isolated
Si=Ge bond: 472 versus 467 nm. Overall, this 1,2-disila-3-
germacyclopenta-2,4-diene (shown in Scheme 30) represents
a cyclopentadiene system with two formally conjugated but
actually isolated double bonds. This was rationalized consid-
ering the remarkable difference in the size and energy levels of
the Si=Ge and C=C mn-orbitals, precluding their effective
conjugation.

1,2-Digermacyclobutadiene was recently prepared as the
first stable cyclobutadiene derivative containing heavy group
14 elements by the [2+2]-cycloaddition of the germanium
analog of an alkyne ArGeGeAr (Ar=2,6-(2,6-Pry-CgHs),-
CeHs) and diphenylacetylene (Scheme 39).'° The cyclic
carbon atoms involved in the Ge=Ge-C=C diene system
resonated in the low-field region at 159.2 ppm. Although
the Ge,C, four-membered ring was nearly planar, the geom-
etry at the skeletal Ge atoms was markedly pyramidal (sum of
the bond angles 317.3° and 318.0°). The lengths of the endo-
cyclic bonds in 1,2-digermacyclobutadiene are consistent
with its formulation as a cyclobutadiene: C=C double bond
of 1.365(7) A, two Ge-C single bonds of 2.022(5) and 2.027
(5)A, and a ‘weak’ Ge=Ge double bond of 2.4708(9)A (the
last value is even greater than that of the typical Ge-Ge single
bonds of 2.44 A).

A tetrasilacyclobutadiene derivative, as the first all-heavy
group 14 element-containing cyclobutadiene, was recently
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Scheme 40 Synthesis of the tetrasilacyclobutadiene.
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Scheme 41 Synthesis of the spiropentasiladiene.

reported, being prepared by the lithium naphthalenide
reduction of the tribromosilane featuring the very bulky
EMind-group (Scheme 40)."® The Si4-ring in the tetrasilacyclo-
butadiene derivative is planar with the cyclic Si-Si bonds inter-
mediate between typical Si-Si single and Si=Si double bonds
(2.2877(8), 2.2671(8), 2.2846(8), and 2.2924(8) A). The most
striking structural feature of the tetrasilacyclobutadiene is the
remarkably differing configuration of the skeletal silicons:
whereas the geometry at the Sil and Si3 atoms is planar (360°,
sp°-type hybridization), that of the Si2 and Si4 atoms is pyra-
midal (338.8° and 335.1°, sp>-type hybridization). Such re-
markable structural distortion of the Si4-ring from the
expected rectangular geometry was explained in terms of the
important contribution of the planar rhombic charge-separated
resonance extreme B, in which the negative charges are lo-
cated on the pyramidal Si2 and Si4 atoms and positive
charges on the planar Sil and Si3 atoms (Scheme 40). The
contribution of the canonical form B can also be seen in the
extreme chemical shift difference (>350 ppm) in the reso-
nances of the skeletal Si atoms: —52/—50 ppm (for Si2/Si4)
and 300/308 ppm (for Si1/Si3) (*°Si CP-MAS NMR). The
NPA computations confirmed a notable charge difference in
the skeleton of the tetrasilacyclobutadiene: +0.144 (for Si2)
and +0.167 (for Si4) versus +0.647 (for Sil) and +0.637 (for
Si3). In accord with its charge-separated structure, tetrasilacy-
clobutadiene exhibited neither aromaticity nor antiaromati-
city, but nonaromaticity.

Overall, the polarization of the Si=Si double bonds in the
tetrasilacyclobutadiene derivative results from a polar second-
order Jahn-Teller distortion, counteracting the inherent cyclo-
butadiene antiaromaticity.

Several compounds with the two Si=Si bonds separated
by more than one bond have also been reported. Among
them is a remarkable spiropentasiladiene prepared by the
reduction of the dibromochlorosilane (Bu‘,MeSi);Si-SiBr,Cl
with KCg (Scheme 41); the first stable cyclotrisilene was also
synthesized by the same reaction (see Section 1.11.2.1.1,
Scheme 2).'%7

The two cyclotrisilene units sharing a spiro-silicon are
highly twisted relative to each other by 78.3°, and the cyclic
Si=Si bonds are also twisted by 30.0°, whereas the doubly
bonded Si atoms are only insignificantly pyramidalized (sum
of the bond angles around them=358.0° and 358.9°). The
Si=Si bonds in spiropentasiladiene of 2.186(3)A are longer
than the typical double bonds in cyclotrisilenes, which was
explained by the mg;_s;i—0*s;_s; orbital interaction. The longest
wavelength absorption of spiropentasiladiene at 560 nm was
substantially red-shifted compared with those of the known
cyclotrisilenes, thus manifesting the important through-space
interaction between its n- and n*-orbitals. Another indication
of such notable through-space interaction in spiropentasila-
diene was the considerable deshielding of its sp>silicons,
whose resonances at 154.0 ppm were remarkably low-field-
shifted compared with those of the stable cyclotrisilenes.

Several tetrasiladienes featuring two Si=Si bonds con-
nected by a phenylene bridge, representing m- and p-bis
(disilenyl)benzene derivatives, were also recently reported
(their physicochemical characteristics are given in Table 1,
Section 1.11.2.1.1).>>?° In these compounds, a significant
bathochromic shift of the longest wavelength absorption was
observed in their electronic spectra, supporting the existence of
n-conjugation between the two Si=Si bonds bridged by a
phenylene unit.

1.11.3.2 Heavy Analogs of Allenes'?®

The very first stable 1-silaallene was prepared by the reduction
of its precursor with Bu'Li (Scheme 42).'° The resonances of
the Si and central allenic C atoms were observed at 48.4 and
225.7 ppm, respectively. The Si=C bond in 1-silaallene of 1.704
(4) A was short compared with the stable silenes with an isolated
silicon-carbon double bond, whereas the allenic moiety
Si=C=C was slightly bent with a bending angle of 173.5°.

By employing an addition-elimination reaction sequence,
a series of other stable 1-silaallenes was prepared starting from
the corresponding (halosilyl)acetylenes (Scheme 43)."3°

All of the new 1-silaallenes showed diagnostic signals for
their sp”-Si (13.1-58.7 ppm) and central sp>-C (216.3-
227.9 ppm) atoms. For 1-silaallene with R=Bu' and
R'=R"=Tip, the following structural parameters were
reported: Si=C bond length of 1.693(3)A, Si=C=C bent
angle of 172.0°, essential planarity around the terminal carbon
atom of the Si=C=C allene unit (359.9°), and insignificant
pyramidalization at the silicon center (357.2°).
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The first stable 1-germaallene was also obtained
(Scheme 44) by the same procedure as that used for the
preparation of the stable 1-silaallenes (see above).'*"

As expected, the central allenic carbon in the 1-germaallene
was found in the very low-field region at 235.1 ppm. As in
the case of 1-silaallenes, the Ge=C bond of 1.783(2) A in the 1-
germaallene is markedly shorter compared with those of
the structurally characterized germenes with an isolated
germanium-carbon double bond. The Ge=C=C allenic frag-
ment in the 1-germaallene is remarkably bent with a bending
angle of 159.2°, and the geometry around the Ge atom was
notably pyramidal (sum of the bond angles 348.4°).

Another stable 1-germaallene, Tbt(Mes)Ge=C=CR, (R,C=
9-fluorenylidene), was synthesized by either detelluration of
telluragermacyclopropane with (Me,N);P or reductive dechlo-
rination of (1-chlorovinyl)chlorogermane with Bu'Li."*? In the
absence of structural data, Tbt(Mes)Ge=C=CR; was identified
by its low-field signal at 243.6 ppm, indicative of the central
carbon atom in the allenic structure.

No isolable 1-stannaallenes >Sn=C=C<, 1-plumbaallenes
>Pb=C=C< or heavy allenes of the types >C=E=C<,
>E=C=E'< or >E=F'=C< (E, E'=heavy group 14 elements),
have been reported to date.

MeO Pri
But

qur Pri O Br

But Si—C=C O Pri
Ad/\
F Pri OMe
Scheme 42 Synthesis of the first stable 1-silaallene.
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Scheme 43 Synthesis of other stable 1-silaallenes.
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Scheme 44 Synthesis of the first stable 1-germaallene.
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Scheme 45 Synthesis of the first tristannaallene.
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Several remarkable all-heavy group 14 element-consisting
allenes of the types >E=E=E< and >E=F'=E< have recently
become synthetically accessible. The first one among them was
the tristannaallene (Bu'sSi),Sn=Sn=8n(SiBu's),, prepared in
1999 by the straightforward reaction of bis(amino)stannylene
[(MesSi),N],Sn: with Bu';SiNa (Scheme 45).'%2

At room temperature, the tristannaallene gradually iso-
merized in solution into the more stable cyclotristannene
cyclo-[(Bu'sSi)4Sns], which is described in Section 1.11.2.1.3
(Scheme 26), with a half-life of 9.8 h at 25 °C (first-order
reaction kinetics). As expected, the terminal and central tin
atoms in the tristannaallene unit Sn=Sn=Sn resonated in the
low-field region at 503 and 2233 ppm, respectively. The ex-
treme deshielding of the central Sn atom (2233 ppm), which is
formally sp-hybridized, was interpreted in terms of the impor-
tant contribution of the stannylene canonical forms shown in
Scheme 46.

The Sn=Sn double bonds in the tristannaallene of 2.684(1)
and 2.675(1) A are notably shorter than those of the structur-
ally characterized acyclic distannenes >Sn=Sn< (see Sec-
tion 1.11.2.1.3, Table 5). As in other heavy allenes described
above and in marked contrast to undistorted organic allenes,
the tristannaallene unit >Sn=Sn=Sn< was considerably bent
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Scheme 46 Stannylene resonance extremes of the tristannaallene.
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Scheme 47 Synthesis of the trisilaallene >Si=Si=Si<, trigermaallene
>Ge=Ge=Ge<, and 1,3-digermasilaallene >Ge=Si=Ge< derivatives.

with a bent angle of 156.0°, which again was explained by the
contribution of the stannylene resonance forms, as shown in
Scheme 46. The configuration at the terminal tins was pyrami-
dal (again, unlike organic allenes) with the sum of the bond
angles being 344.3° and 346.9°.

A family of isolable heavy analogs of allenes, namely, ho-
monuclear trisilaallene and trigermaallene, and heteronuclear
2-germadisilaallene and 1,3-digermasilaallene, was also re-
cently reported.’? The trisilaallene was prepared by the reduc-
tive dechlorination of the cyclic chloro(trichlorosilyl)silane
with potassium graphite (Scheme 47, a).'?3?

The resonances of the terminal and central silicon atoms of
the trisilaallene moiety were observed at 196.9 and 157.0 ppm,
respectively. Structurally, trisilaallene showed the following
features: (1) silicon-silicon distances of 2.177(1) and 2.188
(1)A, which are typical for Si=Si double bonds; (2) trans-
bending and pyramidalization at the terminal silicons (sum
of the bond angles 354.1° and 354.9°); (3) highly bent
Si=Si=Si skeleton (bent angle 136.5°); and (4) nearly perpen-
dicular arrangement of the two five-membered rings. In the
crystalline state of the trisilaallene >Si1=Si2=Si3<, the central
allenic Si2 atom was found in four different positions at tem-
peratures above —100 °C. These four structural isomers were
nearly of the same energy (energy difference within 1 kcal -
mol ™), suggesting a dynamic disorder because of the rotation
of the Si2 atom about the Si1-Si3 axis. The longest UV-Vis
absorption of the trisilaallene at 584 nm was significantly red-
shifted compared with, for example, tetramethyldisilene
(350 nm), which suggests notable conjugation between the
two cumulated Si=Si bonds.

Similar thermal motion of the central germanium atom of
the >Si=Ge=Si< allenic system was also observed in the solid
state of the 2-germadisilaallene, prepared by the coreduction of
isolable cyclic silylene and GeCl,-diox complex with potassium
graphite (Scheme 48).'33"

The terminal silicons in the >Si=Ge=Si< allenic frag-
ment of 2-germadisilaallene resonated at a low field of
219.4 ppm. The Si=Ge double bonds in 2-germadisilaallene
of 2.2366(7) and 2.2373(7)A were slightly shorter than
that in 1,2-disila-3-germacyclopenta-2,4-diene of 2.250(1)A

(see Section 1.11.2.2.1, Scheme 30). Similar to the above-
described trisilaallene (Scheme 47, a), 2-germadisilaallene
exhibited a bent >Si=Ge=Si< skeleton (bent angle 132.4°)
and pyramidal geometry at the terminal silicon atoms (353.9°
and 354.0°). A conjugation between the two Si=Ge bonds in
2-germadisilaallene was manifested in the bathochromic shift
of its longest wavelength absorption observed at 599 nm.

Trigermaallene and 1,3-digermasilaallene were synthe-
sized by the same synthetic procedure as that of trisilaallene
(Scheme 47, b and c)."**“ However, unlike the above-described
trisilaallene and 2-germadisilaallene, neither trigermaallene nor
1,3-digermasilaallene showed dynamic disorder in their crystal
structures; accordingly the central Ge (in trigermaallene) and Si
(in 1,3-digermasilaallene) atoms were found in only one of
the four possible positions. This structural distinction
between trisilaallene/2-germadisilaallene and trigermaallene/
1,3-digermasilaallene stems from their different environments,
which define the spatial position of their central allenic atoms.
The >Ge=Ge=Ge< and >Ge=Si=Ge< skeletons in trigermaal-
lene and 1,3-digermasilaallene were highly bent (122.6° and
125.7°, respectively), whereas the geometry at the terminal Ge
atoms was notably pyramidal (348.5°/348.6° and 349.3°). The
Ge=Ge bonds in trigermaallene of 2.321(2) and 2.330(3)A
were in the normal range, whereas the Si=Ge bonds in 1,3-
digermasilaallene of 2.2694(8) A were insignificantly longer than
that of 1,2-disila-3-germacyclopenta-2,4-diene of 2.250(1)A
(see Section 1.11.2.2.1, Scheme 30). The central Si atom in
the 1,3-digermasilaallene resonated at 236.6 ppm, that is, at a
much lower field than that of the trisilaallene (157.0 ppm).
Similarly to the above-described trisilaallene and 2-germadisi-
laallene, both the trigermaallene and the 1,3-digermasilaallene
exhibited considerable conjugation between the Ge=Ge (in
trigermaallene) and Si=Ge (in 1,3-digermasilaallene) double
bonds, which can be seen in the red shift of their longest
wavelength UV-Vis absorptions: 630 nm (in trigermaallene)
and 612 nm (in 1,3-digermasilaallene) (note that the corre-
sponding value for the trisilaallene is 584 nm).

The tetra(silyl)trisilaallene was prepared by the reaction of
dilithiosilane derivative (Bu‘,MeSi),SiLi, with SiCl,-NHC
complex (Scheme 49)."** In the absence of crystallographic
data, the new trisilaallene was characterized by spectroscopic
techniques, computational and reactivity studies. Thus, the res-
onances of the terminal silicons were found at 44.6 ppm,
whereas that of the central silicon was remarkably more
deshielded, being observed at 418.5 ppm. The latter chemical
shift was substantially lower-field-shifted compared with that of
the above-described tetra(alkyl)trisilaallene'*** (Scheme 47, a),
418.5 ppm versus 157.0 ppm, providing evidence for their
distinctly differing structures. This was further corroborated by
the fact that the bending of the allenic Si=Si=Si skeleton was
notably smaller in the case of the silyl-substituted trisilaallene
compared with its alkyl-substituted counterpart: 164.3° (com-
putations of the real molecule) versus 136.5° (x-ray crystallogra-
phy). As in organic allenes, the two planes defined by the three Si
atoms (two substituent Si and one terminal Si to which these
substituents are attached) of the tetra(silyl)trisilaallene were
nearly orthogonal to each other with the dihedral angle between
them being 86.6°. In accord with its peculiar substitution
pattern, tetra(silyl)trisilaallene showed the Si=Si bond polariza-
tionsas >Si°~ = Si’" = $i°~ <, resulting in the formation of only
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Scheme 48 Synthesis of the 2-germadisilaallene >Si=Ge=Si< derivative.

.o Benzene Sj
RoSiLi, + SiCly(«-NHC) — R25'¢ §S|R2

-NHC
[R = SiMeButy]

o 0%

Scheme 49 Synthesis of the isolable tetra(silyl)trisilaallene.

one regioisomer R,Si(H)-Si(OMe),-Si(H)R; in the reaction of
the tetra(silyl)trisilaallene with methanol. Similar to the above-
described case of the thermal isomerization of a tristannaallene
(Scheme 45) to a cyclotristannene (Scheme 26),'% tetra(silyl)
trisilaallene also underwent rearrangement at 120 °C, forming
the previously reported tetrakis(di-tert-butylmethylsilyl)cyclotri-
silene (Scheme 3, E=Si)."**

A couple of the bis(methanediide) derivatives of germa-
nium and tin, whose structures can be viewed as 2-germa-
and 2-stannaallenes R,C=E=CR, (E=Ge, Sn;
R=-P(Ph), =S), have also been recently reported.'** In
these compounds, which feature certain phosphinoyl substit-
uents R at the terminal carbons, the central E was intramolec-
ularly supported by electron donation from the sulfur lone
pairs. This expands their coordination number to four (for
Ge) and six (for Sn). Such an increase in the coordination
sphere of the E centers, along with the potential n-conjugation
from the E=C and P=S bonds, remarkably alters the nature of
the element-carbon bonds. Thus, compared with the genuine
Ge=C and Sn=C double bonds in the structurally authenti-
cated 1-germaallene (see above), germenes and stannenes, the
E=C bonds are notably longer at 1.882(2)A (for the Ge=C
bond) and 2.063(2) A (for the Sn=C bond). This suggests that
the element-carbon interaction has only partial double-bond
character and can be best classified as lying between a single
and double bond.

1.11.4 Stable Analogs of Alkynes of the Heavy
Group 14 Elements'?

Several stable analogs of alkynes of the heavy group 14
elements of the types R-E=E-R/R-E=E-R’ and R-E=F-R
(E, E'=group 14 elements) have been prepared during the
past decade: three disilynes RSiSiR/RSiSiR’, six digermynes (or
their valence isomers) RGeGeR, twelve distannynes (or their
valence isomers) RSnSnR, one valence isomer of diplumbyne
RPbPbR, one silyne RSiCR/, and two germyne analogs RGeCR'.
The synthetic routes to such compounds, their unusual struc-
tural features, and bonding nature are discussed below.

R R
Si:  + GeCl,ediox —» é@ ﬁ
) R
SiMe, R

R = SiMe,

1.11.4.1 Disilynes RSiSiR

A relatively stable disilyne that was spectroscopically character-
ized, (Bu's;Si),MeSi-Si=Si-SiMe(SiBu's),, was reported in
2004, prepared by the reductive dechlorination of the 1,2-
dichlorodisilene precursor (E)-[(Bu‘s3Si)>MeSi]|CISi=Si[SiMe
(SiBu's),]|Cl (see Section 1.11.2.1.1, Table 1) with lithium
naphthalenide.'*>”°%!37 Classification of this compound as
a disilyne was based on the low-field resonance of its central
silicon at 91.5 ppm, high-resolution mass spectral data, and its
specific reactivity toward ethylene and buta-1,3-diene to form
the corresponding [2 4 2]- and [2 4 4]-cycloadducts.’® Compu-
tational estimates for the length of the central silicon-silicon
bond of 2.072 A and a Si-Si=Si trans-bent angle of 148.0° were
in good agreement with the formulation of this bond as a Si=Si
triple bond."*” Being stable in the solid state, disilyne (Bu's.
Si),MeSi-Si=Si-SiMe(SiBu‘s), underwent isomerization in so-
lution via the 1,2-migration of one of the Bu‘;Si-groups from
the substituent Si to the central Si and subsequent cyclization,
forming an unsymmetrical cyclotrisilene.

The crystal structure of the first isolable disilyne Dsi,Pr'Si-
Si=Si-SiPr'Dsi,, readily available by the reductive debromina-
tion of the 1,1,2,2-tetrabromodisilane precursor DsizPriSi—
SiBr,-SiBr,-SiPr'Dsi, with potassium graphite, was reported
in 2004."%® The resonances of the triply bonded silicons in
Dsi,PriSi-Si=Si-SiPr'Dsi, were observed in the low field at
89.9 ppm. The central Si-Si bond of 2.0622(9) A was extraor-
dinarily short, being at least 4% shorter than typical Si=Si
double bonds (2.14-2.19 A) (see Figure 2).'>** Moreover, in
full accord with theoretical predictions, the arrangement of
substituents at the triply bonded silicon atoms was trans-bent
with a bending angle of 137.4°. Natural bond orbital (NBO)
computations showed a bond order of the central Si-Si bond
of 2.618 with the electron occupancy of the two mg;_s;-orbitals
being 1.934 and 1.897 electrons, again in line with the Si=Si
triple-bond formulation.'*5 Upon trans-bending of the sub-
stituents at the Si=Si bond, the degeneracy of both the HOMO
and the lowest unoccupied molecular orbital (LUMO) typical
of the linear alkyne structure was broken, giving rise to two
nondegenerate HOMOs and LUMOs, as manifested in the
observation of absorptions at 483 and 690 nm, corresponding
to the m-n* electronic transitions (HOMO —1—LUMO/
HOMO — LUMO +1 and HOMO — LUMO).'38¢

The classification of Dsi,Pr'Si-Si=Si-SiPr'Dsi, as a disi-
lyne with a genuine Si=Si triple bond was further supported
by solid-state 2°Si NMR CP-MAS studies, based on the general
trend of the large chemical shift anisotropy values indicative
of the presence of n-bonds.'**™ As in the case of tetrasilyldi-
silenes (see Section 1.11.2.1.1), the deshielding of triply
bonded silicon atoms in the silyl-substituted trans-bent
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disilynes was explained in terms of the decisive role of the
paramagnetic contribution.’>®®13%2 The large paramagnetic
contribution in bis(silyl)disilynes R3Si-Si=Si-SiR3; stems
from the mixing between the og;_gi- and m*g—s;-orbitals,
which in turn results from the decrease in the oc-n* energy
gap because of the electropositive silyl substituents. More-
over, the increase in the trans-bending in disilynes reduces
orbital overlap, thus raising the energy of the og;_s;-orbital
and decreasing the o-n* energy separation, leading to an
increase in the paramagnetic contribution to the chemical
shielding, and finally to further deshielding of the triply
bonded silicon atoms compared with those in the hypothet-
ical linear disilyne.

Unsymmetrically substituted disilyne Dsi,Pr'Si-Si=Si-
SiNpDsi, (Np =CH,Bu‘) was available by the above-described
synthetic procedure, namely, by the reduction of the 1,1,2,2-
tetrachlorodisilane precursor DsizPriSi—SiClz—SiClz—SinDsiz
with potassium graphite.'*® This new disilyne Dsi,Pr'Si—
Si=Si-SiNpDsi, showed a record shortening of the central
Si-Si bond, whose length was 2.0569(12) A and characteristic
trans-bent geometry with bending angles of 138.8° (for the
Dsi,Pr'Si side) and 137.9° (for the Dsi,NpSi side). Compared
with the chemical shift of the central silicons in the sym-
metrical disilyne Dsi,Pr'Si-Si=Si-SiPr'Dsi, (89.9 ppm), the
unsymmetrical disilyne Dsi,Pr'Si-Si=Si-SiNpDsi, showed res-
onances of its triply bonded Si atoms shifted to higher and
lower fields: 62.6 ppm (for the triply bonded Si atom bearing
the Dsi,Pr'Si group) and 106.3 ppm (for the triply bonded Si
atom bearing the Dsi,NpSi group). Similar to the case of the
previously reported (Bu'sSi),MeSi-Si=Si-SiMe(SiBu's),, the
unsymmetrical disilyne Dsi,Pr'Si-Si=Si-SiNpDsi, underwent
room-temperature isomerization, forming an unsymmetrically
substituted cyclotrisilene via the migration of one of the Dsi
groups followed by cyclization.

A disilyne with aryl substituents, Bbt-Si=Si-Bbt {Bbt=2,
6-[(MesSi),CH],-4-[(MesSi);C|-CsH,}, was synthesized by
the standard procedure: reductive debromination of 1,2-
dibromodisilene (E)-Bbt(Br)Si=Si(Bbt)Br'® (Section 1.11.2.1.1,
Table 1) with Bu'Li via initial lithium-bromine exchange fol-
lowed by the B-elimination of LiBr from the transient disilenoid
Bbt(Li)Si=Si(Bbt)Br.'>'*! Lacking the diagnostic deshielding
effects of o-donating silyl substituents because of the strong
paramagnetic contribution (see Section 1.11.2.1.1, 2°Si NMR
spectroscopy of disilenes), diaryldisilyne Bbt-Si=Si-Bbt showed
the resonance of its triply bonded Si atoms at a notably higher
field (compared with those of the silyl-substituted disilynes; see
above) at 18.7 ppm. In accord with the theoretical predictions,
diaryldisilyne Bbt-Si=Si-Bbt exhibited a slightly longer Si=Si
triple bond than that in the silyl-substituted disilynes (2.108(5)
A vs. 2.0622(9)A and 2.0569(12) A) with a slightly greater de-
gree of trans-bending of the triple bond (133.0° (Cx~Si=Si) vs.
137.4° and 137.9°/138.8° (Si-Si=Si)). Comparison of the spec-
tral and structural characteristics of isolable disilynes suggests a
weaker triple-bond character of the diaryldisilyne compared
with the silyl-substituted disilynes.

1.11.4.2 Digermynes RGeGeR (and Their Valence Isomers)

The first stable germanium analog of alkynes, ArGeGeAr
(Ar=2,6-(2,6-Pr',-CsH3),-CsH3), was synthesized in 2002 by

reduction of the chlorogermylene precursor Ar(Cl)Ge: with
potassium.”"'*? Despite the shortening of the germanium-
germanium distance in ArGeGeAr to 2.2850(6)A, a value that
was significantly shorter than standard Ge-Ge single bonds
(ca. 2.44 A) indicating its considerable multiple bond charac-
ter, it was still in the range of the structurally characterized
digermenes (2.21-2.51 A, see Section 1.11.2.1.2). Tt was
therefore suggested that the bonding between the two germa-
nium atoms in ArGeGeAr is best described as a double bond
with a bond order of 2 (digermene form), rather than a triple
bond with a bond order of 3 (digermyne form). Accumulation
of the nonbonding electron density at the Ge centers in the form
of lone-pair electrons results in the significant trans-bending
of the germanium-germanium bond of 128.7°, and accordingly,
in the decrease in the Ge-Ge bond order and stretching of
the bond.

Similarly, the other germanium analog of an alkyne, Ar* Ge-
GeAr* (Ar* =2,6-(2,4,6-Pr'5-C¢H,),-CgHj3), was prepared by
the typical synthetic procedure: reduction of chlorogermylene
Ar*(Cl)Ge: with potassium in THF; however, the crystal struc-
ture of this new digermyne was not reported.”!

In due course, the same authors reported a family of diger-
mynes ArGeGeAr  (Ar =4-Cl-2,6-(2,6-Pr'y-CgHs)-CoHs,
4-Me3Si-2,6-(2,6-Pr'y-C¢Hs),-CgHs, and  3,5-Pr'5-2,6-(2,4,6-
Pr'3-CgH,),-CgHs), modified at the para- or meta-positions of
the central aryl ring of the substituents.'** All of these diger-
mynes were prepared by the reduction of the corresponding
aryl(chloro)germylenes with potassium or potassium graphite.
The digermynes displayed a planar trans-bent skeleton
(Ge-Ge-C bond angles of 124.2-136.1°) with short Ge-Ge
distances (2.2125(13)-2.3071(3)A), consistent with the con-
siderable germanium-germanium multiple bond character.
Based on these structural data, it was argued that the bond
order in the digermyne species is at least 2. The difference in the
Ge-Ge bond lengths and Ge-Ge-C trans-bent angles in diger-
mynes was rationalized in terms of the electronic effects of the
substituents.’® Thus, electron-donating alkyl (Pr') or silyl
(MesSi) groups on the central aryl rings cause a decrease in
the trans-bending, and consequently an increase in the bond
order and a shortening of the germanium-germanium bond
(Ge—Ge-C angle in °/Ge-Ge distance in A): 136.1/2.2125(13)
and 128.4/2.2438(8), respectively. Electron-withdrawing
groups (Cl) have the opposite effects, namely, an increase in
the trans-bending, decrease in the bond order, and stretching of
the germanium-germanium bond (Ge-Ge-C angle in °/Ge-
Ge distance in A): 124.2/2.3071(3).

An aryl-substituted representative of the stable digermynes,
BbtGeGeBbt, was prepared by the same method as its isostruc-
tural silicon analog, disilyne Bbt-Si=Si-Bbt (see above), by
the reductive debromination of 1,2-dibromodigermene (E)-
Bbt(Br)Ge=Ge(Bbt)Br’” (Section 1.11.2.1.2, Table 3) with
potassium graphite.'** The germanium-germanium distance
in BbtGeGeBbt was shorter than that in ArGeGeAr (Ar=2,6-
(2,6-Pr5-CgH3),-CH3) (2.2060(8) and 2.2260(8)A (for the
two crystallographically independent molecules) vs. 2.2850(6)
A), indicative of a greater extent of triple-bond character in
the former. The C,~Ge=Ge trans-bent angles in the two
nonidentical molecules of BbtGeGeBbt varied over the range
123.6-138.7° (compare with the trans-bending of 128.7° in
ArGeGeAr).
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1.11.4.3 Distannynes RSnSnR (and Their Valence Isomers)

The first compound in the series of RSnSnR derivatives, featur-
ing dicoordinate tin centers, ArSnSnAr (Ar=2,6-(2,6-Pr'-
CsH3),-CsHs), was prepared in 2002 by the method previously
used for the synthesis of its germanium analog, namely, by the
reduction of chlorostannylene precursor Ar(Cl)Sn: with potas-
sium.”1%52 In the absence of !'’Sn NMR data, the composi-
tion of ArSnSnAr was established by x-ray diffraction analysis,
which showed a highly bent C-Sn-Sn-C skeleton with the
trans-bent angle of 125.2°, indicative of the developing lone-
pair character at each tin center. The Sn-Sn distance of 2.6675
(4)A was notably shorter than the sum of the single-bond
covalent radii for the two Sn atoms of 2.80 A, being virtually
identical to the value of 2.6683(10)A found for the tetrasilyl-
distannene (Bu',MeSi),Sn=Sn(SiMeBu',),”’ (Section 1.11.2.1.3,
Table 5), featuring the shortest Sn=Sn double bond among the
acyclic distannenes. Accordingly, as in the case of the isostructural
digermyne, the tin-tin bonding interaction in ArSnSnAr was
interpreted as a double rather than a triple bond with the bond
order estimated as intermediate between 1.5 and 2.0.”*

Another stable tin analog of an alkyne, Ar*SnSnAr*
(Ar* =2,6-(2,4,6-Pr'3-CgH,),-CHs), was available by the re-
duction of the chlorostannylene Ar*(Cl)Sn: with potassium, but
this compound was not crystallographically characterized.”’

Modification of the bulky terphenyl ligand in ArSnSnAr
(Ar=2,6-(2,6-Pr'y-C¢H3),-C¢H;) by the introduction of a
Me;sSi-group at the 4-position of the central aryl ring greatly
affected the structure of the resulting distannyne analog
AVSnSnAr (Ar' =2,6-(2,6-Pr'y-CgHj3),-4-Me3Si-CgH,), which
was prepared by the reduction of a chlorostannylene Ar'(Cl)
Sn: with potassium.**® The tin-tin separation of 3.066(1)A
and trans-bent angle of 99.3° in the novel distannyne
Ar'SnSnAr’ were dramatically different from those in the orig-
inal distannyne ArSnSnAr, 2.6675(4)A and 125.2°, respec-
tively. Such extraordinary stretching of the Sn-Sn bond and
narrowing of the bending angle in Ar'SnSnAr’ make it similar
to the previously reported lead analog Ar*PbPbAr* (Ar*=2,
6-(2,4,6-Pr'3-CsH,),-CHs), *¢ for which single bonding be-
tween the two plumbylene units Ar*-Pb-Pb-Ar* was estab-
lished. Likewise, the bonding between the two Ar'Sn fragments
in Ar'SnSnAr’ was described as a single bond rather than a
triple or even double bond.

By further modification of the terphenyl substituents at the
para- and meta-positions of the central aryl rings, a series of
novel distannynes Ar’SnSnAr” (Ar” = 4-F-2,6-(2,6-Pr'-CgHj3) -
CgH;, 4-Cl-2,6-(2,6-Pr'y-CHs),-CgH;, 4-MeO-2,6-(2,6-Pr',-
C¢Hs3)>-CHs, 4-Bu'-2,6-(2,6-Pr's-CgHs),-CHs, 4-Me;Si-2,6-
(2,6-Pr'y-CgH3),-CeHs,  4-Me3Ge-2,6-(2,6-Pr'y-CgHs),-CHs,
3,5-Pr'5-2,6-(2,6-Pr',-C¢Hs),-CgH;, and  3,5-Pr'5-2,6-(2,4,6-
Pr'3-CgH,),-CHs) was prepared by the standard procedure:
reduction of the aryl(chloro)stannylene precursors with potas-
sium or potassium graphite.'** These compounds displayed
two distinctly different bonding modes: a multiply bonded
form and a singly bonded form. A multiply bonded form
(bond order between 1.5 and 2.0) is found in distannynes
with the 4-Cl-, 4-MeO-, and 4-Bu'-groups on the central aryl
substituent, as manifested in their short tin-tin bonds and
moderate trans-bent angles (Sn-Sn-C angle in °/Sn-Sn distance
in A): 121.8/2.672(2), 124.2/2.6480(12), and 124.0/2.6461

(3), respectively. A singly bonded form with a long tin-tin
separation and highly pronounced trans-bending was found
in the distannyne isomers with the 4-Me;Si- and 4-MesGe-
substituents at the para-position of the central aryl ring of
the Ar” ligand (Sn-Sn-C angle in °/Sn-Sn distance in A):
99.1/3.0577(2) and 97.8/3.077(12), respectively. A structure
intermediate between the multiply and singly bonded extremes
was found in the distannyne Ar’SnSnAr” (Ar” =3,5-Pr',-2,6-
(2,4,6-Pr's-CgH,),-CgH;) with Sn-Sn  distances of 2.7205
(12)-2.7360(14)A and Sn-Sn-C bond angles in the range
125.1-127.6°.'*

Another organotin derivative Ar”’SnSnAr” (Ar”'=2,6-
(Me,NCH,),-CgH3), recently prepared by reduction of the
corresponding chlorostannylene derivative, was also classified
as a distannyne (6(*'’Sn NMR)=612 ppm).'*” However,
given its very long tin-tin bond distance of 2.9712(12) A and
rather acute trans-bent angle of 94.3°, closely resembling those
of the distannyne analog Ar'SnSnAr (Ar =2,6-(2,6-Pr',-
C6H3)2-4-Me;Si-CgH,) (3.066(1)A and 99.3°, respectively),
the bonding between the two tins in Ar'’SnSnAr"™ is best de-
scribed as a single bond (bond order 0.91 by NBO computa-
tions). Overall, Ar”SnSnAr” represents a valence isomer of a
distannyne in the form of bis(stannylene) Ar”’-Sn-Sn-Ar", in
which the vacant p-orbital at each tin center is intramolecularly
stabilized by nitrogen lone-pair electron donation (N — Sn)
from a pair of chelating Me,NCH,-ligands.

1.11.4.4 Valence Isomer of Diplumbyne RPbPbR

The lead analog of an alkyne Ar*PbPbAr* (Ar* =2,6-(2,4,6-Pr's-
CeH,),-CsHs), the first in the series of group 14 organometallics
of the type REER (E=Si-Pb), was prepared by reduction
of the corresponding bromoplumbylene Ar*(Br)Pb: with
LiAlH,.'*® The structural deformation of the lead-lead bond
in Ar*PbPbAr* was greater than those of the above-described
heavy alkyne analogs: extreme stretching of the Pb-Pb bond
and an extraordinary trans-bending of the Cap«~Pb-Pb-Cy«
skeleton. The Pb-Pb bond distance of 3.1881(1)A was even
longer than for typical lead-lead single bonds (2.844(4)A in
diplumbane Ph;Pb-PbPh;), whereas the very acute Cy,«~Pb-Pb
trans-bent angle of 94.3° (close to the right angle of 90°) was
indicative of a little hybridization of the Pb valence orbitals and
the presence of a lone pair at each lead center. In hybridization
terms, this implies that each Pb atom in Ar*PbPbAr* used two
6p-orbitals for bonding to a substituent and the other Pb part-
ner, whereas the remaining 6p-orbital was vacant, and the most
stable 6s-orbital was occupied by a lone pair of electrons. Thus,
the extreme lengthening of the Pb-Pb bond may be accounted
for by the end-on overlap of p-orbitals (instead of sp”-hybrids)
to form this bond, as well as by the presence of lone pairs at
the neighboring lead centers. The unusual structural features
of Ar*PbPbAr* (long Pb-Pb bond, strong trans-bending)
point to its existence in the unique form of bis(plumbylene) B
instead of the usual linear acetylene-like diplumbyne form A
(Scheme 50).

However, the preference for the nonclassical canonical struc-
ture B over the classical A was not due to the inherent weakness
of the lead-lead multiple bonds in A, but instead should be
attributed to the increased reluctance for s,p-hybridization in
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heavy group 14 elements, which in the case of lead is further
reinforced by relativistic effects.

1.11.4.5 Silynes RSiCR’

A single representative of the isolable silynes, base-stabilized
C-phosphino-Si-amino silyne, was reported very recently,
prepared by photolysis of the diazomethane derivative
(Scheme 51).'*® Although the '*C NMR resonance of the triply
bonded carbon center in the silyne was observed at a low
field of 216 ppm, the corresponding signal of its silicon
partner was found in the remarkably high-field-shifted region
of —89.4 ppm because of the intramolecular coordination of
the phosphane ligand. The sp-type hybridization of the central
carbon was demonstrated by the nearly linear geometry
around it: Si-C-P bond angle of 178.2° (in contrast to the
highly bent N-Si-C fragment, bent angle=128.5°).

The Si-C bond is very short, being notably shorter than
typical Si=C double bonds and in the range theoretically pre-
dicted for Si=C triple bonds, thus indicating a substantial
extent of triple bonding (Scheme 52, resonance form B). Al-
though the geometry at the three-coordinate central silicon in
the silyne becomes more planar compared with its diazo-
methane precursor (345° vs. 307°), it is still notably pyramidal
because of the coordination of the phosphane ligand. The P-C

Ari’<
Ar* —Pb = Pb— Ar* Pb——Pb
[Ar* = 2,6-(2,4,6-Pri3-CgHy),-CgHs] \Ar*
A B

Scheme 50 Resonance structures of the diplumbyne analog
Ar*PbPbAr*.

bond distance in the Si=C-P fragment of 1.682(3)A is shorter
than that in its precursor (1.844(2)A), being between the
typical values for the P=Cg, double (ca. 1.63 A) and P-Cyp
single (1.76-1.77 A) bonds. Moreover, the geometry at both
pyramidalized Si and P centers of the Si=C-P unit is trans-bent,
implying an interaction between the P lone pair and the 7*g;c-
orbital. These data suggest an important contribution from
another resonance extreme A, featuring an allenic Si~ = C=P*
fragment with negatively polarized silicon and positively po-
larized phosphorus centers (Scheme 52). Indeed, the Wiberg
bond order of the Si-C bond of 1.687 is much smaller than the
theoretically required 3; on the other hand, the bond order of
the P-C bond of 1.219 indicates some degree of multiple
bonding. The low Si-C bond order can alternatively be
explained by the contribution of the other canonical form,
which has a silylene-carbene character (Scheme 52, resonance
form C), in accord with its reactivity toward ftert-
butylisocyanide as a carbene trapping reagent to form the
corresponding keteneimine. Silyne is only stable below
—30 °C in solution, isomerizing at higher temperatures into
the phosphaalkene derivative via the 1,2-migration of a Pr',N-
group from the phosphane to the central carbon
(Scheme 51).'*®

1.11.4.6 Germynes RGeCR’

Although base-stabilized C-phosphino-Ge-amino analogs of a
germyne were prepared by the same procedure previously
employed for the synthesis of the above-mentioned silyne
(photolysis of the diazomethane derivative), their structures
were distinctly different from that of its silicon analog
(Scheme 53).'*°

Thus, in contrast to its silicon counterpart, which has a
substantial Si=C triple-bond character, the germyne analog

Pipp Pipp
N N
: . hv (300nm)/-60°C - \ .
: Si PR’ » i Si=C—PR/,
: Vi N, : 7
PR, i PR,
No
But
Above ll\l
-30°C /ONAL
R2P——P\ _SiMe,
: )
: But

[Dipp = 2,6-Priy-CgHg, R',P = P(NPriy),]

Scheme 51 Synthesis and thermal isomerization of the isolable silyne derivative.

Dipp Dipp
N N
Si=C=PR/, <= SI=C—PR, <>
PR, P

A

Scheme 52 Resonance structures of the isolable silyne.
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RoP= —P_ SiMe; R
N N

I /.

But Pri

Dipp
/
N
: \.. .
> = Ge—.Q—PR’2
PR,

[Dipp = 2,6-Priy-CgHg, R',P = P(NPriy),]

Scheme 55 Thermal isomerization of the isolable germyne analog derivative.

showed a bis(carbenoid) structure of the type—(L:—)Ge-C-.
This was evident from the peculiar structural features of this
compound: (1) very long germanium-carbon separation of
1.887(5) A, which is between the typical values for the Ge-
Ge single and Ge=Ge double bonds, being substantially
longer than the calculated Ge=C triple-bond length of
1.73 A; (2) trigonal-planar geometry at the Ge-C-P phos-
phorus atom (sum of the bond angles 359.7°); (3) extraor-
dinarily short Ge-C-P phosphorus-carbon bond distance
of 1.549(5)A, indicative of a strong m-interaction between
the phosphino substituent and the germanium-carbon frag-
ment and being in the range of phosphinocarbenes or
phosphaalkynes.

Contribution from the three resonance extremes, shown as
A, B, and C in Scheme 54 (of which A is the most important
contributor), can therefore be considered.

Computations showed that the singly bonded resonance
structure A is 10 kcal mol™! more favorable than the doubly

bonded form C, whereas the triply bonded canonical form B is
not an energy minimum of the potential energy surface. The
major contribution of the bis(carbenoid) form A was further
supported by the NBO analysis, which showed the presence
of a lone pair of electrons on the germanium atom (64%
s-character and 36% p-character) and on the carbon atom
(2% s-character and 98% p-character), as well as a n-bond
between the phosphorus and carbon atoms. Extremely high
p-character of the lone pair of electrons on the C atom points
to its sp-type hybridization despite the bent Ge-C-P fragment
(bending angle 145.8°) (**C NMR resonance of the central
carbon atom at 162.4 ppm was in the region expected for a
phosphinocarbene).

Like the isostructural silyne (Scheme 51), the germyne
analog with the four-membered ring R,P-fragment also un-
dergoes isomerization at temperatures above —30 °C, giving a
mixture of the phosphaalkene and cyclic six-membered ring
germylene derivatives (Scheme 55).'*°
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Formation of the latter involves the migration of the phos-
phane ligand from the Ge to the C center in the starting bis
(carbenoid). By contrast, thermal isomerization of the ger-
myne analog with the five-membered ring R,P-fragment exclu-
sively leads to the cyclic germylene, apparently because of the
lower steric hindrances associated with the phosphane ligand
migration.

1.11.5 Conclusion

The field of stable multiply bonded derivatives based on the
heavy group 14 elements, which was established in the 1970-
80s by the pioneering syntheses of the first distannene (1973),
disilene (1981), and silene (1981), is flourishing. A variety of
homo- and heteronuclear derivatives of the ‘heavy’ alkenes
>E=F'<, 'heavy’ 1,3-dienes >E'=E"-E=E<, ‘heavy’ allenes
>E=F'=E"< and even 'heavy’ alkynes ~-E=E- have been pre-
pared (and in most cases structurally characterized). In con-
temporary organometallic chemistry, these compounds are
no longer fleeting intermediates, but readily available as
preparative-scale reagents very useful for the synthesis of acy-
clic and cyclic derivatives unavailable by any other synthetic
route. The principal structural distinctions between the "heavy’
alkenes >E=E< and their organic counterparts >C=C<
(as well as between the ‘heavy’ alkynes -E=E- and organic
alkynes ~-C=C-) are now firmly experimentally established,
and the reasons behind these distinctions are well understood
theoretically. The fundamental issue of the >E=E< and -E=E-
bonding natures, compared with those in the prototypical
alkenes and alkynes, was comprehensively addressed in com-
putational studies showing the principal differences in their
bonding types: classical covalent in the planar alkenes and linear
alkynes versus nonclassical donor—acceptor in their trans-bent
‘heavy’ analogs.

As for future prospects, one can expect developments of novel
types of double bonding between the different main group
elements of the types R,E=F'-R’ and R,E=E" (E=heavy group
14 element, E' =group 13/15 element, E” =group 16 element).
Triply bonded derivatives of the types R~-E=E'-R’ and R-E=E"
(E, E' =heavy group 14 elements, E” =group 15 element), espe-
cially those lacking intramolecular stabilization by Lewis base
ligands and heteroatom substituents electronically disturbing
E=E' n-bonds through their lone-pair conjugation, are among
the most prominent candidates for experimental pursuits. Apart
from the purely fundamental developments, the practical utili-
zation of ‘heavy’ alkenes and alkynes in the field of material
science (such as their use as novel ligands for transition metal
complexes) is eagerly anticipated in the near future. For related
chapters in this Comprehensive, we refer to Chapters 1.18, 1.19,
7.13 and 7.14.

References

1. (a) Goldberg, D. E.; Harris, D. H.; Lappert, M. F.; Thomas, K. M. J. Chem. Soc.,
Chem. Commun. 1976, 261; (b) Davidson, P. J.; Harris, D. H.; Lappert, M. F.
J. Chem. Soc., Dalton Trans. 1976, 2268.

2. (a) West, R.; Fink, M. J.; Michl, J. Science 1981, 214, 1343; (b) Fink, M. J.;
Michalczyk, M. J.; Haller, K. J.; West, R.; Michl, J. J. Chem. Soc., Chem.
Commun. 1983, 1010; (c) West, R. Pure Appl. Chem. 1984, 56, 163;

(d) Fink, M. J.; Michalczyk, M. J.; Haller, K. J.; West, R.; Michl, J. Organometallics

o

~

©

10.

1.

12.

13.

14.

15.
16.

17.
18.

19.

20.

21.
22.

23.

24.

25.

26.

21.

28.

29.

30.

31.

32.
33.

34.
35.

36.

37.

1984, 3, 793; (e) Shepherd, B. D.; Campana, C. F.; West, R. Heteroatom Chem.
1990, 7, 1; (f) Wind, M.; Powell, D. R.; West, R. Organometallics 1996, 15, 5772.

. Brook, A. G.; Abdesaken, F.; Gutekunst, B.; Gutekunst, G.; Kallury, R. K. J. Chem.

Soc., Chem. Commun. 1981, 191.

. Recent reviews on the stable disilenes: (a) Okazaki, R.; West, R. Adv. Organomet.

Chem. 1996, 39, 231; (b) Weidenbruch, M. In The Chemistry of Organic Silicon
Compounds. Rappoport, Z., Apeloig, Y., Eds.; Wiley: Chichester, 2001; Vol. 3,
Chapter 5; (c) Kira, M.; Iwamoto, T. Adv. Organomet. Chem. 2006, 54, 73; (d)
Lee, V. Ya.; Sekiguchi, A. Organometallic Compounds of Low-Coordinate Si, Ge,
Sn and Pb. From Phantom Species to Stable Compounds. Wiley: Chichester,
2010; Chapter 5.

. Shepherd, B. D.; Powell, D. R.; West, R. Organometallics 1989, 8, 2664.
. Archibald, R. S.; van den Winkel, Y.; Millevolte, A. J.; Desper, J. M.; West, R.

Organometallics 1992, 11, 3276.

. (a) Masamune, S.; Hanzawa, Y.; Murakami, S.; Bally, T.; Blount, J. F. J. Am.

Chem. Soc. 1982, 104, 1150; (b) Masamune, S.; Murakami, S.; Snow, J. T.;
Tobita, H.; Williams, D. J. Organometallics 1984, 3, 333.

. Watanabe, H.; Takeuchi, K.; Fukawa, N.; Kato, M.; Goto, M.; Nagai, Y. Chem. Let.

1987, 1341.

. (a) Tokitoh, N.; Suzuki, H.; Okazaki, R.; Ogawa, K. J. Am. Chem. Soc. 1993, 115,

10428; (b) Suzuki, H.; Tokitoh, N.; Okazaki, R.; Harada, J.; Ogawa, K.; Tomoda, S.;
Goto, M. Organometallics 1995, 74, 1016.

Sasamori, T.; Hironaka, K.; Sugiyama, Y.; Takagi, N.; Nagase, S.; Hosoi, Y.;
Furukawa, Y.; Tokitoh, N. J. Am. Chem. Soc. 2008, 130, 13856.

Sasamori, T.; Yuasa, A.; Hosoi, Y.; Furukawa, Y.; Tokitoh, N. Organometallics
2008, 27, 3325.

Kira, M.; Maruyama, T.; Kabuto, C.; Ebata, K.; Sakurai, H. Angew. Chem. Int. Ed.
Engl. 1994, 33, 1489.

Kira, M.; Ohya, S.; Iwamoto, T.; Ichinohe, M.; Kabuto, C. Organometallics 2000,
19,1817.

Wiberg, N.; Niedermayer, W.; Fischer, G.; Noth, H.; Suter, M. Eur. J. Inorg. Chem.
2002, 1066.

Ichinohe, M.; Kinjo, R.; Sekiguchi, A. Organometallics 2003, 22, 4621.
Sekiguchi, A.; Inoug, S.; Ichinohe, M.; Arai, Y. J. Am. Chem. Soc. 2004, 126,
9626.

Sato, T.; Mizuhata, Y.; Tokitoh, N. Chem. Commun. 2010, 4402.

Schmedake, T. A.; Haaf, M.; Apeloig, Y.; Miller, T.; Bukalov, S.; West, R.
J.Am. Chem. Soc. 1999, 721, 9479.

lwamoto, T.; Furiya, Y.; Kobayashi, H.; Isobe, H.; Kira, M. Organometallics 2010,
29, 1869.

Yuasa, A.; Sasamori, T.; Hosoi, Y.; Furukawa, Y.; Tokitoh, N. Bull. Chem. Soc.
Jpn. 2009, 82, 793.

Matsuo, T.; Kobayashi, M.; Tamao, K. Dalton Trans. 2010, 39, 9203.
Kobayashi, M.; Matsuo, T.; Fukunaga, T.; Hashizume, D.; Fueno, H.; Tanaka, K;
Tamao, K. J. Am. Chem. Soc. 2010, 132, 15162.

Fukazawa, A.; Li, Y.; Yamaguchi, S.; Tsuji, H.; Tamao, K. J. Am. Chem. Soc.
2007, 129, 14164.

(a) Wiberg, N.; Niedermayer, W.; Polborn, K. Z. Anorg. Allg. Chem. 2002, 628,
1045; (b) Wiberg, N.; Niedermayer, W.; Polborn, K.; Mayer, P. Chem. Eur. J.
2002, 8, 2730.

Iwamoto, T.; Okita, J.; Kabuto, C.; Kira, M. J. Organomet. Chem. 2003, 666, 105.
Zirngast, M.; Flock, M.; Baumgartner, J.; Marschner, C.J. Am. Chem. Soc. 2008,
130, 17460.

Hartmann, M.; Haji-Abdi, A.; Abersfelder, K.; Haycock, P. R.; White, A. J. P.;
Scheschkewitz, D. Dalfon Trans. 2010, 39, 9288.

Abersfelder, K.; Nguyen, T.-I.; Scheschkewitz, D. Z. Anorg. Allg. Chem. 2009,
635, 2093.

Nguyen, T.-I; Scheschkewitz, D. J. Am. Chem. Soc. 2005, 127, 10174.

(a) Bejan, |.; Scheschkewitz, D. Angew. Chem. Int. Ed. 2007, 46, 5783,

(b) Jeck, J.; Bejan, I.; White, A. J. P.; Nied, D.; Breher, F.; Scheschkewitz, D.

J. Am. Chem. Soc. 2010, 132, 17306.

Iwamoto, T.; Kobayashi, M.; Uchiyama, K.; Sasaki, S.; Nagendran, S.; Isobe, H.;
Kira, M. J. Am. Chem. Soc. 2009, 131, 3156.

Inoue, S.; Ichinohe, M.; Sekiguchi, A. Chem. Lett. 2008, 37, 1044,

Takeuchi, K.; Ikoshi, M.; Ichinohe, M.; Sekiguchi, A. J. Am. Chem. Soc. 2010,
132, 930.

Takeuchi, K.; Ichinohe, M.; Sekiguchi, A. Organometallics 2011, 30, 2044.
Takeuchi, K.; Ikoshi, M.; Ichinohe, M.; Sekiguchi, A. J. Organomet. Chem. 2011,
696, 1156.

Yamaguchi, T.; Sekiguchi, A.; Driess, M. J. Am. Chem. Soc. 2010, 132,
14061.

Boomgaarden, S.; Saak, W.; Marsmann, H.; Weidenbruch, M. Z. Anorg. Allg.
Chem. 2002, 628, 1745.

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:26:31.



Multiply Bonded Compounds of Group 14 Elements

323

38.

39.

40.

4.

42.
43.

44.
45.

. Pyykko, P.; Atsumi, M. Chem. Eur. J. 2009, 15, 186.
47.

48.
49.

50.
51.

52.
53.

54.

55.
. Wiberg, N.; Auer, H.; N6th, H.; Knizek, J.; Polborn, K. Angew. Chem. Int. Ed.

57.
58.
59.
60.
61.

62.

Copyright © 2013. Elsevier. All rights reserved.

68.

(a) Jutzi, P.; Mix, A.; Rummel, B.; Schoeller, W. W.; Neumann, B.;

Stammler, H.-G. Science 2004, 305, 849; (b) Jutzi, P.; Mix, A.; Neumann, B.;
Rummel, B.; Shoeller, W. W.; Stammler, H.-G.; Rozhenko, A. B. J. Am. Chem.
Soc. 2009, 737, 12137.

Wang, Y.; Xie, Y.; Wei, P.; King, R. B.; Schaefer, H. F., lll; von Schleyer, P. R,
Robinson, G. H. Science 2008, 321, 1069.

() Matsumoto, S.; Tsutsui, S.; Kwon, E.; Sakamoto, K. Angew. Chem. Int. Ed.
2004, 43, 4610; (b) Tsutsui, S.; Kwon, E.; Tanaka, H.; Matsumoto, S.;
Sakamoto, K. Organometallics 2005, 24, 4629.

West, R.; Cavalieri, J. D.; Buffy, J. J.; Fry, C.; Zilm, K. W.; Duchamp, J. C.;
Kira, M.; Iwamoto, T.; Miller, T.; Apeloig, Y.J. Am. Chem. Soc. 1997, 119, 4972.
Ramsey, N. F. Phys. Rev. 1950, 78, 699.

Ichinohe, M.; Arai, Y.; Sekiguchi, A.; Takagi, N.; Nagase, S. Organometallics
2001, 20, 4141.

Auer, D.; Strohmann, C.; Arbuznikov, A. V.; Kaupp, M. Organometallics 2003,
22,2442

Pyykkd, P.; Atsumi, M. Chem. Eur. J. 2009, 75, 12770.

Reviews on the cyclopropene analogues of the heavy group 14 elements:

(a) Lee, V. Ya.; Sekiguchi, A. In The Chemistry of Organic Germanium, Tin and
Lead Compounds; Rappoport, Z., Ed.; Wiley: Chichester, 2002; Vol. 2, Part 1,
Chapter 14; (b) Sekiguchi, A.; Lee, V. Ya. Organosilicon Chemistry VV: From
Molecules to Materials; Auner, N., Weis, J., Eds.; Wiley-VCH: Weinheim, 2003;
p 92; (c) Sekiguchi, A.; Lee, V. Ya. Chem. Rev. 2003, 703, 1429.

(a) Goller, A.; Heydt, H.; Clark, T.J. Org. Chem. 1996, 67, 5840; (b) Naruse, Y.;
Ma, J.; Inagaki, S. Tetrahedron Lett. 2001, 42, 6553.

(a) Iwamoto, T.; Kabuto, C.; Kira, M. J. Am. Chem. Soc. 1999, 121, 886; (b)
Iwamoto, T.; Tamura, M.; Kabuto, C.; Kira, M. Organometallics 2003, 22, 2342.
Ichinohe, M.; Matsuno, T.; Sekiguchi, A. Angew. Chem. Int. Ed. 1999, 38, 2194.
Lee, V. Ya.; Ichinohe, M.; Sekiguchi, A.; Takagi, N.; Nagase, S. J. Am. Chem. Soc.
2000, 722, 9034.

Lee, V. Ya.; Yasuda, H.; Sekiguchi, A. J. Am. Chem. Soc. 2007, 129, 2436.
Ichinohe, M.; Igarashi, M.; Sanuki, K.; Sekiguchi, A. J. Am. Chem. Soc. 2005,
127, 9978.

Uchiyama, K.; Nagendran, S.; Ishida, S.; lwamoto, T.; Kira, M. J. Am. Chem. Soc.
2007, 729, 10638.

Kira, M.; lwamoto, T.; Kabuto, C. J. Am. Chem. Soc. 1996, 778, 10303.

1998, 37, 2869.

Wiberg, N.; Niedermayer, W.; Noth, H.; Warchhold, M. Z. Anorg. Allg. Chem.
2001, 627, 1717.

Wiberg, N.; Vasisht, S. K.; Fischer, G.; Mayer, P. Z. Anorg. Allg. Chem. 2004,
630, 1823.

Kinjo, R.; Ichinohe, M.; Sekiguchi, A.; Takagi, N.; Sumimoto, M.; Nagase, S.

J. Am. Chem. Soc. 2007, 129, 7766.

Takanashi, K.; Lee, V. Ya.; Ichinohe, M.; Sekiguchi, A. Angew. Chem. Int. Ed.
2006, 45, 3269.

Lee, V. Ya.; Takanashi, K.; Matsuno, T.; Ichinohe, M.; Sekiguchi, A. J. Am. Chem.
Soc. 2004, 126, 4758.

Lee, V. Ya.; Miyazaki, S.; Yasuda, H.; Sekiguchi, A. J. Am. Chem. Soc. 2008, 130,
2758.

. Grybat, A.; Boomgaarden, S.; Saak, W.; Marsmann, H.; Weidenbruch, M. Angew.

Chem. Int. Ed. 1999, 38, 2010.

. Kobayashi, H.; lwamoto, T.; Kira, M. J. Am. Chem. Soc. 2005, 127, 15376.
. Ave, T.; Iwamoto, T; Kira, M. J. Am. Chem. Soc. 2010, 732, 5008.

. Tanaka, R.; lwamoto, T.; Kira, M. Angew. Chem. Int. Ed. 2006, 45, 6371.

. Recent reviews on the stable digermenes: (a) Escudié, J.; Couret, C.;

Ranaivonjatovo, H.; Satgé, J. Coord. Chem. Rev. 1994, 130, 427,

(b) Baines, K. M.; Stibbs, W. G. Adv. Organomet. Chem. 1996, 39, 275;

(c) Escudié, J.; Ranaivonjatovo, H. Adv. Organomet. Chem. 1999, 44, 113;

(d) Tokitoh, N.; Okazaki, R. In The Chemistry of Organic Germanium, Tin and Lead
Compounds; Rappoport, Z., Ed.; Wiley: Chichester, 2002; Vol. 2, Part 1,
Chapter 13; (e) Klinkhammer, K. W. In The Chemistry of Organic Germanium, Tin
and Lead Compounds; Rappoport, Z., Ed.; Wiley: Chichester, 2002; Vol. 2, Part 1,
Chapter 4(f) See Ref. 4d.

(a) Goldberg, D. E.; Harris, D. H.; Lappert, M. F.; Thomas, K. M. J. Chem. Soc.,
Chem. Commun. 1976, 261; (b) Davidson, P. J.; Harris, D. H.; Lappert, M. F.
J. Chem. Soc., Dalton Trans. 1976, 2268; (c) Cotton, J. D.; Davidson, P. J;
Lappert, M. F.; Donaldson, J. D.; Silver, J. J. Chem. Soc., Dalton Trans. 1976,
2286; (d) Hitchcock, P. B.; Lappert, M. F.; Miles, S. J.; Thorne, A. J. J. Chem.
Soc., Chem. Commun. 1984, 480; (e) Goldberg, D. E.; Hitchcock, P. B.;
Lappert, M. F.; Thomas, K. M.; Thorne, A. J.; Fjeldberg, T.; Haaland, A.;
Schilling, B. E. R. J. Chem. Soc., Dalton Trans. 1986, 2387.

69.
70.
.

72.
73.

80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
. Lee, V. Ya.; Takanashi, K.; Ichinohe, M.; Sekiguchi, A. J. Am. Chem. Soc. 2003,
91.
92.
9.

94.
. Stanciu, C.; Richards, A. F.; Power, P. P. J. Am. Chem. Soc. 2004, 126,

96.

97.
98.

99.

100.
101.
102.

103.
104.

105.

106.

Snow, J. T.; Murakami, S.; Masamune, S.; Williams, D. J. Tetrahedron Lett. 1984,
25, 4191.

Simons, R. S.; Pu, L.; Olmstead, M. M.; Power, P. P. Organometallics 1997, 16,
1920.

Pu, L.; Phillips, A. D.; Richards, A. F.; Stender, M.; Simons, R. S.;

Olmstead, M. M.; Power, P. P.J. Am. Chem. Soc. 2003, 125, 11626.

Stender, M.; Pu, L.; Power, P. P. Organometallics 2001, 20, 1820.
Weidenbruch, M.; Stirmann, M.; Kilian, H.; Pohl, S.; Saak, W. Chem. Ber. 1997,
130, 735.

. Schéfer, A.; Saak, W.; Weidenbruch, M.; Marsmann, H.; Henkel, G. Chem. Ber.

1997, 730, 1733.

. Schéfer, A.; Saak, W.; Weidenbruch, M. Z. Anorg. Allg. Chem. 1998, 624, 1405.
. Pampuch, B.; Saak, W.; Weidenbruch, M. J. Organomet. Chem. 2006, 691, 3540.
. Sasamori, T.; Sugiyama, Y.; Takeda, N.; Tokitoh, N. Organometallics 2008, 24,

3309.

. Lei, H.; Fettinger, J. C.; Power, P. P. Organometallics 2010, 29, 5585.
. Batcheller, S. A.; Tsumuraya, T.; Tempkin, 0.; Davis, W. M.; Masamune, S.

J. Am. Chem. Soc. 1990, 772, 9394.

Kira, M.; lwamoto, T.; Maruyama, T.; Kabuto, C.; Sakurai, H. Organometallics
1996, 75, 3767.

(a) Kishikawa, K.; Tokitoh, N.; Okazaki, R. Chem. Lett. 1998, 239; (b) Tokitoh, N.;
Kishikawa, K.; Okazaki, R.; Sasamori, T.; Nakata, N.; Takeda, N. Po/yhedron 2002,
21, 563.

Lee, V. Ya.; McNeice, K.; Ito, Y.; Sekiguchi, A. Chem. Commun. 2011, 3272.
(a) Spikes, G. H.; Fettinger, J. C.; Power, P. P. J. Am. Chem. Soc. 2005, 127,
12232; (b) Richards, A. F.; Phillips, A. D.; Olmstead, M. M.; Power, P. P.

J. Am. Chem. Soc. 2003, 725, 3204.

Cui, C.; Olmstead, M. M.; Fettinger, J. C.; Spikes, G. H.; Power, P. P.

J. Am. Chem. Soc. 2005, 127, 17530.

Sekiguchi, A.; Yamazaki, H.; Kabuto, C.; Sakurai, H. J. Am. Chem. Soc. 1995,
117, 8025.

Sekiguchi, A.; Fukaya, N.; Ichinohe, M.; Takagi, N.; Nagase, S. J. Am. Chem. Soc.
1999, 727, 11587.

Sekiguchi, A.; Ishida, Y.; Fukaya, N.; Ichinohe, M.; Takagi, N.; Nagase, S.

J. Am. Chem. Soc. 2002, 724, 1158.

(a) Lee, V. Ya.; Yasuda, H.; Ichinohe, M.; Sekiguchi, A. Angew. Chem. Int. £d.
2005, 44, 6378; (b) Lee, V. Ya.; Yasuda, H.; Ichinohe, M.; Sekiguchi, A.

J. Organomet. Chem. 2007, 692, 10.

Lee, V. Ya,; Yasuda, H.; Sekiguchi, A. J. Am. Chem. Soc. 2007, 129, 2436.

125, 6012.

Ramaker, G.; Saak, W.; Haase, D.; Weidenbruch, M. Organometallics 2003, 22,
5212.

Lee, V. Ya,; lto, Y.; Yasuda, H.; Takanashi, K.; Sekiguchi, A. J. Am. Chem. Soc.
2011, 733, 5103.

Ramaker, G.; Schéfer, A.; Saak, W.; Weidenbruch, M. Organometallics 2003, 22,
1302.

Masamune, S.; Sita, L. R. J. Am. Chem. Soc. 1985, 107, 6390.

4106.

(a) Weidenbruch, M.; Kilian, H.; Peters, K.; von Schnering, H. G.; Marsmann, H.
Chem. Ber. 1995, 128, 983; (b) Della Bona, M. A.; Cassani, M. C.; Keates, J. M.;
Lawless, G. A.; Lappert, M. F.; Stiirmann, M.; Weidenbruch, M. J. Chem. Soc.,
Dalton Trans. 1998, 1187.

Klinkhammer, K. W.; Schwarz, W. Angew. Chem. Int. Ed. Engl. 1995, 34, 1334.
(a) Klett, J.; Klinkhammer, K. W.; Niemeyer, M. Chem. Eur. J. 1999, 5, 2531;
(b) Klinkhammer, K. Polyhedron 2002, 21, 587.

(a) Fukawa, T.; Lee, V. Ya.; Nakamoto, M.; Sekiguchi, A. J. Am. Chem. Soc. 2004,
126, 11758; (b) Lee, V. Ya.; Fukawa, T.; Nakamoto, M.; Sekiguchi, A;
Tumanskii, B. L.; Karni, M.; Apeloig, Y. J. Am. Chem. Soc. 2006, 728, 11643.
Klinkhammer, K. W.; Féssler, T. F.; Gritzmacher, H. Angew. Chem. Int. Ed. 1998,
37,124

Stiirmann, M.; Saak, W.; Klinkhammer, K. W.; Weidenbruch, M. Z. Anorg. Allg.
Chem. 1999, 625, 1955.

Wiberg, N.; Lerner, H.-W.; Vasisht, S.-K.; Wagner, S.; Karaghiosoff, K.; Néth, H.;
Ponikwar, W. Eur. J. Inorg. Chem. 1999, 1211.

Schrenk, C.; Schnepf, A. Chem. Commun. 2010, 6756.

Arp, H.; Baumgartner, J.; Marschner, C.; Miller, T.J. Am. Chem. Soc. 2011, 133,
5632.

Stirmann, M.; Saak, W.; Marsmann, H.; Weidenbruch, M. Angew. Chem. Int. Ed.
1999, 38, 187.

Stiirmann, M.; Saak, W.; Weidenbruch, M.; Klinkhammer, K. W. Eur. J. Inorg.
Chem. 1999, 579.

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:26:31.



324

Multiply Bonded Compounds of Group 14 Elements

107.

108.

109.

110.
1.
112.
113.
114.
115.
116.
17.
118.

119.
120.

121.

122.

123.

124.
125.
126.

127.
128.

Copyright © 2013. Elsevier. All rights reserved.

Hino, S.; Olmstead, M.; Phillips, A. D.; Wright, R. J.; Power, P. P. /norg. Chem.
2004, 43, 7346.

Stiirmann, M.; Weidenbruch, M.; Klinkhammer, K. W.; Lissner, F.; Marsmann, H.
Organometallics 1998, 17, 4425.

Reviews: (a)Lee, V. Ya.; Sekiguchi, A. Organometallics 2004, 23, 2822,

(b) Lee, V. Ya.; Sekiguchi, A.; Escudié, J.; Ranaivonjatovo, H. Chem. Lett. 2010,
39, 312.

(a) Baines, K. M.; Cooke, J. A. Organometallics 1991, 70, 3419;

(b) Baines, K. M.; Cooke, J. A. Organometallics 1992, 11, 3487.

Lee, V. Ya.; Yasuda, H.; Sekiguchi, A. J. Am. Chem. Soc. 2007, 129, 2436.
Lee, V. Ya.; Ichinohe, M.; Sekiguchi, A. J. Am. Chem. Soc. 2000, 722, 12604.
Ichinohe, M.; Arai, Y.; Sekiguchi, A.; Takagi, N.; Nagase, S. Organometallics
2001, 20, 4141.

Igarashi, M.; Ichinohe, M.; Sekiguchi, A. Heteroatom Chem. 2008, 79, 649.
Iwamoto, T.; Okita, J.; Yoshida, N.; Kira, M. Silicon 2010, 2, 209.

Sekiguchi, A.; lzumi, R.; Lee, V. Ya,; Ichinohe, M. J. Am. Chem. Soc. 2002, 124,
14822.

Chaubon, M.-A.; Escudié, J.; Ranaivonjatovo, H.; Satgé, J. Chem. Commun.
1996, 2621.

Schéfer, A.; Saak, W.; Weidenbruch, M. Organometallics 2003, 22, 215.
Sekiguchi, A.; lzumi, R.; Lee, V. Ya,; Ichinohe, M. Organometallics 2003, 22, 1483.
(a) Lee, V. Ya.; Takanashi, K.; Ichinohe, M.; Sekiguchi, A. J. Am. Chem. Soc.
2003, 725, 6012; (b) Lee, V. Ya.; Takanashi, K.; Nakamoto, M.; Sekiguchi, A.
Russ. Chem. Bull., Int. Ed. 2004, 53, 1102.

Reviews: (a) Willms, S.; Weidenbruch, M. In Organosilicon Chemistry IV: From
Molecules to Materials; Auner, N., Weis, J., Eds.; Wiley-VCH: Weinheim, 2000;
p 117; (b) Weidenbruch, M. J. Organomet. Chem. 2002, 646, 39,

(c) Weidenbruch, M. In Silicon Chemistry, Jutzi, P., Schubert, U., Eds.;
Wiley-VCH: Weinheim, 2003; p 100; (d) Weidenbruch, M. In Organosilicon
Chemistry V: From Molecules to Materials;, Auner, N., Weis, J., Eds.; Wiley-VCH:
Weinheim, 2003; p 114.

Weidenbruch, M.; Willms, S.; Saak, W.; Henkel, G. Angew. Chem. Int. Ed. Engl.
1997, 36, 2503.

(a) Schfer, H.; Saak, W.; Weidenbruch, M. Angew. Chem. Int. Ed. 2000, 39,
3703;(b) For the improved synthesis of tetragermabuta-1,3-diene

(4 GeClyediox +6 TipMgBr -+ Mg), see: Ramaker, G.; Schafer, A.; Saak, W.;
Weidenbruch, M. Organometallics 2003, 22, 1302.

Ichinohe, M.; Sanuki, K.; Inoue, S.; Sekiguchi, A. Organometallics 2004, 23, 3088.
Cui, C.; Olmstead, M. M.; Power, P. P. J. Am. Chem. Soc. 2004, 126, 5062.
Suzuki, K.; Matsuo, T.; Hashizume, D.; Fueno, H.; Tanaka, K.; Tamao, K. Science
2011, 337, 1306.

lwamoto, T.; Tamura, M.; Kabuto, C.; Kira, M. Science 2000, 290, 504.
Reviews: (a) Escudié, J.; Ranaivonjatovo, H.; Rigon, L. Chem. Rev. 2000, 700,
3639; (b) Eichler, B.; West, R. Adv. Organomet. Chem. 2001, 46, 1;

(c) Escudié, J.; Ranaivonjatovo, H. Organometallics 2007, 26, 1542.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Miracle, G. E.; Ball, J. L.; Powell, D. R.; West, R. J. Am. Chem. Soc. 1993, 115,
11598.

Trommer, M.; Miracle, G. E.; Eichler, B. E.; Powell, D. R.; West, R.
Organometallics 1997, 16, 5737.

(@) Eichler, B. E.; Powell, D. R.; West, R. Organometallics 1998, 17, 2147,

(b) Eichler, B. E.; Powell, D. R.; West, R. Organometallics 1999, 18, 540.
Tokitoh, N.; Kishikawa, K.; Okazaki, R. Chem. Left. 1998, 811.

(a) Ishida, S.; lwamoto, T.; Kabuto, C.; Kira, M. Nature 2003, 421, 725

(b) lwamoto, T.; Abe, T.; Kabuto, C.; Kira, M. Chem. Commun. 2005, 5190;

(c) Iwamoto, T.; Masuda, H.; Kabuto, C.; Kira, M. Organometallics 2005, 24, 197.
Tanaka, H.; Inoue, S.; Ichinohe, M.; Driess, M.; Sekiguchi, A. Organometallics
2011, 30, 3475.

(a) Foo, C.; Lau, K.-C.; Yang, Y.-F.; So, C.-W. Chem. Commun. 2009, 6816;
(b) Leung, W.-P.; Chan, Y.-C.; Mak, T. C. W. /norg. Chem. 2011, 50, 10517.
Reviews: (a) Power, P. P. Chem. Commun. 2003, 2091; (b) Power, P. P.
Organometallics 2007, 26, 4362.

(a) Wiberg, N. In Organosilicon Chemistry V: From Molecules to Materials;
Auner, N., Weis, J., Eds.; Wiley-VCH: Weinheim, 2003; p 101; (b) Takagi, N.;
Nagase, S. Eur. J. Inorg. Chem. 2002, 2775.

(a) Sekiguchi, A.; Kinjo, R.; Ichinohe, M. Science 2004, 305, 1755;

(b) Kravchenko, V.; Kinjo, R.; Sekiguchi, A.; Ichinohe, M.; West, R.; Balazs, Y. S ;
Schmidt, A.; Karni, M.; Apeloig, Y. J. Am. Chem. Soc. 2006, 128, 14472,

(c) Sekiguchi, A.; Ichinohe, M.; Kinjo, R. Bull. Chem. Soc. Jpn. 2006, 79, 825.
(a) Karni, M.; Apeloig, Y.; Takagi, N.; Nagase, S. Organometallics 2005, 24,
6319 see also: (b) Auer, D.; Kaupp, M.; Strohmann, C. Organometallics 2005,
24, 6331.

Murata, Y.; Ichinohe, M.; Sekiguchi, A. J. Am. Chem. Soc. 2010, 132, 16768.
Sasamori, T.; Han, J. S.; Hironaka, K; Takagi, N.; Nagase, S.; Tokitoh, N. Pure
Appl. Chem. 2010, 82, 603.

Stender, M.; Phillips, A. D.; Wright, R. J.; Power, P. P. Angew. Chem. Int. Ed.
2002, 41, 1785.

Peng, Y.; Fischer, R. C.; Merrill, W. A,; Fischer, J.; Pu, L.; Ellis, B. D;
Fettinger, J. C.; Herber, R. H.; Power, P. P. Chem. Sci. 2010, 7, 461.
Sugiyama, Y.; Sasamori, T.; Hosoi, Y.; Furukawa, Y.; Takagi, N.; Nagase, S.;
Tokitoh, N. J. Am. Chem. Soc. 2006, 728, 1023.

(a) Phillips, A. D.; Wright, R. J.; Olmstead, M. M.; Power, P. P.J. Am. Chem. Soc.
2002, 724, 5930; (b) Fischer, R. C.; Pu, L.; Fettinger, J. C.; Brynda, M. A.;
Power, P. P. J. Am. Chem. Soc. 2006, 128, 11366.

Pu, L.; Twamley, B.; Power, P. P.J. Am. Chem. Soc. 2000, 722, 3524.
Jambor, R.; Kasna, B.; Kirschner, K. N.; Schiirmann, M.; Jurkschat, K. Angew.
Chem. Int. Ed. 2008, 47, 1650.

Gau, D.; Kato, T.; Saffon-Merceron, N.; De Cozar, A.; Cossio, F. P.; Baceiredo, A.
Angew. Chem. Int. Ed. 2010, 49, 6585.

Berthe, J.; Garcia, J. M.; Ocando, E.; Kato, T.; Saffon-Merceron, N.; De Cozar, A
Cossio, F. P.; Baceiredo, A. J. Am. Chem. Soc. 2011, 133, 15930.

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:26:31.



Copyright © 2013. Elsevier. All rights reserved.

Multiply Bonded Compounds of Group 15 Elements

JD Protasiewicz, Case Western Reserve University, Cleveland, OH, USA

© 2013 Elsevier Ltd. All rights reserved.

1.12.1 Introduction 325
11211 Scope of the Chapter 325
1.12.1.2 Bonding 328
1.12.2 Compounds Having a Coordination Number of 1 329
1.12.21 Anionic Compounds 329
1.12.2.2 Cationic Compounds 330
1.12.2.3 Neutral Compounds 331
112.2.31 P, chemistry 331
112232 Phosphaalkynes 331
1.12.3 Compounds Having a Coordination Number of 2 334
1.12.31 Phosphaalkenes 334
112311 New developments in synthesis 334
112312 Polarized phosphaalkenes 334
112313 Phosphaalkenes as ligands for metals 335
112314 Phosphaalkene-based conjugated polymers and related materials 335
112315 Special reactivity and applications 337
1.12.3.2 Arsaalkenes and Other Related Compounds 338
1.12.3.3 Diphosphenes and Other Dipnictenes 338
112.3.3.1 Compounds having more than one P=P group 338
112332 Functionalized diphosphenes 339
112333 Theoretical studies of diphosphenes 340
112334 New syntheses of dipnictenes 341
112335 Other dipnictenes 343
1.12.4 Group 15 Multiply Bonded Compounds Derived from Carbenes and Related Species 343
1.12.5 Conclusion 346
Acknowledgments 346
References 346

1.12.1 Introduction
1.12.1.1 Scope of the Chapter

The synthesis and study of compounds featuring multiple
bonds to group 15 elements have grown immensely since the
first examples appeared and now represent a rather mature
research area. As such, to make this chapter manageable (if it
was truly comprehensive, the topic would likely require several
books” worth of text!), the following limitations in the cover-
age for this chapter have been imposed:

o This chapter emphasizes developments that concern com-
pounds having heavier multiply bonded atoms of group 15
(P, As, Sb, and Bi) because the number of multiply bonded
nitrogen compounds are simply too numerous to include
here.

o This chapter focuses on compounds that have multiple
bonds to other elements of the p-block, and, thus, excludes
most compounds having transition metal group 15 multi-
ple bonds. The field of M-E multiple bonds (largely E=P
for group 15) is, again, rather large and constitutes its own
area of research.'™'°

® This chapter emphasizes compounds in which the group 15
multiple bond is not part of a ring structure. The interested
reader is directed to the rather comprehensive book by
Mathey'! about such materials.

e This chapter also excludes a large number of materials having
group 15 to O, C, and S multiple bonds that might be better
described as ylidic or hypervalent in character.’® This in-
cludes materials such as phosphane oxides R;P=0, Wittig
reagents R;P=CR,, etc., that are well known and too numer-
ous to present full coverage here.

® The multiple-bonded compounds that are the main focus of
this chapter are those having pnictogens with low coordina-
tion numbers of 1 or 2, so as to emphasize multiple bonding, '

e This chapter emphasizes new developments in unusual
reactivity, physical properties, and applications of multiply
bonded group 15 and avoids comprehensive details on the
structural aspects of these compounds. The body of struc-
tural data, largely from single-crystal x-ray structure deter-
minations, has been recently and authoritatively evaluated
in a 2010 review by Fischer and Power'* and in 1999 by
Power.'” Interested readers should consult these articles for
detailed structural analyses.

e Finally, this chapter concentrates on compounds and ma-
terials that have appeared from 2000 until about 2010,
highlighting compounds and applications that are newer
to the field.

Between 2000 and 2010, a significant number of reviews
appeared that focus on various aspects of multiply bonded
group 15 compounds of interest to this chapter. To provide
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Table 1 Selected review articles and books published in the past decade featuring multiply bonded group 15 compounds
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Table 1 (Continued)
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tools in coordination chemistry and catalysis

A niobaziridine hydride system for white phosphorus or
dinitrogen activation and N- or P-atom transfer

Modern aspects of pseudohalogen chemistry: News from
CN- and PN-chemistry

Multiple bonding in heavier element compounds stabilized
by bulky terphenyl ligands

Developing the chemistry of monovalent phosphorus

Stable compounds containing heavier group 15 elements in
the+ 1 oxidation state

Stretching bonds in main group element compounds —
borderlines between biradicals and closed-shell
species

Group 14 and 15 heteroallenes E=C=C and E=C=F’

Recent advances in the chemistry of phosphaalkynes:
Building blocks for novel organophosphorus
compounds

Doubly bonded systems between heavier group 15
elements

Phospha- and arsaalkenes RE=C(NMe,). (E=P, as) as
novel phosphinidene- and arsinidene-transfer reagents

Diels—Alder reactions involving C=P- functionality

Doubly bonded systems between heavier group 15
elements

Metal-phosphido and -phosphinidene complexes in P-E
bond-forming reactions

Unique homonuclear multiple bonding in main group
compounds

New adventures in the molecular chemistry of phosphorus

Product class 2: Oxo-, thioxo-, selenoxo-, and
iminophosphanes and diphosphenes

Anionic reagents with silicon-containing double bonds

Nucleophilic phosphinidene complexes: Access and
applicability

Phospha-organic chemistry: From molecules to polymers

Main-group elements as transition metals

n-Bonding and the lone pair effect in multiple bonds
involving heavier main group elements: Developments in
the new millennium

Weber, L.

Romanenko, V. D.; Rudzevich, V. L.

Aitken, R. A.

Bergstrésser, U.

Escolano, C.; Vazquez, S.
Yoshifuji, M.
Baumgartner, T.; Réau, R.
Cummins, C. C.

Cowley, A. H.

Le Floch, P.

Figueroa, J. S.; Cummins, C. C.

Brand, H.; Schulz, A.; Villinger, A.

Rivard, E.; Power, P. P.

Mathey, F.
Ellis, B. D.; Macdonald, C. L. B.

Breher, F.,

Escudié, J.; Ranaivonjatovo, H.
Lynam, J. M.

Sasamori, T.; Tokitoh, N.

Weber, L.

Bansal, R. K.; Kumawat, S. K.
Sasamori, T.; Tokitoh, N.

Waterman, R.
Wang, Y.; Robinson, G. H.

Russell, C. A.
Yoshifuji, M.

Scheschkewitz, D.

Aktas, H.; Slootweg, J. C.;
Lammertsma, K.

Bates, J. I.; Dugal-Tessier, J.;
Gates, D. P.

Power, P. P.

Fischer, R. C.; Power, P. P.

Coord. Chem. Rev. 2005, 249, 741

Compr. Org. Funct. Group Transform. I/
2005, 6, 661-711

Compr. Org. Funct. Group Transform. I/
2005, 3, 605619

Compr. Org. Funct. Group Transform. I/
2005, 5, 1081-1093

Compr. Org. Funct. Group Transform. I/
2005, 3, 685-704

Pure Appl. Chem. 2005, 77, 2011

Chem. Rev. 2006, 106, 4681

Angew. Chem. Int. Ed. 2006, 45, 862

ACS Symp. Ser. 2006, 917, (Modern
Aspects of Main Group Chemistry), 2-19

Coord. Chem. Rev. 2006, 250, 627

Dalton Trans. 2006, 2161

Z. Anorg. Allg. Chem. 2007, 633, 22

Inorg. Chem. 2007, 46, 10047

Dalton Trans. 2007, 1861
Coord. Chem. Rev. 2007, 251, 936

Coord. Chem. Rev. 2007, 257,1007
Organometallics 2007, 26, 1542
Organomet. Chem. 2007, 33, 170
Dalton Trans. 2007, 1395

Eur. J. Inorg. Chem. 2007, 4095

Tetrahedron. 2008, 64, 10945
Dalton Trans. 2008, 1395

Dalton Trans. 2009, 18
Chem. Commun. 2009, 5201

Angew. Chem. Int. Ed. 2009, 48, 4895
Sci. Synth. 2009, 42, 37

Chem. Eur. J. 2009, 15, 2476
Angew. Chem. Int. Ed. 2010, 49, 2102

Dalton Trans. 2010, 3151

Nature 2010, 463, 171
Chem. Rev. 2010, 7110, 3877

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:26:31.



Copyright © 2013. Elsevier. All rights reserved.

328 Multiply Bonded Gompounds of Group 15 Elements

the reader with ready access to these articles that deal with
more specialized subcategories of multiply bonded group 15
compounds, Table 1 is presented. In addition to Table 1, there
are several chapters of Comprehensive Inorganic Chemistry II
that are closely aligned with topics of relevance to the reader
interested in this chapter.'®™"°

1.12.1.2 Bonding

Many of the exciting developments for the p-block elements
have involved multiply bonded compounds. For the group 15

Scheme 1 Limiting structures for a double bond.

ipr

Scheme 2 Doubly and triply bonded boron-pnictogen bonds.

o+1t Bonded dipnictenes

elements, the general behavior and molecular geometries are
somewhat akin to those of carbon-based analogs, such as
alkenes or acetylenes. Thus, bonding models developed for
organic compounds having n-bonds serve as a useful starting
point. By contrast, multiply bonded compounds of many of
the other heavier main-group elements can display greater
geometric differences than their organic counterparts and re-
quire additional bonding considerations.?°~>* The key differ-
ences for the heavier group 15 elements are that (1) these
elements resist undergoing hybridization and make lone
pairs less available for n-donation’* and (2) the p-orbitals
for these elements are more diffuse than those of the lighter
elements, so orbital overlaps are smaller, and, hence, n-bond
strengths are reduced compared to organic compounds, such
as ethylene. For an ethylene-type molecule, two limiting
structures may be considered (Scheme 1). While the lone
pair on the group 15 element (E) is poised (left) to rehybri-
dize to form a double bond (right), most structures (exclud-
ing those of nitrogen) will typically exhibit geometries
portrayed by the structure on the left.?”> The few exceptions
often contain sterically demanding groups that exert steric
pressures to promote planarization and/or contain electron-
withdrawing groups having an empty p-orbital.

A recent illustration of this effect for a compound that could
possess triple bonding is shown in Scheme 2. In this particular
study, the synthesis of a compound with phosphorus-boron
or arsenic-boron triple bonding was targeted.>® While an anal-
ogous compound having nitrogen-boron triple bonding could
be prepared (Scheme 2, right), attempts to prepare the P or As
compounds led instead to the 4-dimethylaminopyridine
(DMAP) adducts (Scheme 2, left).

Because the multiple bonds in the heavier group 15 com-
pounds are weaker and because these elements are larger, these
bonds are usually more reactive and prone to various reactions
that prevent their isolation, unless the compounds possess
sterically demanding groups (or are bound to transition
metals). Scheme 3 portrays the situation for dipnictenes,

+—0) O‘EaéE—OJn

c-Bonded oligomers

Scheme 3 Diagram illustrating kinetic stabilization provided by bulky ligands.
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RE=ER. Large groups deter the reactive multiple bonds from
undergoing oligomerization and/or redistribution reactions by
imparting large kinetic barriers (i.e., AEy, > AEy;, Scheme 3),
in spite of the thermodynamic preference for these systems
toward a set of o-bonds over a set of o- and n-bonds. The
presence of these ‘kinetically stabilizing’ groups imposes small
differences in the ground-state structures, but, in certain cases,
the oligomerization processes can be reversible.?”

These large groups, however, can, at times, make it challeng-
ing to draw conclusions on structures. For example, the geometry
of homonuclear doubly bonded compounds of the form RE=ER
(E=P, As, Sb, Bi) displays EER angles that are significantly smal-
ler than that expected for organic sp? hybridized carbon or
nitrogen. Systematic structural studies where E is varied and the
sterically encumbered ligand is maintained constant are rare. In
one such study, a series of dipnictenes (R=meta-terphenyl)
showed that the trend was for decreasing o from E=P to Bi
(from 109.8° to 92.5°).?% In another more limited series
(R=2,4,6-tris[bis(trimethylsilyl)methyl]-phenyl), the o angle
(Scheme 4) varied for E=P (106.4), As (101.4°), and for Bi
(100.6°).2°7>! The subtle effects of the specific sterically demand-
ing groups on the physical properties of the compounds should
not be ignored when making comparisons.

Multiple bonds involving P, As, Sb, and Bi atoms, as
mentioned above, are weaker than those involving only car-
bon atoms. Many of these compounds, thus, possess smaller
highest occupied molecular orbital-lowest unoccupied mo-
lecular orbital (HOMO-LUMO) gaps and relatively low-lying
LUMO orbitals. The LUMO orbitals are usually of n* in
character and energetically at a level that often makes electro-
chemical reduction facile and reversible. Thus, many com-
pounds have been studied by techniques such as cyclic
voltammetry. Again, for illustration, consider dipnictenes.
Diphosphenes have been subject to numerous electrochemi-
cal investigations.‘”‘46 In one of these studies,®’ a series of
dipnictenes ArE=FAr (E=DP, Sb, Bi; Ar=2,6-bis|bis(trimethyl-
silyl)methyl]-4-[tris(trimethylsilyl)methyl]|phenyl) bearing
a common bulky ligand were investigated. The results
showed the following order for ease of reduction: distibene
>dibismuthene > diphosphene. In concert with computa-
tional efforts on model compounds, the data suggested that,
while the HOMO-LUMO gaps decreased on going from
phosphorus to bismuth, the relative LUMO and HOMO en-
ergies for the dibismuthene are raised slightly compared to

R—E\\‘\“XO

E—R

Scheme 4 Angle o about E atom in E=E bonded compound.

HoN NH,

Toluene
KglnyBiy + crypt

Scheme 5 Formation of doubly bonded Bi, dianion.

the distibene. This finding was attributed to possible relativ-
istic effects of the sixth-row element bismuth and the orbitals.

The term ‘multiply bonded’ implies an element that is
engaged in bonding to another element with a formal bond
order greater than 1. In many of the multiply bonded com-
pounds of P, As, Sb, and Bi, such as the dipnictenes mentioned
above, there is little controversy in the acceptance of a multiple
bond (a double bond for dipnictenes). For the convenience of
this chapter, we shall emphasize compounds in which the P,
As, Sb, and Bi atoms exhibit low coordination numbers of 1 or
2, where the presence of multiple bonding is fairly secure.

1.12.2 Compounds Having a Coordination
Number of 1

1.12.2.1 Anionic Compounds

In 2000, red-brown crystals of a fascinating dibismuth dianion
were isolated by slowly diffusing (1 month) toluene into solu-
tions of KsIn,Bi, and cyptand 222 in ethylenediamine
(Scheme 5).*7 A related salt having cesium-NH3- 18-crown-6
cations was later isolated and structurally characterized.*® Both
of these materials feature bismuth-bismuth bond lengths in-
dicative of double bonding. The cesium analog, however, fea-
tures side-on Cs-Bi, bonding, whereas in the potassium salt,
the Bi>~ unit is isolated. Unlike dioxygen, with which Bi?~ is
formally isoelectronic, this dianion is diamagnetic.

The cyanide anion [C=N]~ is a well known and common
functionality bearing a formal CN triple bond. For the heavier
pnictogens, much, if not all, of the focus has been on attempts to
isolate the elusive cyaphide [C=P|~ anion.**° This anion is of
added importance for its relationship to stable phosphaalkynes
[RC=P]. Related to cyaphide are anions of the form [X-C=P]~,
where X=0, S, or NR.>'~>* In 2002, the synthesis of [M(DME)5]
[OC=P], (M=Mg, Ca, Sr, and Ba) and the structure of [Ca
(DME);3][OC=P], were reported (Scheme 6).°> The calcium
derivative was the most stable of these sensitive materials.

In 2004, a rather elegant synthesis of borane-stabilized
[C=P]” and [C=As|™ anions was reported (Scheme 7).°
Impressively, the complexes are somewhat insensitive to water
in acetonitrile solution. The materials were fully characterized by
spectroscopic and crystallographic methods. Interestingly,
attempted metathesis of the PPh, «cation of [PPhy]
[(CF;3)sBC=P] for potassium led to hydrolysis and the formation
of [(CF;)sBCH,P(=0)(OH)].

In 2005, a new analog K|'PrNC=P]| was prepared by desi-
lylation of an alkylsilylamino-phosphaalkyne (Scheme 8).°’
The aystal structure of the crown ether complex K[18-C-6]
['PINC=P] afforded a C=P bond distance of 1.603(3)A. For
this anion, two resonance structures might describe the structure
(Scheme 8). The bond length and accompanying density
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functional theory (DFT) calculations suggest that the best repre-

sentation of the anion is a hybrid of the two resonance forms.
Another example of this type of anion was reported in

2010.% The resulting anion, when heated in dioxane for 4

weeks, yielded the isonitrile Mes*CN and products derived
from the CP bond cleavage. Such facile bond cleavage lends
support for contributions of a cesium phosphinidene reso-
nance to the description of this anion (Scheme 9, far right).

P
C/// 1.12.2.2 Cationic Compounds
’
DME O The interesting cation [(Me,N);PC=P]*, first reported in 1991,
MIP(SiMeg),l; + 2 (MeO),C=0 MeSi OM’ (DME)3 M remains the sole example of a cationic phosphaalkyne.”! New
M<=Ma. Ca. Sr. B ~MegsiOMe O\ reports, however, have appeared describing the Lewis acidity of
=g, ~a, oh Ba N\ phosphadiazonium (iminophosphenium) ions.*> In 1988,
Niecke et al. reported on the first member of this series,
Scheme 6 Formation of metal bonded OC=P anion. [Mes*N=P]AICl4.°® Over the past 10 years, such cations have
FsC FoC © FsC ©
\____ [PPhCl @ ° K[E(SiMeg),] ®
wB—C=0 ——> [PPh,] WwB—C —  » [PPh] ~B—C=E
FoC\ l FoCV Cl E=PorAs FoCV l
FsC FsC FsC
Scheme 7 Boron stabilized C=E anions.
iPr, i i
K(0'Bu) ® Pr. Pr o
N—C=P —— K —c=p =<=—> K N=C=—P
-Me,SiO'Bu
Me3Si
Scheme 8 Formation and resonance structures of ‘PrNC=P anion.
*Mes —N=C=0 CsF *Mes *Mes *Mes\
+ _
(MesSi)sP ~Me,SiF © -~ ®
—Me;SiOSiMe
¢ ° cs® Cs® Ccs®
Scheme 9 Formation and resonance structures of Mes*NC=P anion.
®
Mes*—N:P\,,/D
b x© ®
@ / Mes —N=P-\.,IID
Mes*—N=P oD 5 X ©) D R
C)
N o7 («
® Arenes ©)] M
Mes*—N=P > Mes*—N=P”’
)D/ x © N - x ©
D” = »=( Mes*\ ©) —N | N{
) . = 2D
ipr=N_N=pr N=R
o o D”
D
X Mes*\ ) Mes* —N P . )
N=PR.,, e
©

Scheme 10 Reactions of [Mes*N=P]X with various donors.
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been shown to form Lewis acid adducts with various types of
donors, as summarized in Scheme 10.°'~%° The Lewis acidic
phosphorus center can show interactions with the anion, and/
orwith one, two, or three donor atoms, as well as 1 ®-interactions
with arenes. The types of donor atoms (D) include C, P, N, O, §,
and Se atoms. For most of these adducts, the C-N-P array re-
mains mostly linear, with two notable exceptions (D’ and D").
The coordination of [Mes*N=P|* with two equivalents of
p-dimethylaminopyridine (D’ =dmap) or by an N-heterocyclic
carbene (D”) yielded compounds whose structures were
decidedly not linear at the nitrogen atom. These features, as
well as the longer PN bonds, make them more akin in nature
to Mes*N=PCl, which has a lower PN bond order.

1.12.2.3 Neutral Compounds

1.12.2.3.1 P, chemistry
As is well known, dinitrogen is a very stable molecule posses-
sing a very strong nitrogen-nitrogen triple bond. Analogous
diatomics of the group 15 heavier elements, however, are not
as stable as dinitrogen and are unobservable under normal
conditions. On the other hand, coordinated by one or more
main-group or transition-metal centers, there are numerous
examples of complexes having these reactive fragments.
Interestingly, a number of these are derived by the activation
of elemental phosphorus (P,).°¢~¢®

There have been two recent developments that suggest that
it may be possible to generate and utilize P, in synthetic trans-
formations. In 2006, it was reported that P, could be released

products were trapped using cyclohexadiene (Scheme 11,
upper path).®® Soon afterwards, it was also reported that the
products of trapping putative P, species could be achieved by
the photolysis of solutions of P, in hexane at room tempera-
ture (Scheme 11, lower path).”” These breakthroughs bode
well for further advances in P, chemistry.”*

1.12.2.3.2 Phosphaalkynes

Phosphaalkynes are undoubtedly the most extensively studied
class of triple-bonded compounds of the group 15 elements.
The oligomerization and coordination chemistry of phos-
phaalkynes is rich and well established.””””” On the other
hand, isolation of the isomeric isophosphaalkynes (RP=C)
remains an unachieved goal, despite efforts to obtain such
species.”® Some of the most noteworthy developments in the
past 10 years for phosphaalkynes involve (a) new modes of
synthesis, (b) novel functionalized phosphaalkynes, and (c)
new reactions and uses.

1.122.32.1 New developments in synthesis
The most commonly utilized route to phosphaalkynes is initi-
ated by the reaction of either tris-trimethylsilylphosphane or LiP
(SiMes), with acyl chlorides bearing sterically demanding R
groups, followed by treatment with base (Scheme 12).737%7°
While effective, these routes depend upon silylated phospho-
rus precursors, and thus the search for new and atom-
economical routes remain important goals. A noteworthy
example was reported in 2001, whereby solutions of kinetically
unstabilized’ phosphaalkynes were generated, starting with

from a niobium complex by mild heating and subsequent the reaction of readily accessible and easily handled
R’RN ©)]
P
\\\\"N ----- ” 65°C P.
RRNY / P N)aNb = NMes’] A
R'RN NMes
/ N\
R = CH,/Bu
R’ =3,5-Me,CgHs [ PEP]
Mes* = 2 4 6- BU3CGH2
\ b
/
P
R”
g R”=H or Me R”
g R//
5
= Scheme 11 Generation and trapping reactions of transient P, molecule.
“24 (MegSi)sP + CIC(=O)R
o
® —Me,SiCl Me.S)PCLOR Me3SiP OSiMe; NaOH 5 .
= €39l)o = P =
£ ~Licl O R —(MegSi,0
o
(@]

(MeSi),PLi + CIC(=O)R

Scheme 12  Synthesis of phosphaalkynes.
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a-dichlorophosphonates, which led to a-dichlorophosphanes in
good to high yields via reduction with AIHCI, (Scheme 13).%°
These primary phosphanes were then converted to phosphaalk-
ynes using 1,8-Diazabicyclo [5.4.0] undec-7-ene (DBU) to effect
dehydrohalogenation. Bulb-to-bulb distillation of the reaction
mixtures led to solutions of reactive phosphaalkynes that could
be stored at —20 °C. The success of each synthesis was found to
be dependent on the nature of the R group. For example, while
PhCH,CH,C=P could be generated in around 60% yield, the
method fails for PhC=P. The solutions of phosphaalkynes
showed significant stability. For example, a solution of MeC=P
showed less than 10% decomposition over a 3-month period
at —20°C.

Similar reactive phosphaalkynes have been generated in
the gas phase.”®”? A recent investigation of the kinetically
unstable MeC=P and MeC=As could be prepared by vacuum
gas-solid reactions (VGSRs) (Scheme 14).%" These two mate-
rials were then studied by Fourier transform ion cyclotron
resonance (FTICR). One of the surprising findings of this re-
port was that both MeC=P and MeC=As were more acidic
than HC=P and HC=As, respectively.

C’
z AIHCI2

Py
: " OPr EtZO _78°C

O’Pr

R= H, Me, Et, nBU, PhCHQCHg, CGH11,
HQC:CHCH2, Hzc:CHCHQCHQ

Scheme 13 Alternative synthesis of phosphaalkynes.

A\ Q

In 2004, a novel means of synthesis for phosphaalkynes was
reported.®? This route capitalizes on the reactivity of a terminal
niobium phosphide to generate a niobacycle intermediate that,
at modest temperatures, breaks down into a phosphaalkyne
(Scheme 15, R”="'Bu or Ad). A particularly interesting aspect
of this work is that the niobium phosphide can be generated
from elemental phosphorus, and that the niobium-oxo complex
can be reduced to the precursor, which reacts with P4. Thus, the
process is recyclable in niobium reagent.

In 2006, another preparation of phosphaalkynes that avoids
the use of silylated phosphanes was reported (Scheme 16).%*
In this development, multigram quantities of the air-stable
tritylphosphaalkyne were accessed by the dehydrohalogenation
of CL,PCH,Ph; by 1,4-diazabicyclo[2.2.2]octane (DABCO)
(Scheme 16). Interestingly, ‘conventional’ routes (Scheme 12)
failed to yield the tritylphosphaalkyne.

1.122.32.2 Functionalized phosphaalkynes
One of the more interesting recent developments concerns
the elaboration of functionalized phosphaalkynes. In 2004,

2DBU
—>» R—C=P

.,,,
H' Et,0,-60°C

//O AIHCI, K,COg, 150°C
=Py~ =—P., —— > H;C—C=P
\ "O’Pr \ IH VGSR
O'Pr H
"BugSnH Na,CO3, 100°C
AS .y > =—As,, ——— » H3;C—C=As
cl oo VGSR
Cl H
Scheme 14 Synthesis of phosphaalkynes by vacuum gas-solid reactions.
Na@
pP=——-m~R"
R'RN
\ © R"C(O)CI \ +
No=P ——>» - R” ——»
R/RN\\“ -NaCl RR N\\‘ R’RN
R’RN RRN Nb=0
RRNW
R = CH,Bu
R’ = 3,5-Me,CgH3 R'RN
Scheme 15 Niobium phosphide route to phosphaalkynes.
1. "BuLi/THF 1. Mg DABCO
H—CPh; ——» CICH,—CPh; —— CI,PCH, —CPh; ———» P=——=—CPh;
2. CH,Cl, 2. PCl3 MeCN/A

Scheme 16 Synthesis of trityl-substituted phosphaalkyne.
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phosphaalkynes of the form 4-X-2,6-"Bu,C¢H,C=P, having
the bulky ortho-tert-butyl groups, were reported (Scheme 17,
left).84 The remote substituents were varied from H, OMe,
NMe,, and ‘Bu. The impacts of the functional groups on nu-
clear magnetic resonance (NMR) shifts (*'P NMR: § 32.1-
37.2 ppm) and ultraviolet-visible (UV-vis) spectra were
found to be much greater than any structural impacts.

In 2003, the first diphosphaalkyne was prepared
(Scheme 17, middle), using a triptycene framework.®> Subse-
quently, another less bulky analog was reported as having a
bicyclo[2.2.2]octanediyl framework (Scheme 17, right).®®
Each diphosphaalkyne displays a singlet in their >'P NMR,
resonating at —15.7 and —60.8 ppm, respectively. These
diphosphaalkynes offer opportunities as building blocks for
polymers and other novel systems.'®

1.122.3.2.3 Select reactions and uses
Previous investigations of phosphaalkynes have detailed their
coordination chemistry and oligomerization by transition-metal

complexes.”>”*3778? Such studies are numerous and continually
growing in number. While these reactions are important and well
established, a couple of novel recent developments for reactions
that produce non-transition-metal-containing products merit
highlighting.

A ruthenium-promoted process that converts the phos-
phaalkyne Ph;CCP into a 1H-phosphaindole (Scheme 18)
was reported in 2006.% During the overall (and complicated)
process, there is activation of a CH group of a phenyl ring and a
remarkable CC bond cleavage reaction. The process could also
be made recyclable in ruthenium.

Click chemistry, the cycloaddition of azides with acetylenes,
has been well established and is a highly efficient reaction
for the production of triazoles.” Likewise, phosphaalkynes
have also been shown to react with organic azides to afford
1,2,3,4-triazaphospholes.”'>? More recently, this approach has
been used to generate two types of stable tripodal ligands in
86-99% yield (Scheme 19).”° Ligands of the type A with
R="Bu are indefinitely air stable, and reaction of this particular

=) P
il ‘ // //
X=H, Bu, OMe, NMe, | P// P/f/

Scheme 17 Functionalized phosphaalkynes.

/\ Ph
PhoRe  PPh, PhoRy  PPh,
P==—CPh, \ § s PN X~ Ph
F® HX O Naapn Y H Bp
+ —» H—Ru—P=—CPh; —>» H—Ru—~P  »
/ E / B MeCN
[RuH(dppe),]OTf z B
Ph,R  PPh, Ph,R  PPhy

N/ N

+
oTf © oTf ©

[RuH(dppe),MeCN)]OTf
Scheme 18 Ruthenium promoted transformation of phosphaalkyne to a 1H-phosphaindole.
R
R
X~ NN A
<p ‘ . 1
CeMes(CHsNg)s N N _ N-N N=n
or N—N P R \——\ ——/_N\ _
N(CH,CH,Ng), or N P ™R
3R——=P —>» §
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I ’\N F/)’N\
R N R N’/N

(a)
Scheme 19 Click type chemistry of phosphaalkynes.

(b)
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ligand with Pt(norbornene); yields an unusual dinuclear plat-
inum complex.

1.12.3 Compounds Having a Goordination
Number of 2

1.12.3.1 Phosphaalkenes

Phosphaalkenes, RP=CR,, are one of the most extensively
studied classes of low-coordinate organophosphorus
compounds.””>79?49> Arsaalkenes, RAs=CR,, as well as the
heavier analogs having Sb=C and Bi=C units, are much less
studied.”®'°! The following areas represent developments in
the chemistry of doubly bonded group 15 elements, drawing
largely on the abundant chemistry of phosphorus.

1.12.3.1.1 New developments in synthesis
The rearrangement of secondary vinyl phosphanes to phos-
phaalkenes as a meaningful preparation of isolable phosphaalk-
enes having C-substituents was recently achieved.'®> Normally,
such reactions yield equilibrium mixtures, but the use of electron-
withdrawing substituent CF5 drives the equilibrium to the right
(Scheme 20). The tautomerization proceeds quantitatively, and
isolated yields of the phosphaalkenes were as high as 89%.
While many transition-metal-based syntheses of phosphaalk-
enes produce 1'-phosphaalkene complexes,”'%* the zirconium
phosphido complex in Scheme 21 first inserts benzonitrile
to yield an intermediate product, which undergoes isomeriza-
tion to an amido complex bearing a remote phosphaalkene
substituent.'®*1%° The phosphaalkene product is a mixture
of rapidly interconverting (on the NMR timescale) E- and Z-
isomers. In the solid state, the phosphaalkene was established
as the E-isomer by single-crystal x-ray diffraction.

1.12.3.1.2 Polarized phosphaalkenes

The differences in electronegativity between C and P (2.5 and
2.1, respectively) led to a slight polarization of the C=P func-
tional group in the direction of C3~P?+ 75799495 The exact
balance, of course, will also depend on the substituents present

on the carbon and phosphorus atoms. Compounds where this
polarization is decidedly inverted (i.e., C**P®") were first pre-
pared almost 20 years ago, and these materials and their chem-
istry have been reviewed recently.'*'%” An example of how
these materials can be inversely polarized by resonance effects
is shown in Scheme 22.

A series of analyses of the impact of para-X-aryl substituents
on the polarity of aryl-substituted phosphaalkenes has come
from three independent studies. The first describes phos-
phaalkenes of the form Mes*P=C(H)Ar (Scheme 23A).'%% A
Hammett-type analysis of 14 *'P NMR shifts (§ varies from
233.0 ppm for X=NMe, to 284.6 ppm for X=NO,) provided
a linear correlation with o,. Overall, the Mes*PC(H) group
acts as a weak electron donor to the attached phenyl ring. The
second study examined the impact of remote substituents on
the other side of the P=C array using analogs of modified Mes*
ligands (Scheme 23B).109 In this study, X varied from H, ‘Bu,
OMe, NMe,, and [NMe3]+ substituents, and showed 3P NMR
resonances (from 264.8 to 238.8 ppm) linearly varying with o,
albeit with an opposite slope for the Hammett plot. It is also
worth mentioning that variations on the Mes* protecting
group have also appeared where the ortho-position has been
functionalized.''® In other reports, compounds similar to (b)
have been reported.''""''? Compounds of the form (c) were
prepared in attempts to increase the polarization of the P=C
bond from both sides of the P=C unit.''*> These materials
allowed for a comparison of the impact of X versus X
substituents on properties such as electrochemical reduction,
UV-vis spectroscopy, and solid-state structures. The *>'P NMR
resonances varied from ¢ 240.7 to 268.4 ppm. Overall, the X’
substituent in this series had a greater impact on the physical

R—R R—R R—P,
\7NR2‘_’ w:NFb‘_’ >7NR2
RoN RoN R,N

+

Scheme 22 Resonance structures for inversely polarized
phosphaalkenes.

CFs CF,
cat. DBU or DABCO
R NOM R P
/E \wcm
R=HorCF; CF; R
R’ = CHj; or Ph
Scheme 20 Alternative synthesis of phosphaalkenes.
Ph
N P(H)Ph )
Ph P
P(H)Ph ~ \( Ph N
/Zr\NR N/Zr\NR

Z/,Z‘r\ PRCH,CN
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Scheme 21  Zirconium promoted synthesis of phosphaalkenes.
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(a) (b)
Scheme 23 Functionalized phosphaalkenes.
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Scheme 24 Binding modes for phosphaalkenes.

properties than the X-substituent, as the X-substituted aryl
group is less conjugated with the P=C bond due to the greater
steric bulk of the terphenyl unit.

1.12.3.1.3 Phosphaalkenes as ligands for metals
The analogy between imines (C=N) and phosphaalkenes (C=P)
would lead to the expectation that, like their nitrogen counter-
parts, phosphaalkenes could serve as ligands for transition-metal
complexes. Indeed, there has been great recent growth in the
study of phosphaalkenes as ligands.”>''* Like olefins, phos-
phaalkenes can bind to metals in either n'- or m*modes
(Scheme 24). The former bonding mode (binding via a lone
pair in phosphorus) is of more importance when used as ligands
for transition-metal catalysts. Another special feature of such
ligands is that the phosphaalkene unit, with its lower-lying
n*-orbitals, are good m-electron accepting groups and, thus,
allow for m-backbonding from the metal center to the ligand.
The past 10 years’ worth of phosphaalkene complexes are
far too numerous to detail here, but three diverse representa-
tives are shown in Scheme 25. The first example shows that
phosphaalkene ligands can form elements of metal-containing
conjugated polymers.''>''® The second example illustrates
that wide bite-angle-type ligands can be constructed and form
interesting metal complexes.''” This particular ligand was pre-
pared using a ‘phospha-Wittig’' reagent.''® The final example
illustrates that systems having chiral centers can be used to
create catalytically active complexes with promise for effecting
enantioselective transformations."*’

1.12.3.1.4 Phosphaalkene-based conjugated polymers

and related materials

Comparisons have often been made between P=C bonds of
phosphaalkenes and C=C bonds of olefins.”* Less studied are

(c)

analogous sets of conjugated molecules or polymers having P=C
functionalities in conjugation with C=C and P=C bonds.
Such materials represent a subclass of conjugated polymers and
materials that incorporate phosphorus atoms.'®'2°=!22 The first
examples of conjugated polymers having P=C functional groups
in the backbone appeared in 2002.'%* The synthesis of the pale
yellow polymer involved a Becker-type route to create the phos-
phaalkene linkages, which were determined to be a mixture of
E- and Z-isomers about the P=C bonds (Scheme 26). A subse-
quent paper included diphosphaalkenes as model compounds
for the polymer, as well as detailed analyses of the structural and
optical properties of these materials.'** In these polymers, as
well as those mentioned below, steric clashes involving the
substituents providing steric protection about the P=C bonds
can lead to a decrease in conjugation when nonplanar structures
are realized.

Another approach to integrating P=C entities into poly-
mers utilizes phospha-Wittig reagents of the form Me;P=P-
Ar-P=PMe;s. The first example in 2003 generated the di-phos-
pha-Wittig reagent in situ by the reduction of Cl,P-Ar-PCl,
with zinc dust in the presence of MesP (Scheme 27).'2° This
particular all E-configured polymer was light orange in color.
In this study, other polymers were prepared, but these were
insoluble without using the organic dialdehyde-contained
groups that promoted solubility (hexyloxy groups).

A more recent permutation in 2004 allowed for isolation of
the di-phospha-Wittig reagent and greater flexibility in the
polymerization process (Scheme 28).'® The use of a macro-
monomer that has integrated sterically demanding groups at
both ends, and also containing a solubility-enhancing core in
the middle, allowed greater freedom to choose organic dialde-
hydes for this type of polymerization reaction. Consistent with
the fact that these are conjugated materials, these materials
absorb light of longer wavelengths and are deep orange and
red-colored materials.

A series of mono-disperse oligomers having phosphaalkene
units with increasing conjugation length have been reported
(Scheme 29).'*” This series showed red shifts for the m-n*
electronic transitions for increasing conjugation length. Good
correlations to the optical properties of phosphorus-free model
compounds were observed as well.

Conjugated materials having phosphorus-carbon double
bonds in n-conjugation with carbon-carbon triple bonds have
been studied, appearing first in 2008.'?%7'° Two examples are
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Scheme 26 First synthesis of a phosphaalkene based polymer.
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Scheme 27 Synthesis of a phosphaalkene based polymer by phospha-Wittig reaction.
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Scheme 28 Synthesis of a phosphaalkene based polymer by phospha-Wittig reaction.
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shown in Scheme 30. Compound B is a red-colored material
that shows two reduction waves for its cyclic voltammetry data.
These data indicate that the two phosphaalkenes, despite having
phosphorus atoms that are 18 A apart from one another, are
electronically coupled to one another.

1.12.3.1.5 Special reactivity and applications

The reaction chemistry of the P=C linkage has been reviewed
previously.””>79?495 A few newer reaction types, however,
merit notice. First, the polymerization of P=C bonds to make
new phosphorus-containing polymers represents a new way in
which P=C bonds can mimic C=C bonds (the polymerization
of which has long been an important process).'?"'?*> The
addition polymerization of MesP=CPh, was reported in

2003."3"132 Mechanistic work on the polymerization has
shown that n-butyllithium initiates the anionic living polymer-
ization of MesP=CPh,."**"'*> More recently, the polymeriza-
tion of P=C bonds has significantly developed to the point
where sophisticated block copolymers of MesP=CPh, with
isoprene (Scheme 31) can effect the self-assembly of gold
nanostructures.'>% %7

Another recent unusual reactivity mode was seen in the
reaction of the same phosphaalkene with an N-heterocyclic
carbene that produces a hybrid phosphane-carbene
(Scheme 32)."%® This is an interesting reaction, for the carbene
did not react with the P=C bond to form a three-membered
phosphirane ring, as might be expected for reactive carbenes.
An additional interesting finding was that the final product

N F’\ Q R
{D\\—@ . \ é P\\—Q& P@ {% %} i:\ Q Q -

Amax = 334 nm 341 nm 349nm 411nm 417 nm
Scheme 29 .., values for series of conjugated phosphaalkenes.
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Scheme 30 Phosphaalkenes conjugated with acetylene units.
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Scheme 31 Synthesis of novel phosphaalkene/alkene copolymer.
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Scheme 32  Unusual reaction of N-heterocyclic carbene with phosphaalkene.
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[Ph3C][B(CgFs)4]
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Scheme 33 Synthesis of a rare phosphorus centered radical from phosphaalkene.

could bind gold chloride fragments to the phosphorus and
carbene carbon atoms.

Inversely polarized phosphaalkenes have been used as
phosphinidene- and carbene-transfer reagents.'®® Their chem-
istry differs significantly from other phosphaalkenes. For ex-
ample, some phosphaalkenes can display reversible reductive
electrochemistry due to the presence of lower-lying LUMO
orbitals. Recently, the electrochemical behavior of Mes*P=C
(NMe,), and Mes*P=C(Me)(NMe,) was examined by cyclic
Voltammetry.139 Neither compound could be reduced, but
both showed reversible oxidations, unlike normally polarized
phosphaalkenes. The oxidation of Mes*P=C(NMe,), by
|Cp,Fe|PFs led to the persistent radical species [Mes*P=C
(NMe,),]PFs."” In related work, it was found that a carbene-
based phosphaalkene could be oxidized to a stable radical
cation (Scheme 33).'*° In this particular case, single crystals
of the radical could be grown and analyzed by x-ray diffraction.
The resulting structure of the phosphinyl radical showed that
the PC and PN bond lengths in the cation have increased and
decreased, respectively, compared to the neutral phosphaalk-
ene. The electron paramagnetic resonance (EPR) spectra of the
cation were also consistent with the unpaired spin largely
residing on the phosphorus atom.

1.12.3.2 Arsaalkenes and Other Related Compounds

Arsaalkenes and their heavier analogs with double bonds,
while less numerous than phosphaalkenes,’® have seen some
notable recent advances. Heteroallenes of the form E=C=F/,
C=E=C, and E=C=C=F' represent an important class of
doubly bonded compounds.’”'°° Recently, the first stable
arsaallene below was reported (Scheme 34).°® The single-
crystal x-ray structure of this material showed definitive
evidence for the heteroallene bonding within the material.

Low-coordinate chemistry of antimony and bismuth was
the subject of review in 2001.'*' An interesting pyridyl-
substituted stibaalkene has been isolated as a very air- and
water-sensitive red oil (Scheme 35).'*? This stibaalkene is
interesting, as DFT calculations predict that its thermal stability
is the result of the coordination of the nitrogen atoms of both
the pyridyl groups to the antimony center, as well as predict a
relatively long SbC bond (2.11 A). These calculations suggest
that this material may have an SbC bond order less than that of
an SbC double bond.

1.12.3.3 Diphosphenes and Other Dipnictenes

1.12.3.3.1 Compounds having more than one P=P group
This particular field of low-coordinate chemistry is fairly ma-
ture, but it remains very active. One of the more interesting

Scheme 36 A bis-diphosphene.

areas of current activity concerns the synthesis of materials
possessing two or more P=P units. The first bis-diphosphene
was reported in 1996.'** This pioneering example utilized a
modified version of the Mes* ligand to enable the presence of
two stable P=P units (Scheme 36).

Since then, the emphasis has centered on molecules where
there is an opportunity for P=P units to be in m-conjugation
with one another. The first of these appeared in 2000, where
the use of a tetrarylphenyl unit allowed the preparation of a
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Scheme 38 Ferrocene-linked bis-diphosphenes.

para-phenylene bridged bis-diphosphene (Scheme 37, left).'**

The structure of this bis-diphosphene showed steric clashes
between peripheral aromatic rings, causing significant tor-
sional twists in the molecule and, thus, some loss of conjuga-
tion. Detailed electrochemical investigations, as well as EPR
studies of the mono- and doubly reduced species, suggested
that the structure of the material is redox dependent, making its
behavior akin to that of a molecular switch.>” In another study,
the same authors were able to extend the conjugation length of
the bis-diphosphene to produce a linear n-system that contains
five phenyl rings, two vinyl groups, and two diphosphene units
(Scheme 37, right).'?”

In 2006, two groups independently (one using Ar=Tbt and
Dmp, and the other using Ar=Tbt and Bbt) reported bis-
diphosphenes spanned by a ferrocene unit (Scheme 38).%*!
Examination of the redox behavior of the derivatives where
Ar=Tbt or Bbt was employed reveals two reversible one-
electron waves separated by 0.35 V,*! which is comparable to
that found for a tetra-arylphenyl bridged species (0.34 V),*”
and, thus, these materials can be considered to have dipho-
sphene units that are electronically coupled to one another.
Subsequent studies of the ferrocenyl-bridged diphosphenes
reported on the reactions with protic sources and with metal
complexes.**'*>  Related biferrocenyl- and ruthenocenyl-
substituted diphosphenes have also been reported.*®

The latest examples of bis-diphosphenes feature a bridging
anthracene group (Scheme 39)."*® In contrast to the above
examples, the electrochemistry of these bis-diphosphenes
showed single two-electron waves, suggesting that there is little
electronic communication between the two diphosphene units.
Anthracene-substituted diphosphenes are also of interest, as
they can participate in [442]-cycloaddition reactions with
electron-deficient olefins.'*’

(Me3Si)H Q

CH(SiMey), or Q— (SiMej);  or O

(Me3Si),HC

Bbt @ Dmp

Ar
|

_P

OOO Ar = Tbt or Bbt

P
o?

Ar
Scheme 39 Anthracene-linked bis-diphosphene.

In 2004, the first conjugated polymer having diphosphene
units was reported. This polymer was prepared by either thermo-
lysis or photolysis of a di-phospha-Wittig reagent (Scheme 40).'2°
This deep-red polymer utilized the same macromonomer as men-
tioned in Section 1.12.3.1.1.4. Its UV-vis spectrum showed A«
values of 435 and 481 nm for presumably the n-n* and n-n*
transitions, respectively.

1.12.3.3.2 Functionalized diphosphenes
Other noteworthy diphosphenes bearing electronically active re-
mote substituents are shown in Scheme 41.3>3%1% As expected,
such substituents have notable impacts on the UV-vis absorptions.
Diphosphenes and heavier dipnictenes are characterized by
low-lying n* orbitals that are sufficiently low in energy that the
reduction of diphosphenes is facile, and reversible in many
cases. In 2006, it was reported that isolation of the resulting
radical anions derived by the reduction of BbtP=PBbt and
BbtSb=SbBbt was achieved.'”*? The crystalline salt [Li
(DME);][BbtSb=SbBbt| was structurally characterized and it
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Scheme 40 Formation of a diphosphene-containing polymer from phospha-Wittig reagent.
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Scheme 41 Functionalized diphosphenes.

showed an SbSb bond length of 2.7511(4) A, which is longer
than that observed for the neutral parent compound (2.7037
(6)A). Isolation of the related [Li(DME);][TbtP=PTbt] was
reported in 2008.%°

1.12.3.3.3 Theoretical studies of diphosphenes
Diphosphenes have been the subject of a number of theore-
tical investigations prior to 2000.**37'>! Since then, other stud-
ies have continued to appear for theoretical treatments of
diphosphenes. %2345 149157 A]] of these studies support the
presence of a double bond, and that the trans (E) isomer is
more stable than the cis (Z) isomer. Only a few of these reports
will be discussed here.

In 2001, calculations on using DFT (B3LYP and BP86,
6-311G(d,p) basis sets) for the diphosphenes (Pn=P) and dia-
rsenes (Pn=As) HPn=PnH, (H;Si)H,CPn=PnCH,(SiH3),

Copyright © 2013. Elsevier. All rights reserved.

(HsSi), HCPn=PnCH(SiHs3),, and PhPn=PnPh were
reported.’>” These efforts were made to support the analysis of
the UV-PES spectra of Mes*As=AsMes* and (Me;Si);CAs=AsC
(SiMe3)s. One major finding was that there are few differences
between the nature of the electronic structures of diphosphenes
and diarsenes having the same substituents. Changing the li-
gands at the group 15 element, however, does induce significant
changes in the ordering of the HOMO and HOMO(—1). In
diphosphenes, these two orbitals are close in energy, and, in
the case of Mes*P=PMes*, they have been assigned as the PP ©
molecular orbital (HOMO — 1) and n+ lone pair (HOMO). This
study shows that the silylated alkyl groups changed the ordering
to make the PP m molecular orbital as the HOMO orbital. In
addition, the lone pair n+ orbital could be raised in energy
relative to the 1 MO in Mes*E=EMes* due to destabilizing
interactions with the phenyl ring.
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The fact that attached aromatic rings could influence the
ordering of the HOMO and HOMO(—1) was explored in
depth by two groups in 2008 and 2009.'%%7%° In these studies,
the aim went well beyond just predictions of the structures, but
to systematically examine the impact of rotation about the
P-Cy4, bonds (torsional angles o; and a,, Scheme 42) on the
nature and ordering of molecular orbitals.

Part of the driving force to undertake the above studies was
to gain an understanding of the excited states so that one could
gain a greater understanding of the photochemical behavior
of diphosphenes. Unlike the very significant amount of photo-
chemistry on azobenzene,>”1°! little detailed work has been
undertaken for diphosphenes. The photochemical isomerization

o p=p < %2

Scheme 42 Structural distortions within diaryl diphosphenes.
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Scheme 43 Photoreactions of diphosphenes.
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of diphosphenes was first noted in the 1980s.'®7'°° These early
results found that mixtures of E- and Z-configured diphosphenes
could be generated. In contrast to the photochemistry of azo-
benzenes, however, the photochemical behavior of dipho-
sphenes was more complicated and depended greatly on the
exact nature of the attached substituents. Photolysis of dipho-
sphenes can also lead to the formation of cyclotetramers, or
products derived from putative phosphinidene intermediates
(Scheme 43). In other cases, photolysis has no impact on the
diphosphene and no isomerization is observed.'®*'¢”

In order to assess these different reaction pathways and
to address questions on the mechanism for the E-Z isomeriza-
tion process, theoretical studies have appeared that probe
photo-excited states.'*®~1°° These studies have led to the con-
clusion that the E-Z isomerization process occurs via rotation
about the P=P bond, as opposed to inversion at the phospho-
rus center(s).

1.12.3.3.4 New syntheses of dipnictenes

New routes leading to the formation of dipnictenes have
appeared in the past 10 years. In 2001, it was shown that
photolysis of phospha-Wittig reagents ArP=PMe; could lead
to diphosphenes when bulky meta-terphenyl ligands were-
used.'®® This method was used successfully in creating the
first conjugated polymer having diphosphene units in the back-
bone (vide supra).'?® During attempts to prepare similar arsa-
Wittig reagents of the form ArAs=PMejs, the compounds were
found to be thermally unstable and quickly produced diarsenes
(Scheme 44).

Catalytic routes to new materials having group 15 multiply
bonded compounds are obviously of great interest. A pair of
reports details the transition-metal-catalyzed dehydrogenation
of primary arsenes and stibenes (Scheme 45).'°>'7° In the
process leading to the diarsene, it was found that the addition
of PMe; improved reaction yields, possibly indicating the pres-
ence of free arsenidenes via intermediary arsa-Wittig species.

A silyldiphosphenido complex was discovered that gener-
ates the unstable diphosphene ‘Pr;SiP=PSi'Pr;.'”! The dipho-
sphene could be trapped via cycloaddition reactions to afford
new cyclic products in good to excellent yields (Scheme 46). In
the absence of trapping reagents, the silyldiphosphenido com-
plex yields trimers and tetramers of the ‘Pr;SiP phosphinidene.

Also of interest was the observation that the silyldipho-
sphenido complex would undergo reversible transfer of the
"Pr3SiP group to triphenyl phosphane to generate solutions of
the new phospha-Wittig reagent ‘Pr;SiP=PPh; (Scheme 47).

Scheme 44 Formation of an arsa-Wittig reagents and decomposition to diarsene.
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Scheme 45 Dehydrocoupling of ArEH, by transition metal complexes.
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g Scheme 47 Equilibrium transfer of phopshinidene between molybdenum phosphide and triphenylphosphane.
5
= Several notable developments in doubly bonded silicon-
& pnictene chemistry have appeared. In 2006, the first isolable
>
3 Pr ot Si'Bu, compound having a Si=PH unit appeared (Scheme 48).'"?
w Si'Bus . . . .
o H ; is compound is noteworthy, for it lacks a sterically demand-
o | oy AN Th d is noteworthy, for it lacks a sterically demand
g ipr Si—P< "BuLi Si=—P ing group on the‘phosphon.ls atom, and. it also undergoes
= I-ll H -LiF BuH metallation with zinc to provide a Zn-P=Si reagent.
g ipy ipr In 2006, a material having an Si=AsH unit was isolated
3 i by the reaction of a silylene with AsH; (Scheme 49,
r

Scheme 48 Synthesis of unusual RR’Si=PH compound.

Ar=2,6-"Pr,C¢H3).'”® In solution, the arsasilene complex is
in equilibrium with the immediate product of direct insertion
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of the silylene with AsHj. Interestingly, the reaction of the
silylene with PH; stops at the stage of providing the product
of insertion into a single PH bond.

In 2009, the first compound bearing two Si=P units was
discovered (Scheme 50, left).'”* This material utilized the Eind
ligand (Scheme 50, right), which forces the two Si=P units to
be coplanar with the bridging phenylene group and, thus,
promotes conjugation between the two Si=P units. DFT calcu-
lations and UV-vis spectra of this material also corroborate the
n-conjugation for the two Si=P units.

1.12.3.3.5 Other dipnictenes

Iminophosphanes, RP=NR/, are a well-established class of
low-coordinate phosphorus compounds.'”> An example of
new developments in this area involves ‘push-pull’ type
iminophosphanes (Scheme 51).'7® The net result of experi-
mental and computational studies shows that the polarization
by the substituents is limited due to the steric interactions
of the bulky aryl group inhibiting conjugation between the
aromatic ring and the P=N r-system.

Iminoarsanes, RAs=NR’, are much rarer than iminophos-
phanes and remain few in number. One recent example is
shown in Scheme 52.'77 These red to red-orange compounds
are E-configured about the As=N bonds, which was confirmed
by crystal structure analysis for R=N(SiMes),.

The new phosphasilene and phosphagermenes appeared in
2009 (Scheme 53, E=Si or Ge).'”® Both of these materials
could be reduced by KC;g in tetrahydrofuran (THF) to persis-
tent radicals which displayed prominent EPR signals with
strong coupling to the spin 1/2 P nucleus. Analysis of the
reduction by cyclic voltammetry showed that the reversible
reduction process occurs at a potential intermediate of that
observed for the disilene (‘Bu,Me),Si=Si(Me'Bu,), and the
diphosphene Mes*P=PMes*.

New examples of heavier dipnictenes have appeared in 2000
and 2002 (Scheme 54).'”'® Both of these new compounds
were prepared by the DBU-induced dehydrohalogenation reac-
tions between ArEH, and ArEBr,. The structure of the phospha-
bismuthene revealed a P=Bi bond length that was intermediate
of bond lengths determined for P=P and Bi=Bi compounds.
The structure of the stibabismuthene, however, was plagued by
disorder of the Sb and Bi atoms, and, thus, an accurate assess-
ment of the Sb=Bi bond length was not possible.

The stibabismuthene, while stable to room temperature,
begins to disproportionate to the homonuclear distibene
and dibismuthene compounds at elevated temperatures. The
process was greatly accelerated under photochemical condi-
tions (Scheme 55).

A new twist on the synthesis of dipnictenes utilizes fluori-
nated arsines to generate Mes*As=AsMes* and Mes* As=PMes*
(Scheme 56)."%" As expected, the structure of Mes*P=AsMes*

Ar\

'/\l \ + AsHy ——
-'Si\N
\

Ar

revealed an As=P bond length intermediate to E=E bond
lengths found in diarsenes and diphosphenes.

1.12.4 Group 15 Multiply Bonded Compounds
Derived from Carbenes and Related Species

The use of stabilized carbenes in group 15 chemistry is a
rapidly emerging area of research that warrants its own
section.'® Some key developments are highlighted here, as
many of the products of these reactions have potential multiple
bonds to P and As atoms.®® In 2007, it was shown that the
reaction of a cyclic aminoalkyl carbene (CAAC) with elemental
phosphorus (P,) yielded a diphosphene bearing two phos-
phaalkene units (Scheme 57, Ar=2,6-"Pr,C¢Hs).'%?

Eind

P _Eind
Si

Eind =

Et

Eind

Scheme 50 Conjugation of two Si=P units across a benzene ring.
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Scheme 51 A “push-pull” type of iminophosphane.
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Scheme 52 An iminoarsene.
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Scheme 49 Reaction of silylene with AsH; and formation of arsenic-silicon double bond.

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:26:31.



344 Multiply Bonded Gompounds of Group 15 Elements

‘Bu
ch =CH3 H3C §H3 fBu
Bu—Y Bu—Y
Bu SI\ i Mes*PCl, Bu SI\
i TR = ‘Bu
'Bu—Si. ‘Bu—Si,
I//CH3 //CH3
HsC H;C
Scheme 53 Synthesis of phosphasilene (E = Si) and phosphagermene (E = Ge).
Bu
Ar = Bu
BbiSbH, + BbtBigr, — 200 . PSR
+ I=1¢
2 2 “Bi—Bbt ‘Bu Mes*
(Mess|)2HC
DBU Mes*—R,
" i \ .
Mes*PH, + BbtBiBr, ——— \Bi—Bbt Ar= C(SiMeg),
(Me4Si),HC Bbt
Scheme 54 Synthesis of stibabismuthene and phosphabismuthene.
Bbt—Sb Aorhv Bbt—Sh Bbt—Bi
N - N\ A\
Bi—Bbt Sb—Bbt Bi—Bbt
Scheme 55 Disproportionation of stibabismuthene to dibismuthene and distibene.
; Mes* t
N Me38|\ H Mes*—As Bu
Mes*As{Li}SiMe; + Mes*AsF, — ,, As—As* _— \ .
_LiF / \F ~Me;,SiF As—Mes
Mes* -
H Mes* .
\ Buli  *Mes—FR Bu
Mes*P{Li}H + Mes*AsF, — L P—As’ — N\ .
LF e F —BuH, LiF As—Mes

Scheme 56 Synthesis of diarsene and phosphaarsene using fluorinated precursors.
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Scheme 57 Carbene activation of elemental phosphorus.

Bu
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As mentioned earlier, diphosphorus (P=P) is an extremely dicarbene-stabilized P, was the diphosphabutadiene. In addi-
unstable molecule. In 2008, however, an interesting molecule tion, a triscarbene-P4 adduct was formed as well.
possessing a diphosphorus unit sandwiched between two In 2010, the reaction shown in Scheme 58 was extended to
coordinating  N-heterocyclic  carbenes (Scheme 58, arsenic, providing a form of carbene-stabilized diarsenic
Ar=2,6-Pr,C¢H; or 2,4,6-Me3CsH,) could be prepared by (Scheme 60).'%°
the reduction of carbene-PCl; adducts.'® Two types of reso- This chemistry has also been extended to mixed diatomics.
nance structures were considered for these molecules, with Phosphorus mononitride (P=N) is an unstable compound
the NHC-stabilized bis(phosphinidene) (Scheme 58, center) that has been detected in the atmospheres of other planets
form being favored over the diphosphabutadiene form and can be generated under special laboratory conditions."%°
(Scheme 58, right). This reactive unit can be isolated when it is bound by two
Not long afterwards, it was found that the direct formation CAAC ligands (Scheme 61).'%7
of carbene-stabilized diphosphorus from P, was possible Building on these types of reports, a group 13-based NHC
(Scheme 59, Ar=2,6-"Pr,C¢Hj) if a less hindered CAAC was analog was successful in affording compounds featuring
used.'® The favored resonance structure of this particular bismuth-bismuth double bonds (Scheme 62).'%®
Ar\ Ar\
;A ' Ar N Ar - N
N KCs N =~ J N P—( ]
[ >— PCl; ——» / N -~ _/ N
N [ >_> P Ar/ [ >_/P Ar/
\ N N
Ar \ \
Ar Ar

Scheme 58 Synthesis of carbene stabilized diphosphorus.

+
Scheme 59 Alternative route to carbene stabilized diphosphorus.
Ar\
Ar
/ Ar N
N KCg l\i As <_< j]
| >> AsCly ——> | A / /N
&%
N ot
\ N Ar
Ar \

Scheme 61 Synthesis of carbene stabilized NP unit.
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Ar\’/\l /[j

A~
Bi(OR);  + Ga~N > Ar Bi—Bi \
\ \ / Ar
Ar Ar N
R=S0,CF3 or CgFs \ o Gla\OR
. N~Ga C/ N
Ar = 2,6-Pr,CgHs — C/ | TOR SAr
N
\Ar

Scheme 62 Synthesis of gallium stabilized Bi=Bi bond.

Ar—N

CI2AS ~N— KCB
Y Ph

N
/
Ar

Scheme 63 Unusual formation of arsenic-arenic multiple bond.

Yet another strategy has shown that As=As multiple bond-
ing could be supported by the use of sterically demanding
guanidinato or amidinato ligands.'®'°° These examples are
interesting, for the multiple bonds persist in the presence of the
added base stabilization.

Another interesting material having arsenic-arsenic double
bonds is shown in Scheme 63.'°!

1.12.5 Conclusion

This review covers key developments in the chemistry of mul-
tiply bonded compounds of the heavier group 15 elements
phosphorus, arsenic, antimony, and bismuth published in
the years 2000-2010, in particular, compounds having multi-
ply bonded pnictogens having coordination numbers one and
two. This field has grown immensely over this decade and
many new types of compounds, new syntheses, and new
modes of reactivity have been discovered. The next decade
looks very promising not only for the discovery of other new
types of multiply bonded compounds, but also for applica-
tions of these functional groups in advanced materials and in
catalysis. For related chapters in this Comprehensive, we refer
to Chapters 1.05, 2.05, and 2.06.
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1.13.1 Introduction

Radicals are species that embody an odd (unpaired) electron.
Such species, especially simple organic radicals such as [CH;]®,
|C,Hs]®, etc., are frequently transient. However, strategies have
been developed to allow the production and, in some cases,
isolation of radicals containing p-block elements that may be
designated as either ‘stable’ or ‘persistent.”""? Both terms can be
applied to long-lived radicals. The appellation ‘stable’ is used
to describe radicals that can be isolated and stored under an
inert atmosphere for long periods, whereas the designation
‘persistent’ refers to radicals that have relatively long lifetimes
under the conditions that they are generated. For practical
purposes, these definitions imply that the solid-state structures
of stable radicals can, in principle, be determined by x-ray
crystallography, while the characterization of persistent
radicals is limited to the application of spectroscopic methods
(most commonly electron paramagnetic resonance (EPR)
spectroscopy) either in solution or, infrequently, in the gas
phase. Although the chemistry of stable radicals is emphasized
in this chapter, persistent radicals will be included when (1)
they are known to have important applications, for example, in
organic synthesis or as polymerization initiators, (2) stable
congeneric radicals are known for comparison, or (3) they
provide important insights into the behavior or properties of
a particular type of radical for which stable analogues are
unknown. In addition to neutral radicals, relevant examples
of charged species, that is, anion or cation radicals, are also
discussed in the context of isoelectronic relationships and in
cases where they enhance our understanding of the electronic
structures and bonding.

With the exception of boron-containing radicals, this
chapter focuses on radicals that incorporate third-row elements
(i-e., Al Si, P, S, and Cl) and their heavier congeners. Carbon-,
nitrogen-, and oxygen-centered radicals are covered compre-
hensively in a recent book® and in a review that deals with
stable radicals.* The diverse and increasingly important area of
chalcogen-nitrogen (E-N) (E=S, Se) radicals is discussed in
Chapter 1.14.

The principal strategy for conferring stability on boron or
heavy p-block element radicals is the use of extremely bulky
substituents to provide a kinetic barrier to oligomerization
processes, for example, dimerization. For cyclic systems, delo-
calization of the unpaired electron over the entire (or part of
the) ring may also contribute to stability. For heterocyclic
radicals stability may also be enhanced by the presence of
highly electronegative atoms. The primary interest in stable
radicals of boron and heavy p-block elements has been the
insights that structural studies, in conjunction with molecular
orbital calculations, provide into the bonding in these para-
magnetic systems. From the viewpoint of applications, the
major recent advances have been in (1) the use of specific
persistent radicals in organic synthesis or as polymerization
initiators and (2) the incorporation of stable radicals in the
design and generation of new materials with potentially useful
conducting or magnetic properties (see also Chapter 1.14).

This chapter is organized sequentially according to groups
13, 14, 15, 16, and 17 in the periodic table. For group 13, the

discussion commences with a consideration of boron-
containing radicals, which is followed by an examination of
radicals formed by the heavier group 13 elements. A similar
approach is taken in the sections covering groups 14, 15, and
16 for which the discussion begins with silicon, phosphorus,
and sulfur-containing radicals, respectively. Neutral radicals
are presented before charged species, that is, anion or cation
radicals. In the case of ring systems, paramagnetic homocycles
are described prior to heterocycles. For the major types of
radicals, the methods of synthesis are given along with infor-
mation on their molecular and electronic structures, as
revealed by x-ray structural determinations, molecular orbital
calculations, and spectroscopic techniques. Where appropriate,
attention is drawn to known applications or potential uses of
main-group element radicals. The rapidly developing field
of biradicaloids that incorporate main-group elements is cov-
ered in Chapter 1.15.

1.13.2 Group 13 Element Radicals
1.13.2.1 Boron

1.13.2.1.1 Neutral radicals

Stable boron-containing radicals have attracted interest re-
cently for potential applications as chemical sensors or as
components of extended magnetic systems.” Compounds
with unpaired spin density on boron are also being investi-
gated for their efficacy as polymerization initiators and as re-
agents in organic synthesis.

The most common examples of neutral boron-containing
radicals are (1) complexes in which the [BCl,]® radical is
stabilized by an N,N’-chelating ligand®” and (2) adducts of
the [BH,|® radical with an N-heterocyclic carbene (NHC)3'°
or N-heteroarene.'! Early reports provided the EPR character-
ization of the 2,2'-bipyridyl (bipy) complexes [BR,(bipy)]®
(1a, R=Ph,'? 1b, R=NMe,"?) in solution (Scheme 1). More
recently, black crystals of the chlorinated derivative
[BCl,(bipy)]® (1c, R=CIl) were isolated; the radical 1c adopts
a nonbonding n-stacked structure in the solid state.” The re-
lated radical [{2-Pr'-CcH4,NC(Ph)},BCl,]® (2) (Scheme 1),
which co-crystallizes with the diamagnetic complex [{2-Pr"
C¢H4NC(Ph)},BCl|, has been identified by EPR spectroscopy.®
The stabilization of a neutral radical with spin density on
boron by coordination to 2,2’-bipyridyl ligands is also exem-
plified by the 9-bora-9,10-dihydroanthracene complexes 3a
(R=Bu") and 3b (R=Me) (Scheme 1), which have been char-
acterized by EPR spectroscopy in combination with density
functional theory (DFT) calculations.'

The strong o-donor properties of NHCs enable these li-
gands to stabilize a number of otherwise highly reactive spe-
cies, including diatomic main-group species and cations of
electronegative elements (see Chapter 1.16)."> This property
is also evident in borane radicals of the type [(NHC)BR,]|® (4a,
R=Mes®; 4b, R=H"'°) (Scheme 2), which may be prepared
by the reduction of the corresponding cation (4a)® or by
hydrogen abstraction from (NHC)BHj; by tert-butoxy radicals
(4b).”'° N-Heteroaryl borane radicals (e.g., [4-(Me,N-Py)
BH,|®, 5; Py=pyridyl) are readily generated as a result of the
low B-H bond dissociation energies in the corresponding
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Scheme 3 Acyclic boron-containing radical anions.

borane adducts.'' The boron-centered radicals 4b rapidly ab-
stract halogen atoms from alkyl halides.”'® Applications of
boryl radicals of type 5 (Scheme 2) as polymerization initiators
and in organic synthesis are anticipated.'' The mesityl deriva-
tive 4a is related to the 9-borylated acridinyl radical 6
(Scheme 2),'® except that the one-electron B-C m-bond is
polarized toward the boron atom in 4a reflecting the poor
n-accepting properties of the NHC ligand, whereas in 6 the
unpaired electron is delocalized on the acridinyl moiety.

The radical anion chemistry of polyborane clusters
[B.X,]®~ (n=6, 9, 12) has been investigated extensively®
(vide infra). These paramagnetic species are usually generated
by one-electron oxidation of the corresponding closo dianions.
By analogy, neutral radicals are expected to be formed upon
oxidation of carborane monoanions in which a carbon atom
replaces one of the boron atoms, for example, [CB;;Me;,] .
Indeed, black crystals of the corresponding radical
[CB11Me1;]® (deep blue in solution) have been isolated and
structurally characterized.'”* The stability of this radical is

h<N. E/j /?‘\
—N N = \B/ N N
W i R[J { :‘-\\\\

R
3a (R = Bu)
3b (R = Me)
Me

|
N N
R’ — ~ R’ \
Me,N 4 N-BH, .
! 5 B.
Mes Mes

6

attributed to delocalization of the unpaired electron within
the icosahedral cage combined with the steric protection
provided by the sheath of methyl groups. The strong
oxidizing power of the neutral radical [CB;;Me;,]® is indi-
cated by its ability to convert PhsN or perylene to the
corresponding radical cations'’® and by the oxidation of
MesM, (M=Ge, Sn) and Me,Pb in alkane solvents to give
the salts [MesM]*[CB;;Me;,]~.'">¢ The neutral radical
[CBy1Me;,]® is also involved as a methyl transfer agent in
the polymerization of iso-butylene initiated by air or
Bu'OOBuU’ in the presence of Li[CB;;Me;,].'®

1.13.2.1.2 Radical anions

The early work on boron-centered radicals was stimulated by
the isoelectronic relationship of boron triaryl radical anions
[BRs]®*” (7) (Scheme 3) and the neutral carbon-centered
radicals [CR3]® (R=aryl)."” EPR studies of [BPhs]®~ and its
deuterated derivatives, as well as derivatives of the type
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[B(4-XCsHy)5]®™ (X=Cl, OMe), have revealed that the unpaired
electron in 7 is located primarily at boron (a(''B)=7.84 G).*°
The relatively low value of the hyperfine coupling constant
(hfcc) indicates that the unpaired electron density is mainly
associated with the 2p orbital and that the geometry of
the [BR;]®™ radical anions is planar rather than pyramidal.
This conclusion was subsequently corroborated by the crystal
structure of the thermally stable, ion-separated salt, [Li(12-
crown-4),][BMess], which decomposes only at ~240°C.2'
The trigonal planar boron center shows only small deviations
from 120° in the C-B-C angles; the B-C bond lengths are
elongated by ~0.02 A from those observed in neutral BMess.
The deep blue perfluorinated radical anion [B(CsF5)3]®,
obtained by reduction of [B(CgFs)s] with Cp*,Co, has a half
life of ~10min at room temperature.’*?*> The reduction
potential of [B(CeFs)3] is estimated to be —1.17V versus
Cp,Fe”* compared with —2.73 V for BMess.

Another example of early seminal studies on boron-
centered radicals is the one-electron reduction of diboron
compounds, R,BBR, (R=alkyl, aryl). The resulting diborane
radical anion, [R,BBR,|®™ (8) (Scheme 3), was first structur-
ally characterized as the contact ion pair, [Li(OEt;),][MeO
(Mes)BB(Mes)OMe], in which the Li* cation is bound to the
anion by coordination to the methoxy oxygens.?* The broad-
ness of the EPR signal of this paramagnetic species precluded
the determination of hfcc values. However, the solvent-
separated ion-pair, [K(18-crown-8)(THF),][Mes,BB(Ph)Mes],
which was obtained by one-electron reduction with potassium
in tetrahydrofuran (THF) followed by the addition of
18-crown-6, exhibits a seven-line EPR pattern (g=2.0063)
with a(*'B)=13 G due to the coupling to two boron centers
(''B, I1=3/2, 80.2%) consistent with the formation of a
n-radical.”® A n-bond order of 0.5 was indicated by comparison
of the structural parameters of this radical with those of the
neutral precursor, Mes,BB(Ph)Mes.

The reduction of 1,8-bis(diphenylboryl)naphthalene with
potassium in the presence of 18-crown-6 produces the dark
purple radical anion [1,8-(BPh,),Ci0Hs]®™ (9) (Scheme 3),
which exhibits a seven-line EPR spectrum indicating hyperfine
coupling with two equivalent ''B (I=3/2) centers.”® According
to DFT calculations the singly occupied molecular orbital
(SOMO) of 9 represents a one-electron ¢-bond.

A wide variety of radical anions based on polyhedral boron
frameworks [B,X,]®” have been characterized, especially for
n=6, 9, 12.° The stability of octahedral hypercloso cluster
anions of the type [B¢Xs]®™ is enhanced when X is an electro-
negative substituent, for example, X=ClI, Br, I°; the iodo deriv-
ative exhibits the highest stability.?” The tricapped trigonal
prismatic arrangement of cluster atoms in the dianion
[BoBro]*~ is essentially maintained upon loss of an electron
to form the radical anion [ByBro]®~.?®7*° The icosahedral an-
ions [B1,X12]®” (X=Me, OR, OH, Cl) are the most stable
examples of this class of paramagnetic boron species. The
permethylated derivative [B;,Me;,]®™ and the perbenzoylated
analogue [B;,(OBz),,]®*” (Bz=benzyl) are remarkably air-
stable, blue or purple solids that are obtained as PPN* salts
[PPN=N(PPhs),] by one-electron oxidation of the corre-
sponding dianions with ceric or ferric ions, respectively.!~33
The stability of these radical anions is attributed to a combi-
nation of steric protection provided by the 12 methyl or

benzoyl substituents together with electron donation to the
cluster (inductive effect of the Me groups and n-donation
from OBz groups, respectively).>!>* A different approach in-
volving the oxidative perhydroxylation of [B;,H;,]*>~ with
30% hydrogen peroxide was necessary for the synthesis of
[B12(OH);,]® " as the yellowish green Cs* salt, which can be
recrystallized from water.>* The potential for functionalizing
the peripheral OH groups in this paramagnetic boron species
for applications in materials science or medicine (boron
neutron-capture therapy) is intriguing. The oxidation of the
perchlorinated dianion [B;,Cl;,]*~ to the dark blue radical
anion [B;,Cl;,]®" requires the strong oxidizing agent AsFs and
the use of SO, as a solvent.>® The radical anion [B1,Cl;,]®~
is itself a strong oxidizer and converts elemental sulfur to
Ss[B12Cl;5], which contains the [Sg]** cation.

Dicarbadecaboranes of the type 1,2-R,-1,2-C,BoH;, are
isoelectronic with the icosahedral dodecaborane dianions
[B12X1,]?". The radical anion of the diphenyl derivative [1,2-
Ph,-1,2-C,B1oH10]®™ has been generated by electrochemical
reduction and characterized in solution by a variety of spectro-
scopic methods.>® DFT calculations for this 2n+3 cluster-
electron species predict a substantial lengthening of the C-C
bond in the radical anion. A related radical anion with 2n+3
cluster electrons in a 13-vertex framework [1,2-(CH;)s-1,2-
C,B;,H;1]® is obtained by reduction of the neutral precursor
with sodium metal in THF and isolated as the [Na(18-crown-6)
(THF),]" salt.>” The corresponding 12-vertex radical anion
with a -CH,CH,CH,- linker between the two cage carbon
atoms cannot be prepared in this manner.>”

The reduction chemistry of boroles is of interest in connec-
tion with the possible use of boron-containing n-conjugated
molecules in optoelectronic materials. Although the 5r-electron
radical anion of the parent borole has not been reported,
the kinetically stabilized dibenzoborole has been reduced to
the corresponding dark red, anion radical (10) (Scheme 4) by
potassium in THF.?® The paramagnetic species 10 was charac-
terized by EPR spectroscopy; the spin density on boron was
estimated to be 0.21. The persistent, dark purple radical anion
11 (Scheme 4) formed upon reduction of 1-ferrocenyl-2,3,4,5-
tetraphenylborole has also been characterized in solution by the
EPR spectrum which, in conjunction with spin density calcula-
tions, indicates delocalization within the C,B ring.3 J

B-N analogues of polycyclic hydrocarbons are also inter-
esting electron-acceptor molecules for materials applications.
In this context, the dibenzo|gp|chrysene analogue can be
chemically reduced by CoCp,* to the corresponding green
anion radical (12) (Scheme 4), which has been characterized
by x-ray crystallography.*°

Boron-containing verdazyl radicals 13 (R=p-Tol, R'=Ph;
R=Ph, R'=p-Tol) (Scheme 4) have been generated by reduc-
tion of the neutral borataverdazyl precursors with CoCp, and
identified in the solid state by EPR and diffuse reflectance
spectra.*!

1.13.2.2 Aluminum, Gallium, and Indium

1.13.2.2.1 Neutral radicals: acyclic and homocyclic systems
Investigations of both acyclic and cyclic radicals involving M~
M bonds (M=Al or Ga) with bulky substituents on the group
13 metal center have provided insights into the influence of the
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Scheme 5 Synthesis of cyclic and acyclic group 13 radicals.

metal center on relative stabilities as a result of differences in
covalent radii and/or M-M bond strengths.

Thermolysis of the dimer R',AIAIR’, in heptane leads, via
Al-Si bond cleavage, to a persistent acyclic radical, [R',AIAIR'|®
(14a), that exists as an intermediate in the formation of the
stable three-membered ring [AlzR4]® (R'=SiBu’;) (15a)
(Scheme 5).*? The isolation of black-green crystals of this
homocyclic neutral radical is a cogent illustration of the ability
of bulky substituents to stabilize cyclic radicals of main-group
elements.

The planar, three-membered ring in 15a forms an isosceles
triangle in which two of the aluminum atoms are three-
coordinate and one is four-coordinate. The Al-Al bond be-
tween the two three-coordinate metal atoms is somewhat
shorter than those involving the four-coordinate Al center
(2.703 vs. 2.756 A, cf. 2.751 A for the Al-Al single bond
in RAIAIR,). The poorly resolved EPR spectrum of 15a in
CsD1, precludes a definitive identification of the radical pre-
sent in solution. The observed hfcc values of ~3 G and two
inequivalent couplings close to 13 G (§=2.0053) may indicate
cleavage of one of the elongated Al-Al bonds in solution
leading to the acyclic radical [R,AI-AIR'-AIR’]®, as suggested
by DFT calculations.*? Alternatively, the slight inequivalence of
the two larger hfcc values may result from the disparity in the
geometry about the two three-coordinate aluminum atoms in

Copyright © 2013. Elsevier. All rights reserved.
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[Na(18-crown-6)(THF),]*

the solid-state structure: one of the R’Al units in 15a is planar
while the second adopts a pyramidal arrangement.

The acyclic intermediate 14a was identified only by its EPR
spectrum in solution (a(*’Al)=21.8 and 18.9 G).*? In con-
trast, the heavier gallium congener, [R',GaGaR’]® (R =SiBu';)
(14b), has been isolated as blue-black crystals from the reac-
tion between NaR’ and GaCl; in 3:1 molar ratio (Scheme 5).*3
The structure of 14b exhibits a trigonal planar Si,Ga"Ga' unit
and a slightly bent Ga"'Ga'Si chain (£ #Ga" 359.6° and ~Ga"-
Ga'-Si 170.3°) (the superscripts I and 1I refer to the formal
oxidation states of the gallium centers). The gallium-gallium ¢
bond is formed by overlap of the sp?- and sp-hybridized Ga
atoms. The odd electron occupies a bonding © molecular or-
bital formed by overlap of the p, orbitals on the two gallium
atoms, resulting in a formal bond order of 1.5 for the Ga-Ga
bond. The EPR spectrum of 14b shows a 64-line signal
(§=1.9947) arising from coupling of the unpaired electron
with the two inequivalent gallium centers (®°Ga, 1=3/2,
60.1%; "'Ga, 1=3/2, 30.9%).43 The two different hfcc values
(a1(®®/"'Ga)=50/64 G and a,(*"'Ga)=32/41 G) could not
be assigned to the two- and three-coordinate Ga atoms with
certainty.

The three-membered ring [GasR'4]® (R’ =SiBu's) (15b), the
gallium analogue of 15a, is synthesized either by oxidation of
the acyclic anion [R',Ga-GaR'-GaR’]™ or by the reaction of
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[R',GaGaR']~ with R'Br (Scheme 5).** In contrast to the alu-
minum derivative 15a, the neutral radical 15b exhibits a Ga-Ga
bond length between the two three-coordinate galliums that
is ~0.35 A longer than those involving the four-coordinate
R,Ga unit (2.879(1) vs. 2.527(1)A), implying the onset of
Ga-Ga bond cleavage. In solution, the three-membered ring
15b decomposes to give the EPR signal of the acyclic radical
[R';GaGaR']® (14b) either after prolonged standing or upon
warming; the initial EPR signal arising from 15b is not suffi-
ciently resolved to be unambiguously analyzed.**

The dark crimson neutral radical [Al(AIR3),]® (R=N
(SiMe,Ph),) (16) is isolated in 15% yield from the reaction
of a metastable solution of AlCI in toluene/diethyl ether with
an equimolar amount of LiR at —78 °C.*> The structure of the
Dsg-symmetric Al; cluster is comprised of an Al atom linked
symmetrically to two Al; rings (Figure 1). The Al-Al bonds
within the three-membered rings are significantly shorter than
those involving the central Al atom (2.61 vs. 2.73 A). On the
basis of detailed bonding analysis of 16 and the corresponding
monoanion [Al(AlRs),]” (R=N(SiMes),) (17), this fascinat-
ing cluster radical is referred to as a ‘metalloid’ system.**

®AOSI@NOC

Figure 1 Crystal structure of [Al(AI3R3),] (16, R=N(SiMe,Ph),).
Adapted from Yang, P.; Képpe, R.; Duan, T.; Hartig, J.; Hadiprono, G.;
Pilawa, B.; Keilhauer, |.; Schnockel, H. G. Angew. Chem. Int. Ed. 2007, 46,
3579-3583.
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Scheme 6 Spirocyclic group 13 radicals.

1.13.2.2.2 Neutral radicals: heterocyclic systems

Two classes of heterocyclic radicals involving group 13 ele-
ments have been thoroughly investigated. The first involves a
series of neutral bis-boraamidinate (bam) radicals, {M[PhB(u-
NBu),],}® (M=B, Al, Ga, In) (18a-d) (Scheme 6), which are
obtained by one-electron oxidation of the corresponding
monoanions. The aluminum (18b) and gallium (18c) deriva-
tives form thermally stable dark red and green crystals, respec-
tively, which exhibit a spirocyclic arrangement of the two bam
ligands.*®*” The comparable N,N’-chelated bis-diazabutadiene
system, {M[(CH),(u-NBu"),].}*® (M=B, Al, Ga, In) (19a-d)
(Scheme 6), has been studied both experimentally (19b-c)*5->!
and computationally (19a-d).>” Although the compounds 18
and 19 are not group 13-centered radicals, these stable, spirocyc-
lic paramagnetic compounds serve as examples of the character-
ization of main-group radicals containing multiple quadrupolar
nuclei by EPR spectroscopy, supported by electronic structures
obtained from DFT calculations.

DFT calculations of the model radicals {M[PhB(p-
NMe),],}® (M=B, Al, Ga, In) predict D,4-symmetric geome-
tries consistent with the observed solid-state structures of 18b
and 18¢.***” The single-point calculations on the optimized
geometries show that the SOMOs consist solely of nitrogen
p-orbitals (Figure 2 for M=Al); they are equally delocalized
over all four nitrogens as revealed by the spin densities derived
from Mulliken population analysis. The EPR spectra of 18a-d
show that the central group 13 metal atom and the NBN
borons have nonzero spin density values arising from polari-
zation effects. The experimental spectra of these spirocyclic
neutral radicals can therefore be simulated by assuming hyper-
fine interaction of the unpaired electron with four equivalent
nitrogen centers, two boron atoms and the central group 13
element (*Al, I=5/2, 100%; ®°Ga, I=3/2, 60.1%; "'Ga, [=3/2,
39.9%; '*In, [=9/2, 4.3%; '"°In, [=9/2, 95.7%) (Figure 2(c)
and 2(d) for M=Al). Thus, the DFT calculations and spectral
simulations confirm the retention of the spirocyclic structures in
solution and indicate uniform spin delocalization throughout
both ligands in 18a-d.***”

The N,N’-chelated bis-diazabutadiene aluminum and gal-
lium radicals 19b and 19c are prepared by co-condensation
of the metal vapor with an excess of 1,4-di-tert-butyl-1,4-
diazabutadiene.*®>! In contrast to the bis-bam systems 18,
both the solid-state structures and the EPR spectra of 19b and
19c¢ indicate that the unpaired electron is located on only one
of the ligands with spin density contributions from two nitro-
gens and two hydrogen atoms in addition to a significantly
smaller contribution from the group 13 center.’" In agreement
with the experimental results, distorted tetrahedral C; (M =B)

But °
Bu' N
Nigeoe, 575
[ o
=l
N N
Buf Bu!
M = B (19a), Al (19b),
Ga (19¢), In (19d)
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Figure 2 (a) SOMO of {Al[PhB(u-NMe),]»}® drawn at isosurface level £0.05, (b) spin density map of {Al[PhB(u-NMe),]o}® drawn at isosurface
level 0.02 (o-spin density) and —0.002 (B-spin density), (c) experimental, and (d) simulated X-band EPR spectra of a diethyl ether solution of
{AI[PhB(u-NBu'),],}® (18b) at 298 K. Adapted from Chivers, T.; Eisler, D. J.; Fedorchuk, C.; Schatte, G.; Tuononen, H. M.; Boeré, R. T. Chem. Commun.

2005, 3930-3931.

and C,, (M=Al, Ga) symmetries with the unpaired electron
localized on one ligand were also predicted by computational
methods.>? Interestingly, however, the computations indicate
that the experimentally inaccessible indium radical 19d opti-
mizes to a pyramidal geometry (C, symmetry) in which the
spin density is equally delocalized over both ligands similarly
to the bis-bam compounds 18.

Stable radicals, comprised of a four-coordinate aluminum
atom in a tetraphenylporphyrin or phthalocyanin ring system,
have been characterized in solution by EPR spectra and mag-
netic susceptibility measurements and the solid-state structures
have been determined by x-ray crystallography.®® DFT calcula-
tions indicate that the unpaired electron is delocalized
throughout the ring systems.

Deep red, paramagnetic compounds containing four-
coordinate aluminum 20a (M=Al;, R=Me, Et Bu)
(Scheme 7) are obtained by the reactions of dialkylaluminum
halides R,AIX (X=Cl, Br) with (dpp-BIAN)Na (dpp-
BIAN =1,2-bis[2,6-(diisopropylphenyl)imino]acenaphthene)
in Et,0.°* A gallium analogue 20b (M= Ga, R=1) is produced
upon addition of (dpp-BIAN)Na to ‘Gal.””” The stable neutral
radicals 20a and 20b have been characterized in the solid state
by x-ray crystallography. The EPR spectra indicate that the
unpaired electron is primarily delocalized over the dpp-BIAN
ligand, but the spin density on Al in 20a is more than twice of
that found for the related complex [C,H,(NDipp),]All,.>°

1.13.2.2.3 Radical anions

The stabilizing effect of the sterically bulky Bu‘,(Me)Si group
was also utilized in the production of trigonal planar radical
anions [MR3]®*~ (M=Al (21a), Ga (21b); R=Si(Me)Bu',)
(Figure 3(a)). These odd-electron compounds are prepared

20a (M = Al; R = Me, Et, Bul)

N
* Mg 20b (M = Ga; R =)
N
|

Ar

Scheme 7 Bis(imino)acenaphthene group 13 radicals.

by direct metallation of the neutral precursors with alkali
metals (Li, Na, K), and deep red crystals of the ion-separated
potassium salts were isolated by recrystallization in the pres-
ence of [2.2.2]cryptand.” The Si-M bond lengths (M =Al, Ga)
in the nearly planar radical anions 21a, b are somewhat
shorter than those in the neutral congeners, suggesting that
the unpaired electron predominantly occupies the 3p, and
4p, orbital of the central aluminum and gallium, respectively.
By contrast, the prototypical pyramidal radical anions
[AlH3]®™ and [GaHs]®™ have significant electron population
in the corresponding s orbitals.’*"*° Localization of the spin
density on the heavier group 13 center is also supported by the
EPR spectra, which exhibit a well-resolved sextet (a(?’Al)=
62 G, g=2.0050) and two sets of quartets (a(*°Ga)=123 G, a
("'Ga) =157 G, g=2.0150) for 21a and 21b, respectively. The
relatively small hfcc values, as well as the observed crystal
structures, are consistent with group 13 centered n-radicals
(cf. values of 154, 420 and 534 G for a(*’Al), a(*°Ga) and a
("*Ga) in [AIH;]®~ and [GaH;]® ", respectively).

The gallium-containing radical anion cluster, [GasRo|®™
(R=Bu") (22) (Figure 3(b)), is produced via one-electron
reduction of the corresponding neutral compound with
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Figure 3 Crystal structures of (a) [Al(SiMeBu’,)3]®~ (21a) and (b) [Gag(Bu’)s]®~ (22) radical anions. Adapted from Nakamoto, M.; Yamasaki, T.;
Sekiguchi, A. J. Am. Chem. Soc. 2005, 127, 6954-6955; Uhl, W.; Cuypers, L.; Kaim, W.; Schwedersk, B.; Koch, R. Angew. Chem. Int. Ed. 2003, 42,

2422-2423.
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Scheme 8 Synthesis of cyclotrigermenyl radical.

Cp*,Co.°! The crystal structure reveals a molecular core com-
prised of nine Ga atoms arranged as a tricapped trigonal prism,
analogous to the boron subhalide radical anions [BoXo|®™
(X=ClI, Br).?>2%? The Ga-Ga bonds parallel to the threefold
rotational axis in 22 are significantly shorter in length (by
~17 pm) than those in the neutral precursor resulting in a
more regular prism. The single electron is essentially localized
in the p orbitals of the Ga atoms (0.993 e™) with the capping
galliums bearing most of the negative charge (80%). Due to the
numerous overlapping lines, only a poorly resolved EPR spec-
trum was obtained (a(*”/”'Ga) <30 G).

1.13.3 Group 14 Element Radicals

The most significant recent developments in the chemistry of
stable radicals of the p-block elements have involved group 14-
centered species; several recent reviews have discussed these
advances in detail.®>=%° In this section, the foremost aspects of
this seminal work are presented in the context of cognate
organic (carbon-centered) radicals and isoelectronic group
13- and group 15-centered radicals.

1.13.3.1 Cyclic Group 14 Radicals
1.13.3.1.1 Neutral radicals

The first homocyclic, neutral group 14 radical was reported in
1997.°¢ This highly protected cyclotrigermenyl, [(2,6-
Mes,CsH3)Ge]3® (23), is obtained as dark blue crystals by
the reduction of (2,6-Mes,CsH3)GeCl with KCg in THF
(Scheme 8). The disordered triangular Ge; core in the crystal
structure of 23 is consistent with a cyclogermenyl radical

Ar = O ‘

- Q

(a germanium analogue of the cyclopropenyl radical) in which
one of the Ge-Ge linkages shows double-bond character. The
EPR spectrum of 23 displays a single resonance at §=2.0069
with an hfc constant of a(>Ge)=16 G to one germanium
nucleus (Ge, 1=9/2, 7.8%). The relatively low hyperfine
coupling is consistent with a 7 radical in which the odd electron
is localized on one of the planar sp>-hybrized germanium
centers.

A comparable, saturated Ge; triangle in the bicyclic, neutral
radical 24 (Scheme 9) is obtained by one-electron oxidation of
the parent anion.®” The Ge=Ge double bond observed in 23
has been formally replaced by the bridging-H,C-C(Me)=C
(Me)-CH,- unit in 24. Similarly to 23, the Ges core in 24 is
planar with an sp?-hybridized germanium atom at the radical
center. The EPR spectrum of 24 shows two independent sets of
multiplets (¢=2.0210 and 2.0223) with a,(">Ge)=34 G and
a2(73Ge) =26 G due to endo,exo isomerism; the small hfc con-
stants indicate a 7 radical with the unpaired electron localized
on the planar germanium center in solution.

An unusual example of a stable silyl radical, the red-purple
cyclotetrasilenyl [{Bu‘,(Me)Si}3{Si(Bu"),}]® (25) (Scheme 9),
is produced by one-electron reduction of the corresponding
cation.®® This all-silicon congener of the cyclobutenyl radical
exhibits a nearly planar Si, ring with two Si-Si bond lengths
that are intermediate between single and double bonds, while
the other two Si-Si bonds are close to single bond values, thus
suggesting an allylic structure. Consistently, the EPR spectrum
(§=2.0058) indicates additional spin density located on the
terminal Si atoms of the pseudo-allyl unit with a;(*°Si)=
40.7 G and a,(*°Si) =37.4 G, while the hfcc value of the central
silicon is expectedly somewhat smaller (a5(*°Si)=15.5 G; 2°Si,
1=1/2, 4.7%).
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Scheme 9 Cyclic silicon and germanium-containing radicals.
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Scheme 10 (a) Reaction of NV-heterocyclic silylenes or germylenes with radical sources (M =Si, Ge; R=TEMPO, CH,Ph. CMes, SiMes, OAr, Cr(CO)4,

Re(C0)s); (b) zwitterionic structure for the radicals produced.
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Scheme 11 Silicon and germanium radicals obtained from muonium reactions.

A number of persistent cyclic silicon- and germanium-
centered radicals have been produced by the reactions
of stable silylenes or germylenes with either free radicals®””°
or muonium and characterized by EPR spectroscopy and
quantum mechanical calculations.”"”? The radical reactions
involve adduct formation between N-heterocyclic silylenes or
-germylenes and a variety of radical sources, for example,
2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO), benzyl, tert-
butyl, and metal-metal-bonded radical precursors such as
(C0O)4Co0-Co(CO)4, (CO)sRe-Re(CO)s, and (CO);CpM-
MCp(CO); (M=W, Mo) (see Scheme 10(a)).*>”® The
silicon-centered radicals persist at 298 K for several days and
are stabilized by cyclic delocalization.®® Surprisingly, delocali-
zation is more extensive for Ge, indicating a strong contribution
from the zwitterionic structure with a positive charge on the
group 14 center (Scheme 10(b)).”°

The outcome of the reaction of stable N-heterocyclic
germylenes with muonium differs from that with the corre-
sponding silylenes. The former produces the muoniated
germanium-centered radical 26a, whereas the latter gives rise
to the disilanyl radical 27 via reaction of the initially formed
radical with the silylene (Scheme 11).”' However, the muo-
niated silicon-centered radical can be stabilized by the presence
of bulky N-aryl substituents close to the silicon center as
in 26b.”

The neutral, monomeric germanium(I) radical [("*"Nac-
nac)Ge:|® (28) is obtained as a purple-red solid by reduction

of the corresponding monochloride with Na[C;oHg].”>* The
molecular structure of 28 reveals a planar, delocalized hetero-
cyclic core in which the Ge center is protected by two bulky
Dipp groups (Figure 4). The EPR spectrum consists of a strong
central signal superimposed on a decet of lines resulting from
hyperfine coupling to ">Ge (I=9/2, 7.8%). The EPR data com-
bined with DFT calculations indicate that 28 is a n radical in
which the electron resides predominantly in the germanium
4p, orbital.”*® This class of radical is a likely intermediate in
the formation of heavy alkyne analogues of the type RMMR
(M=Ge, Sn).”?"

1.13.3.1.2 Radical anions

The cyclic tri- and tetrasilane radical anions, [Si{1,2-(p-
NCH,Bu"),CsH, }15® (29)7* and [Si{1,2-(1-NEt),CeHy } 4~
(30)7"* (Scheme 12), are isolated as green crystals of
ion-separated salts from the reduction of Si[1,2-(p-
NCH,Bu"),C¢H,] and Cl,Si[1,2-(u-NEt),CsHy], respectively,
with alkali metals in THF. The radical anions 29 and 30 exhibit
planar Siz and Si, rings, comparable to those of the cyclic
trigermenyl and tetrasilenyl radicals, 23 and 25, respectively.
In marked contrast to 23 and 25, however, the EPR spectra of 29
and 30 reveal significant delocalization of the spin density over
the silane rings and onto the nitrogen atoms of the N,N’-
chelated (1,2-(n-NR),CgH,) substituents (R=CH,Bu’, Et) as
indicated by the characteristic multiplets arising from coupling
to six (29) or eight (30) equivalent '*N nuclei (a(**N)=4.6 and
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Figure 4 (a) Crystal structure and (b) SOMO of the neutral radical [(®“Nacnac)Ge:]® (28). Adapted from (a) Woodul, W. D.; Carter, E.; Miller, R.;
Richards, A. F.; Stasch, A.; Kaupp, M.; Murphy, D. M.; Driess, M.; Jones, C. J. Am. Chem. Soc. 2011, 133, 10074-10077; (b) Power, P. P. Acc. Chem.

Res. 2011, 44, 627-637.
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Scheme 12 Cyclic polysilane radical anions.
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Figure 5 EPR spectrum of (a) 25 (a;(2°Si)=40.7 G, 25(2°Si) =37.4 G and a5(*Si) =15.5 G; 2°Si, /=1/2, 4.7%) and (b) 30 (a(**N)=3.5 G; "N, /=1,
99.6%). Adapted from Sekiguchi, A.; Matsuno, T.; Ichinohe, M. J. Am. Chem. Soc. 2001, 123, 12436-12437; Gehrhus, B.; Hitchcock, P. B.;

Zhang, L. Angew. Chem. Int. Ed. 2004, 43, 1124-1126.

3.5 G for 29 and 30, respectively; N, =1, 99.6%). The dis-
parity in the distribution of the unpaired electron is clearly
evident from a comparison of the EPR spectra of 25 and 30
(Figure 5). Coupling to the spin I=1/2 ?°Si isotope with low
natural abundance (4.7%) in 25 and to the spin I=1 "N
isotope with high natural abundance in 30 results in a substan-
tially different appearance of the spectra.

The germanium(II) complex (dipp-BIAN)GeCl is obtained
as deep red crystals from metathesis of (dipp-BIAN)Na
with GeCl, in diethyl ether and has been characterized by
x-ray crystallography.”” The EPR parameters indicate that the

unpaired electron is mainly ligand-localized, as is the case for
analogous Al and Ga complexes (see 20a, b in Scheme 7).

1.13.3.2 Acyclic Group 14 Radicals
1.13.3.2.1 Neutiral radicals

The classic organic radicals involving three-coordinate carbon
centers range from those with a fleeting existence, for example,
the methyl radical [CH;]*®, to species that are sufficiently stable
to be isolated in the solid state, for example, the perchlorinated
radical [(CsCls)sC]®. For the heavier group 14 elements, the
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Scheme 13  Synthesis of group 14 radicals R;E® (E=Si, Ge, Sn, Pb).

simplest radicals [H3E]® (E=Si, Ge, Sn, Pb) have very short
lifetimes. However, by utilizing the combination of the elec-
tronic properties and steric protection provided by very bulky
silyl groups, a remarkable class of neutral radicals of the type
[R3E]® have been isolated recently by Sekiguchi et al. (E=Si
(31),7° Ge (32),”° Sn (33)”; R=SiMeBu',) and by Klinkham-
mer et al. (E=Pb (34)7%7°; R=SiEt(SiMe;),). These stable,
paramagnetic compounds are produced by a common syn-
thetic approach in which the parent anion [R3E| ™ is generated
in situ and then subjected to mild, one-electron oxidation
(Scheme 13).

The bright orange triarylgermyl radical [R;Ge]® (35,
R=3,5-Bu’,-2,6-(EtO),C¢H, Figure 6) is obtained in low
yield from the addition of LiR to GeCl,(dioxane).** The yield
of 35 is greatly improved by adding LiR to a mixture of
GeCl,(dioxane) and the digermene R,Ge=GeR,.

The crystal structures of the Si, Ge, and Sn derivatives 31-33
show trigonal planar geometry with an sp-hybridized central
atom, whereas the lead compound 34 displays a minor distor-
tion toward a pyramidal arrangement (X £Pb 355°), possibly
owing to the bulkier substituent (SiEt(SiMes), vs. SiMeBu'’,).
The stability of the acyclic radicals in this series is attributed
primarily to the use of sterically demanding, electropositive
silyl substituents. However, additional stability is achieved
in 31-34 by delocalization of the unpaired electron via hyper-
conjugation between the p, orbital of the central group 14 atom
and the o* orbital of the Si-C(Bu',) (31-33) or Si-Si(Me) (34)
bonds. This interaction is also evident from the structural pa-
rameters, which exhibit a slight shortening in the E-Si bonds
(E=Sn, Pb) compared to the anionic precursors.””~"° Interest-
ingly, the Si-Si bond lengths in 31 are ~0.08 A shorter than
the Al-Si bonds observed in the isoelectronic radical anion
[(Bu‘,MeSi);Al]®~ (21a), consistent with the difference in the
sum of covalent radii (Si-Si 2.22 A vs. Al-Si 2.32 A). The struc-
ture of 35 is almost planar in the solid state (Figure 6).5

The solution EPR spectra of 31 and 32 show the expected
patterns at g=2.0056 and 2.0229 with hfcc values of a(*°Si) =
58 G and a(">Ge)=20 G, respectively, in addition to smaller
couplings to the Si atoms of the SiMeBu', substituents (a
(*°Si)=7.9 and 7.3 G).”® Only one set of satellites is observed

Copyright © 2013. Elsevier. All rights reserved.
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Figure 6 Crystal structure of R3Ge® (R =3,5-Bu’,-2,6-(Et0),CgH) (35).
Adapted from Drist, C.; Griebel, J.; Kirmse, R.; Lonnecke, P.; Reinhold, J.
Angew. Chem. Int. Ed. 2009, 48, 1962—-1965.

in the EPR spectrum of 33 in solution at g=2.0482 (''”Sn,
1=1/2, 7.8%; 119gp, I=1/2, 8.6%) owing to the overlap of
the slightly broadened signals and an average coupling con-
stant of 329 G was reported”’ (cf. typical values of 1325-
3426 G for a(*'7/'°$n) in Sn-centered o radicals®!). For the
lead congener 34, a broad EPR signal is observed at room
temperature (§=2.160), but an approximate hfc constant of a
(*°’Pb) =520 G was obtained from the frozen solution (*°”Pb,
1=1/2, 22.1%).”® The EPR spectra of 31-34 indicate the reten-
tion of the planar geometry with sp-hybridized group 14
centers, and a true m-radical character for these paramagnetic
species in solution. By contrast, variable-temperature EPR spec-
tra signify a change in geometry for 35 from planar in the solid
state (Figure 6) to pyramidal in solution.®°
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Cycdlic voltammetric studies have shown that the stable
n radicals [(Bu',MeSi)sE]® (E=Si, Ge, Sn; 31-33) are more
easily oxidized than reduced and that the ease of the irreversible
oxidation process follows the order: Sn> Ge > Si.% There is a
good correlation between the experimental oxidation potentials
and the computed ionization energy values.

The stability of the persistent bis(silyl)-substituted o radi-
cals of the type [(R5Si),HE|® (E=C, Si, Ge) has been compared
by means of EPR spectroscopy and DFT calculations. The sig-
nificant difference in kinetic stability at 240 K of the persistent
C-centered radicals and the short-lived Si and Ge-centered
congeners is attributed to disparate decay mechanisms, that
is, H abstraction for E=C and dimerization for E=Si, Ge.®?

A one-step, high-yield synthesis of stable silyl radicals
[R3Si-Si(SiMeBu',),]® that involves the reaction of RsSi-
SiHCI, with Bu‘,MeSiLi has been developed; this potentially
general approach produces orange crystals of either the new
radical [R3Si-Si(SiMeBu%),]® (RsSi= (Bu‘,MeSi),HSi) or the
known radical (R3Si=SiMeBu';).** These radicals exhibit in-
teresting photoreactivity; in the case of the latter species, expo-
sure to sunlight produces the 1,2-dihydrosilane (R;Si),HSi-
SiH(SiR;), and the blue disilene (R3Si),Si=Si(SiRs3),. This
photoreactivity is attributed to a SOMO-1— SOMO transition
that creates a hole in the SOMO-1 orbital.

1.13.3.2.2 Radical anions and cations

By taking advantage of the relatively low-lying lowest unoccu-
pied molecular orbital (LUMOs) and high-lying highest occu-
pied molecular orbitals (HOMOs) of disilenes compared to
those of the C=C double bond of alkenes, either one-electron
oxidation of the neutral disilene, [R,Si=SiR,| (R=SiMeBu",),
or one-electron reduction is easily achieved. Thus, the ion-
separated disilene radical cation [R,Si=SiR,]*" (36)°> and the

corresponding radical anion [R,Si=SiR,]*~ (37)% are formed
by reactions of the neutral disilene with [PhsC]*[(CsFs)4B]™ or
Bu'li in THF, respectively (Scheme 14). In a similar manner,
the tin-containing radical anion, [R,Sn=SnR,|®*” (38a)
(R=SiMeBu",), is produced from the neutral precursor by one-
electron reduction with potassium in the presence of [2.2.2]
cryptand (Scheme 14).%”

Crystal structure determinations of the radical anions 37
and 38a revealed one trigonal planar and one pyramidal metal
center in both cases, whereas the paramagnetic cation 36 ex-
hibits near planar geometry at both central silicon atoms. The
E-E bond length in 37 (E=Si) and 38a (E=Sn) is elongated by
~0.08 (2%) and 0.23 (9%) A, respectively, from that observed
in the neutral parent molecule, while the Si-Si bond in the
radical cation 36 is intermediate in length between the dis-
tances seen in the anion 37 and the neutral precursor. These
structural features suggest that the radical anions 37 and 38a
consist of an sp>-hybridized silyl/stannyl anion and an sp*-
hybridized silyl/stannyl radical center, while the unpaired elec-
tron in the cation 36 is delocalized over the central Si-Si bond
(Scheme 14). In solution, however, the EPR spectra of the
paramagnetic disilene cation and anion, 36 and 37, display
virtually identical hfc constants at room temperature (a(>°Si) =
23 and 24.5 G; §=2.0049 and 2.0061, respectively) that are
approximately half of that observed for the structurally similar
neutral silyl radical, [(Bu‘,MeSi)3Si]® (31, a(*°Si) =58 G), thus
indicating delocalization of the unpaired electron in both of
the charged disilene radicals. At low temperature (120 K), the
delocalization in 37 is suppressed, as evinced by the increase in
the hfc constant to 45 G. The tin analogue 38a, on the other
hand, exhibits a central signal (§=2.0517) with two pairs
of satellites (a(*'”/'"°Sn,)=340 G, a("'"/""?Snp)=187 G, cf.
329 G for 33) in the solution EPR spectrum at room

R THF R CeFe)aB™ Li*(THF),
\S.\\“LI'I/S./ R\ /R + /R
I | o .
NG N Si===si 1 Si— Si
R THE R / N :
41 (solid state) R 36 R R a7 R
(vi) ! . N

(E=Si) K*[2.2.2]cryptand
R

R\ o ./

E—FE (iii) R ,..\\Sn—Sn\
/ \ (E=Sn) R R

R R 38a
(E=Si, Sn;
R=SiMeBu'y) Dimer.
R : R (solv) R
2 /Si—M(crown ether) R.u\\Sn—Sn“'K""Sn—Sr.w,,‘R
R 7 | w7 | N
R R (solv) R R
39 38b
(M=Li, Na, K) (frozen solution, 100 K)

Scheme 14 Utilization of the neutral disilene and distannene, R,E=ER, (E=Si, Sn; R=SiMeBu’,), in radical formation. (i) [Ph3C]*[(CeFs)4B]~; (ii)
BuLi®®; (iii) K/[2.2.2]cryptand®” 28, (iv) 2.2 eq. M/Naphthalenide (M =Li, Na, K), 2 eq. crown ether3®%; (v) 2.2 eq. M/Naphthalenide (M=Li, Na, K),

4 eq. crown ether; (vi) 10 eq. LiBr, THF (M =Li).2>%°
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temperature, consistent with the localization of the single elec-
tron on one of the tin centers as was also inferred from the
solid-state structure. It was suggested that the distannene rad-
ical anion 38a aggregates to a paramagnetic triplet state dimer
38b (Scheme 14) in glass matrix conditions (2-methyl-THF at
100 K) based on the observation of a signal corresponding to
the forbidden AM,=2 transition in the half-field region of the
spectrum (1631 G).%8

While the mild, one-electron reduction of the disilene
R,Si=SiR, (R=SiMeBu',) affords the corresponding radical
anion 37, the use of a stronger reducing agent, M/naphthale-
nide (M=Li, Na, K), results in cleavage of the central Si=Si
bond and formation of ‘monomeric’ radicals, either as contact
ion-pairs [R,SiM(crown ether)]® (39) or as ion-separated salts
[M(solv),]"[R,Si]®*~ (40) (M=Li, Na, K; solv=crown ether
(n=2), THF, dimethoxyethane (DME) (n=4); R=SiMeBu',),
via a two-electron reduction process (Scheme 14).5%°° The
possibility of obtaining neutral radicals 39 or anionic paramag-
netic species 40 (the anion radical of a silylene) was first noted
when the EPR spectra of [R,Si]®Na(15-crown-5), were
recorded in both polar (THF and DME) and nonpolar (toluene)
solvents.®’ It was apparent from the EPR spectra (Figure 7) that
in polar solvents the paramagnetic species exists as an ion-
separated salt 40 with a(*°Si,)=29.1 G and a(*’Sig) =10.2 G,
whereas in a nonpolar solvent the coupling to the Na™ cation
was also observable for the contact ion-pair 39 (a(**Na)=
1.9 G; 2Na, 1=3/2, 100%). Subsequently, the controlled for-
mation of 39 and 40, both in solid state and in solution, was
achieved by using the appropriate amount of crown ether
according to the reactions (iv) and (v) in Scheme 14.3°°

The solvent-separated ion-pair 40 (M=Li, crown
ether=12-crown-4, Scheme 14) is converted to the contact
ion-pair 39 by removal of the crown ether with LiBr. The
product exists as a monomer in solution, as shown by the
EPR signal with hfc constants of a(*’Si,)=34.0 G, a(**Sig) =
9.7 G and a(’Li)=1.6 G ("Li, I=3/2, 92.5%), but dimerizes in
the solid state to the diradical [(p-Li-THF),(SiR,),]®® (41)
(R=SiMeBu",) (Scheme 14), as proven by the x-ray crystal

a°Siq) a°Sip)

\

(a)

structure.*”? The diradical 41 was produced earlier by
ultraviolet (UV) irradiation of the frozen hexane solution
(150K) of the gem-dilithiosilane, [(R,SiLi,)(R,HSiLi),]
(R=SiMeBu',), and its triplet state nature was determined
from the EPR spectrum, which consists of a signal with four
29Si sidebands arising from AM,=1 transitions and a signal at
half-field (1675 G) resulting from the forbidden AM =2
transition.”’

In contrast to linear alkynes RC=CR, the heavier group 14
congeners, RE=ER (E=Si, Ge, Sn), assume a trans-bent geom-
etry with respect to the triple bond.??~** Similarly to the heavy
alkene analogues R,E=ER, (E=Si, Sn) described above, this
results in a relatively low energy level for the LUMO in the
heavy alkyne compounds. By exploiting the resulting lowered
potential for reduction, the disilyne radical anion,
[RSi=SiR]®*~ (R=Si(Pr')|CH(SiMes)5],) (42), is obtained di-
rectly from the neutral precursor by one-electron reduction
with KCq (Scheme 15).° The analogous germylene and stan-
nylene radical anions, [RE=ER|®*” (M=Ge, R=2,6-
Tripp,CsHs (43a) or 2,6-Dipp,CsHs (43b); E=Sn, R=2,6-
Tripp.CsHs (44a) or 2,6-Dipp,CsHs (44b); Tripp=2,4,6-
Pri;CgH,, Dipp:2,6-Pri2C6H3), however, are produced by
the reduction of RECI (E= Ge, Sn) (Scheme 15).”%>"*

The crystal structures of the ion-separated, paramagnetic
species 42-44 show retention of the trans-geometry around
the central RE-ER bond.””™** Most significantly, the central
E-E bond is markedly elongated in the radical anions
(by ~0.11, 0.03, and 0.13 A in 42, 43b, and 44a, respectively)
compared to the neutral molecules, even to the extent of
approaching single-bond values. This extensive lengthening
of the E-E bond can be explained by a structure in which
both group 14 centers bear a lone pair and the unpaired
electron is delocalized over the E-E p,-orbital, thus giving a
formal bond order of 1.5 (Scheme 15). In addition, narrowing
of the E-E-R angles compared to the neutral, triply bonded
species (by ~21°, 25°, and 31° in 42, 43b, and 44a, respec-
tively) contributes to a further elongation of the E-E
distance.”*

a(®®Na)
e,

a(ZQSia) a(2QSiB)

\

(b)

Figure 7 EPR spectrum of (a) solvent-separated ion-pair [RoSi]® ~[Na*(THF),] (40) in DME (a(*Si,) =29.1 G and a(**Sig) =10.2 G), and (b) contact
ion-pair [RoSiNa(15-crown-5)]® (39) in toluene (a(*%Si,) =29.1 G, a(**Sig) =10.2 G and a(**Na) =1.9 G); g=2.0074, R = SiMeBu’,. Adapted
from Inoue, S.; Ichinohe, M.; Sekiguchi, A. J. Am. Chem. Soc. 2007, 129, 6096-6097.
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Scheme 15 Synthesis of dimetallyne radical anions.
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45¢: R,R’ = CH(SiMey),
45d: R,R’ = p—[(CH,),{C(SiMeg),}]

Scheme 16 Synthesis of phosphinyl radicals.

The EPR spectrum of 42 shows a triplet arising from cou-
pling to the o-hydrogen of the iso-propyl groups (a('H)=
2.3 G). This triplet is accompanied by two pairs of satellites
with a(*’Si,)=39.2 G and a(*’Sig)=22.4 G. The magnitude
of the hfc constants indicates the presence of a m-radical
and extensive delocalization of the odd electron over the
Si-Si bond and onto the substituents.”> Consistently, rela-
tively small hfc constants of a(">Ge)=7.5 G, a(''’Sn)=8.3 G,
and a(''”’Sn)=8.5G were obtained for 43b and 44a,
respectively,”*°* indicative of low unpaired electron density at
the germanium and tin centers, and localization of the odd
electron in an orbital of n-symmetry.

The blue radical cation {Sn[PhB(u-NBu‘),],}®" has been
identified at low temperatures by EPR spectroscopy, supported
by DFT calculations.”” The thermal instability of this radical
cation is reminiscent of the behavior of the isoelectronic
neutral radical {In[PhB(p-NBu'),],}*® (18d, Scheme 6). In
contrast to the D,yg-symmetric indium-containing radical,
however, DFT calculations predict a C, symmetry for {Sn
[PhB(pu-NBu'),],}*" with spin density localized on only one
of the boraamidinate ligands.””

1.13.4 Group 15 Element Radicals

Copyright © 2013. Elsevier. All rights reserved.

Stable radicals involving group 15 elements are restricted pri-
marily to phosphorus-containing systems. A short review that

emphasizes the diversity of both stable and persistent phos-
phorus radicals covers the literature up to 2004.°°

1.13.4.1
1.13.4.1.1 Neutral radicals

The simplest phosphorus-centered radicals are the two-
coordinate neutral phosphinyl radicals, [R,P]® (45). Numer-
ous derivatives of this paramagnetic species have been pro-
duced since its first discovery 45 years ago,’’ most frequently
by photolysis of the appropriate chlorophosphane in the pres-
ence of an electron-rich alkene (Scheme 16).°%°° The mono-
meric radicals 45 normally dimerize to the corresponding
diamagnetic diphosphanes, [R,P], (46), both in the solid
state and upon cooling the solutions of these odd-electron
species.'?°~'9? Enhanced stability has been achieved, however,
for example with R=CH(SiMe;3), substituents (45c) resulting
in derivatives that are indefinitely stable both in solution and
in the gas phase.'®

The gas-phase electron diffraction structures of 45b (R/
R =N(SiMe;),/NPr’,)'*? and 45c¢ (R=R'=CH(SiMe;),)'*
reveal a V-shaped arrangement («NPN=99.0° and
£2CPC=104.0°, respectively) around the central phosphorus
atom. Most significantly, the structure of the stable radical 45¢
shows a syn,syn conformation for the CH(SiMes), groups, in
contrast to the syn,anti arrangement observed for the dimer
46¢c. DFT calculations indicate that the disparity in the

Phosphorus
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conformations of 45c and 46c¢ is a significant contributor to the
remarkable stability of the monomeric radical 45c¢ in solution,
that is, the transformation between 45c and 46¢ involves an
isomerization of the substituents in addition to P-P bond
cleavage. The latter process is estimated to require 95 kJ mol ™!,
while the subsequent isomerization of the radical 45c¢, to give
the syn,syn conformation, releases an energy of 67.5 kJ mol "
for each of the monomeric units, thus giving an overall exo-
thermic process of ~40 kJ mol~! for the conversion of 46¢
to 45¢.10%P

The first example of a stable dialkylphosphinyl radical 45d
was isolated recently as highly air-sensitive yellow crystals pro-
duced by reduction of the corresponding chlorophosphane
with KCg in hexane.'®* The cyclic derivative 45d is related to
the acyclic radical 45c via the linking of the two C(SiMes),
substituents through a -CH,-CH,- bridge. Radical 45d was
shown to be monomeric in the solid state by x-ray
crystallography.'®* DFT calculations show that the SOMO is
an almost pure 3p orbital on the two-coordinate phosphorus
atom with a small contribution from c*(Me;Si-C) orbitals,
while the HOMO is a nonbonding orbital on the phosphorus
atom. In solution the weak visible absorption band at 445 nm
is attributed to the n(P)—3p(P) (HOMO —SOMO) transi-
tion. The spin densities on the P atom and each Si atom are
0.90 and 0.02-0.03, respectively, leading to the suggestion that
45d is thermodynamically stabilized to some extent by 3p(P)-
c*(MesSi-C) interactions. Consistently, the EPR spectrum of
45d in 3-methylpentane shows a doublet flanked by 2°Si
satellites.

A vanadium-containing phosphinyl radical [R,P]® (R=NV
[N(Np)Ar|5; Np=neopentyl, Ar=3,5-Me,CsH3) (45e)
(Scheme 17) that is stable both in solution and in the solid
state is produced by one-electron reduction of the correspond-
ing chlorophosphane.'®® Similarly to the acyclic dialkylpho-
sphinyl radicals 45b and 45c, the solid-state structure of 45e
shows a V-shaped phosphorus center («NPN=110.9°). The
stability of the radical 45e is achieved by delocalization of the
unpaired electron onto the vanadium centers, which form a
redox couple (IV/V). The delocalization is also evident from
the EPR spectrum of 45e. Whereas the dialkylphosphinyl rad-
icals 45a-d show hfc constants of 75.9-96.3 G to the central
phosphorus atom (*>'P, I=1/2, 100%) with significantly smal-
ler coupling to the substituents, the hfcc value of 42.5 G to the
phosphorus atom in 45e is substantially smaller and the cou-
pling to the two transition-metal centers of a(>'V)=23.8 G
indicates extensive delocalization of the unpaired electron.
For comparison, the hfcc values of the paramagnetic

D|
Ar pp

NpN

NpN
Dlpp

45e; Np = CH,Bu! 45¢

Ar=3,5-Me,C¢Hj

Scheme 17  Examples of stable phosphinyl radicals.

\ /P\ /N
Ar W =N N—V/,, Ar / \ N—V/, Ar
NpN* 4 \’ N Np

phosphinyls 45a-d are indicative of n-radicals in which the
odd electron is located predominantly in the phosphorus 3p
orbital (45a: a(*'P)=87.0G, a(**N)=5.56G, 6x a(*’F)=
10.1 G, 2x a(*H)=1.0 G'; 45b: a(*'P)=75.9 G, a(*'N)=
5.95 G*%%%; 45¢: a(*'P)=96.3 G, 2 x a('H) =6.40 G**°%; 45d:
a(*'P)=90.7 G, (a(*’Si)=17.3 G))."**

The imidazolidin-2-iminato ligand also stabilizes phosphi-
nyl radicals as indicated by the two examples 45f and 45g in
Scheme 17. The homoleptic, red compound 45f is obtained by
reduction of the corresponding cation; the heteroleptic species
45g, a dark red solid, has also been prepared.'°*" Radical 45f in
THF solution displays a doublet [a(*'P)=78 G] in the EPR
spectrum with no observable coupling to '*N. By contrast,
the hybrid radical 45f exhibits an eight-line pattern due to
coupling with the *'V nucleus [a(*'V)=58 G] (°'V, I=7/2.
99.7%) but the weak coupling (< 10 G) to >'P is not resolved.
Comparison of the EPR parameters for the series of phosphinyl
radicals 45e-g, in conjunction with DFT calculations, demon-
strates that the vanadium-iminato ligand is more effective
in delocalizing the spin density from the phosphorus
nucleus. '

Cyclic 7 m-electron radicals of the type [(CH,),(NR),P]®
(47, R=Bu’, Mes, Dipp) are generated upon warming toluene
solutions of the P-P bonded dimer to 353 K as indicated by
the EPR spectrum of this solution which exhibits a doublet
of 1:2:3:2:1 quintets [a(*'P)=41G| and [a(''N)=5.8 G]
(Scheme 18).1°° Couplings to P are lower and to N are higher
than those in comparable acyclic phosphinyl radicals (vide
supra) as a result of delocalization of the unpaired electron in
the cyclic n-system of 47.

The persistent diphosphanyl radical, [Mes*MePPMes*|®
(48), a close relative of the phosphinyl radicals 45, was first
observed in cyclic voltammetric studies of the diphosphene salt
[Mes*MeP=PMes*][OSO,CF5].'°” Subsequently, 48 was pro-
duced by reduction of the corresponding cation with tetrakis

R R R
/ \ /
N N N
N/ L \
I - 2 P
/ \ /
N N N
\ /
R R R

a7

Scheme 18 Dissociation of diazaphospholene dimers into
monomeric radicals 47 (R=Bu’, Mes, Dipp).
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Scheme 19 Synthesis of a diphosphanyl radical.
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Scheme 20 A 1,3-diphosphaallyl radical and a metal complex of a
triphosphaallyl radical.

(dimethylamino)ethene (Scheme 19).'°® The paramagnetic
species 48 can be isolated as a solid, although magnetic mea-
surements indicate a partial dimerization (10%) during the
liquid to solid transformation; no crystal structure has been
reported.'®® Slow decomposition of 48 occurs in the solid state
while in solution the half-life is ~90 min.

The EPR spectrum of the diphosphanyl radical 48 shows a
four-line signal consistent with coupling to two inequivalent
phosphorus atoms (a(*'P)=139.3 and 89.3 G).'°® The larger
of the two hfc constants is attributed to the two-coordinate
phosphorus center, which is expected to carry the major part of
the spin density, and the smaller coupling is assigned to the
three-coordinate phosphorus. Consistently, DFT calculations
disclose a small s contribution to the SOMO (10%), while
confirming that most of the spin density resides in a p orbital
of the two-coordinate (74%) and three-coordinate (15%)
phosphorus atoms. Since the calculations predict minimal
delocalization of the unpaired electron, the stability of 48 is
attributed mainly to the steric protection provided by the Mes*
substituents.

Several short-lived 1,3-diphosphaallyl radicals have been
suggested either as reaction intermediates or on the basis
of EPR spin-trapping experiments.'®>''® The introduction
of amino substituents has a powerful stabilizing effect, and
the red diphosphaallyl radical [(Pr,NP),C(NPr,)]® (49)
(Scheme 20) is produced from the cyclic cation [(Pr',N),P(us-
P)C(NPr,)]" either by electrolysis or by reduction with lithium
metal.''! The EPR spectrum of 49 in THF exhibits a significantly
broadened five-line signal (§=2.0048) with an intensity ratio of
1:3:4:3:1 that remains unchanged in the temperature range —60
to 425 °C. The spectrum can be interpreted by invoking hyper-
fine coupling to two equivalent phosphorus nuclei (a(*'P)=
9.4 G), two equivalent nitrogens (a('*N)=1.5 G), and a unique
nitrogen atom (a('*N)=9.9 G), thus indicating significant sta-
bilization of the radical by delocalization of the unpaired elec-
tron over a total of five atoms. The red crystals of 49 were not
suitable for x-ray analysis.'"

A black crystalline compound in which a triphosphaallyl
radical is stabilized by coordination to a metal (50) is obtained

Me
48

(Mes*=2,4,6-Bul3CgH.,)

by photolysis of the phosphinidene complex [Cp*P[W
(CO)s],] in the presence of Mes*P=PMes* in toluene.''? The
P-P bond lengths in 50 indicate a bond order of 1.5. The
molecular orbital analysis of 50 reveals a m-allylic system that
is partially resonance-stabilized by the d orbitals of both W
atoms. The spin density distribution in the SOMO shows that
the unpaired spin is evenly distributed over both terminal P
atoms. Consistently, the EPR spectrum of 50 in hexane exhibits
a doublet of triplets with a(>'P)=89.1 G and a(*'P)=21.1 G
for the terminal and central P atoms, respectively. The radical
50 undergoes one-electron oxidation with AgSbF to give the
thermally unstable cation 50", while one-electron reduction
with CoCp, produces the stable anion 50~."'?

The  cydlic 1,3-diphosphacyclobuten-4-yl ~ radical,
[(Mes*C),(PBu‘)P]® (51, Mes* =2,4,6-Bu’sC4H,), is isolated
as deep red crystals by treatment of the phosphaalkyne
Mes*C=P with Bu'Li followed by one-electron oxidation
with iodine (Scheme 21).'3? The structure of 51 is comprised
of a nearly planar four-membered ring with trigonal planar
carbon atoms, a pyramidal phosphorus atom, and a two-
coordinate phosphorus atom. The bond parameters suggest a
pure single bond for the P-C bonds involving the three-
coordinate phosphorus atom and partial double-bond charac-
ter for the other two P-C bonds. The room-temperature EPR
spectrum of 51 in toluene exhibits a four-line central signal
with small satellites (§=2.0025), from which hfc constants of
a(®*'P,)=20.4 G, a(*'Pp)=10.2 G, and a(">C)=30.2 G were
obtained. The relatively low *'P hfcc values compared to
those observed in phosphinyl and diphosphanyl radicals (45
and 48), as well as the metrical parameters, support an allylic
radical in which the unpaired electron is delocalized mainly in
the CPC unit (Scheme 21) cf. cyclotetrasilenyl 25 (Scheme 9).
Ab initio calculations, however, predict that 80-90% of the
spin density resides on the two carbon atoms. The analogous
reaction with Mel instead of I, generates the carbon-centered
biradicaloids 52 (Scheme 21) with singlet ground state owing
to the conjugative interaction between the nonbonding elec-
tron pair on phosphorus and the unpaired electrons at the
carbon atoms.! 3"

The phosphorus(V)-containing dianion radical [P
(NBu")5(NSiMe3)]*~® is generated, as the dilithium derivative,
by one-electron oxidation of the trilithium salt of the
corresponding tetrakisimidophosphate trianion [P
(NBu")5(NSiMe3)]>~ (a tetraimido analogue of orthophos-
phate PO,*>7)."'" The formally neutral radical {Li,[P
(NBu")3(NSiMe3)]}® exists as deep blue crystals that adopt
highly distorted PN3LisX cubic structures (53a, X=I; 53b,
X=O0Bu") in which an entrapped LiX molecule provides one
edge of the cube (Scheme 22).'"" In an extremely dilute THF
solution, solvation of the Li" counterions causes cleavage of
the cubic structure to give the solvent-separated ion-pair 54
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Scheme 22 Dissociation of LiX from a cubic phosphorus(V)-containing radical.
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Scheme 23 Phosphorus(V)-containing verdazyl radicals.

and a molecule of (THF);Lil. The EPR spectrum of 54 displays
a complicated, approximately 50-line signal (§=2.0063) that
is best simulated with hyperfine couplings to one phosphorus
atom (a(*'P)=23.1 G), two equivalent nitrogen centers (a
(**N)=5.38 G), two unique nitrogen atoms (a('*N)=7.38
and 1.93 G), and a single lithium nucleus (a(’Li)=0.30 G).
The relatively small 31p hfc constant in 54, compared to those

Copyright © 2013. Elsevier. All rights reserved.
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in 45 and 48, indicates a small amount of spin density located
at the phosphorus center. This conclusion is supported by DFT
calculations that predict a SOMO consisting predominantly of
nitrogen-based 2p orbitals for 54."1411°

Synthetic approaches to persistent phosphorus-containing
verdazyl radicals, for example, 55, 56, and 57 (Scheme 23),
have been developed.''®™''? These radicals decompose owing
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to hydrogen transfer from the N-methyl groups. The EPR spec-
tra reveal only small spin density at phosphorus [a(*'P) <5 G].
In the phosphazene-verdazyl 57 the spin density on the phos-
phazene nitrogen atoms bonded to the spirocyclic phosphorus
center has been attributed to a through-space, spiroconjuga-
tion mechanism.''”"''®

UV irradiation of a benzene solution of an NHC with
[{(Pr'0),(0)P},Hg] produces the NHC-phosphoryl radical
adduct 58 (Figure 8).'?° The EPR spectrum of 58 exhibits a
doublet of quintets with (a(*'P)=48.7 G) and a('*N)=4.7 G.
The calculated Mulliken spin density of 58 reveals a ring-
centered radical with 53% of the spin density on the central
C atom and 34% on the other ring atoms. The half-life of the

al'p)
- B
Mes
N /OPr’
M\ ffeene ‘ >7 P,
N };OPH'
Mes
58

Figure 8 EPR spectrum of a benzene solution of the NHC — phosphoryl
radical adduct 58 recorded at 298 K under UV irradiation. Adapted

from Tumanskii, B.; Sheberla, D.; Molev, G.; Apeloig, Y. Angew. Chem.
Int. Ed. 2007, 46, 7408-7411.

i PCI3
ii OXId

lMg/THF
Ar—Br

[Ar—C J
C Cl X

(Ar=2,6-Pri,CqHa, (oxid. =electrolysis or

2,4,6-PrisCgHy)

Scheme 24 Synthesis of radical cations [ArsP]*®.
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radical 58 is estimated to be 7.1s on the basis of a kinetic

analysis of the decay of the EPR signal.'?°

1.13.4.1.2 Radical cations

Sterically protected triarylphosphanes ArsP are produced
by the in situ reactions of organocopper reagents (ArCu),
with PCls. Subsequent one-electron oxidation, either by
bulk electrolysis or with silver(I) salts AgX (X=][ClO4] ",
[PFs]~, [SbFs] ), produces persistent radical cations, [ArsP]®*
(Ar=Dipp, Tripp; Dipp =2,6-Pr’,C¢Hs; Tripp = 2,4,6-Pr'’3CH,)
(59) (Scheme 24)."%"'?2 The solution EPR spectra show a doublet
with a(*'P)=239 (59a) and 237 G (59b), thus indicating
the expected pyramidal, P-centered radicals. Frozen glass EPR
spectra imply a significant flattening of the molecule (small ar
component of the hfc tensor) that brings the iso-propyl substitu-
ents in ortho positions closer together, thus providing more shield-
ing for the unpaired electron and, therefore, contributing to the
stability of the radical cations 59."*

NHC ligands stabilize highly reactive diatomic molecules,
for example, P,'?*'?* and PN'?° (see Chapter 1.16). The bis
(carbene)-stabilized P, adduct 60 undergoes one-electron oxi-
dation with Ph3C"B(C¢Fs),~ to give the purple monocation
radical 60°* (Scheme 25).'** The EPR spectrum of 60°* dis-
plays a triplet of quintets due to a moderate coupling to the two
equivalent P atoms [a(*>'P)=42 G] and a small coupling with
two N atoms [a(**N)=3 G]. The EPR spectrum of the related
dark red cation radical 61°** (Scheme 25) also appears as a
triplet [a(*'P)=44 G], but the coupling to the four nitrogen
nuclei could not be resolved.'** The P-P bond lengths in the
cation radicals 60°* and 61°" are significantly shorter than
those in the neutral precursors as a result of the removal of one

ri
p
o u.

Pri

Pri
R 59a; R=H
59b; R=Pr'
Dipp
Dipp
N /
oo ‘ N .P.
N
N oo N
Dlpp \ Dipp
Dipp
62

Scheme 25 Neutral precursors of the radical cations 60°*, 61", and 62° .
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electron from the doubly occupied ©* orbital upon oxidation.
The bis(carbene) adduct of the PN molecule 62 is also oxidized
by PhsC"B(CgFs)s~ to the dark brown cation radical 62°7,
which exhibits a doublet [a(*'P) =44 G] in the EPR spectrum
measured in fluorobenzene; coupling to the N atom of the PN
unit was not observed.'?> Consistently, calculations by the
natural bond order (NBO) method reveal that the spin density
in 62°7 is mainly distributed on the P atom. The P-N bond
length in the cation radical 62°" is significantly shorter than
that in the neutral precursor 62, as expected for the removal of
one electron from the doubly occupied HOMO (n* orbital)
upon oxidation.

In addition to steric effects, a phosphinyl radical is stabi-
lized by the positive charge in the cation radical 63®"
(Scheme 26), which inhibits dimerization by electrostatic
repulsion.'?® The EPR spectrum of 63°" shows a doublet [a
(*'P) =99 G] and some poorly resolved fine structure. The *'P
hfc in 63°" is comparable to the values of 76-96 G observed
for neutral phosphinyl radicals (see Section 1.13.4.1.1). Con-
sistently, NBO calculations confirm that the spin density in
63°*" is primarily localized on the phosphorus atom.

The strong electron-acceptor property of pentavalent phos-
phorus atoms stabilizes radical cations, as exemplified by the
isolation of the deep purple diphosphafulvenium monocation
64°*" (Scheme 26), which is prepared by one-electron reduc-
tion of the corresponding dication with CoCp,."*” The struc-
tural data for 64®* indicate that the cyclic C=C double bond is
unaffected upon reduction, whereas the exocyclic C-C bond
has lost its double-bond character; consistently, the LUMO is

Ph Me
\i
Ph P
N ° \\“'Ph
) I D
N Ph e
o |

Dipp Me Ph

63°* 64°*

Scheme 26 Phosphinyl and diphosphafulvenium radical cations.

antibonding with respect to these two carbon atoms. The so-
lution EPR spectrum of 64°** at 300 K is comprised of a 1:2:1
triplet [a(*'P) =30 G] with additional fine structure indicating
hyperfine coupling with two equivalent phosphorus atoms."*’

In contrast to monoiminophosphoranes Ph;P=NR
(R=alkyl, aryl), bis-iminophosphoranes in which two Ph;P=N
groups are bridged by planar nt-systems, for example, ethylene or
conjugated phenylenes, form persistent cation radicals upon one-
electron oxidation.'?® The unpaired electron in these systems is
delocalized on the two p, N orbitals and the n-system of the
bridging group with very little spin density on the phosphorus
atoms.

1.13.4.1.3 Radical anions

The formation of the persistent diphosphene radical anions,
[RPPR]®*™ (65), is observed in solution when the ‘dimeric’
contact ion pairs, [MT],[R4P4]*~ (M=Na, R=phenyl; M=K,
R=cyclohexyl), are treated with [2.2.2]cryptand. By contrast,
in the solid state, the radical anions dimerize to re-form the
ion-separated salts [R4P4]>~ [(M1),{[2.2.2]cryptand}],, as
established by x-ray crystallography (Scheme 27).'?° The EPR
spectra of 65 exhibit a triplet arising from the coupling of
the unpaired electron to two equivalent phosphorus atoms
(a(*'P)=40.9 (65a) and 45.2 (65b) G; g=2.0089 and 2.0099,
respectively) with additional splitting owing to spin-density
distribution onto the substituents (a(*H)=3.0 and 1.4 G (65a)
and a('H)=3.6 G (65b)).

Diphosphene radical anions that are kinetically stabilized
both in solution and in the solid state, 65¢ (R=Bbt=4-[C
(SiMe3)s]-2,6-[CH(SiMe3),],CsH,) and 65d (R=Tbt=2,4,6-
[CH(SiMes),]5CsH,), are produced by one-electron reduction
of the neutral diphosphene obtained by magnesium reduction
of RPCl, (Scheme 27)."*° Analogously to 65a-b, the EPR
spectra of 65¢ and 65d show a triplet with a(*'P)=48.0 and
47.6 G (§=2.009 and 2.010), respectively, indicating uniform
delocalization of the spin density on both phosphorus centers.
However, in contrast to 65a-b, further delocalization onto the
substituents is not observed. The Raman spectra of 65c-d
suggest significant elongation of the P-P bond compared to
that in the neutral precursors by displaying a strong Raman line
at ~540 cm ™! for the vp_p stretching vibration, cf. ~610 cm™"
for the P=P double bond in RP=PR (R=Bbt, Tbt) and

2—
(solv),M R o=
* \\E// M(solv), | R
RP™ | —>R\ /P\/P\ — —/
| pr  [222Jcryptand P P R . P—P
RP~ (excess) | R
L R M+
(R=Ph, Cy) (M*[2.2.2]cryptand),
65a; M* = Na[2.2.2]cryptand,
Cl [ r| Liidme R=Ph
e 2 Mg / 65b; M* = K[2.2.2]cryptand,
2R —P\ e p—p (dme = 1,2-dimethoxy- R=Cy
cl 7 ethane) 65¢; M* = Li(dme)s,
L R = Bbt
(R = Bbt = 4-[C(SiMej)3]-2,6-[CH(SiMe3),],CsHo 65d; M* = Li(dme)s,
R = Tbt = 2,4,6-[CH(SiMe3),]3CsHy) R =Tbt

Scheme 27 Synthesis of diphosphene radical anions.
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Figure 9 Negative hyperconjugation in the anion radical [Ph,C=C
(PPh,PS),]®~ (66°~). Adapted from Cantat, T.; Biaso, F.; Momin, A,;
Ricard, L.; Geoffroy, M.; Mézailles, N.; Le Floch, P. Chem. Commun.
2008, 874-875.

530 cm ™" for the P-P single bond in Ph,P-PPh,. Elongation
and, hence, weakening of the P-P bond in the radical anions
65 are consistent with DFT calculations that indicate a SOMO
composed of an antibonding P-P n* orbital.'*!

The one-electron chemical or electrochemical reduction of
a bis(diphosphene) in which two DippP=P units are linked by
the bulky arene spacer group —Cg(CgH,-4-Bu'),— produces the
corresponding anion radical.’>? The EPR spectrum of this rad-
ical is comprised of a triplet of triplets (a(>*'P) =98 and 25 G).
The EPR parameters together with the results of DFT calcula-
tions indicate that the diphosphene core becomes planar upon
addition of an electron and that the radical anion is best
represented by quinone-like resonance structures.'>?

Pentavalent phosphorus substituents, for example, PPh,S,
are also effective in stabilizing alkene radical anions. Thus, the
neutral alkene Ph,C=C(PPh,S), is reduced by alkali metals in
THF or DME to the corresponding purple radical anion 66°~
(Figure 9), which can be isolated as the deep purple, dimeric
[K(DME),|* salt."** The increase in the C-C bond length in
the alkene unit by ~0.1 A indicates a loss of double-bond
character upon reduction; the SOMO in the radical anion is
the n*(C=C) orbital. The EPR spectrum of the [Na(18-crown-
6)]" salt of 66° exhibits a 1:2:1 triplet [a(*'P)=10.3 G] with
additional fine structure resulting from interactions of the
unpaired electron with the protons of the two carbon-bonded
phenyl rings. Consistently, DFT calculations show that the C-
C bond is strongly polarized toward this carbon atom; the
resulting negative charge at the phosphorus-bonded carbon
atom is stabilized by negative hyperconjugation with the o*
(P-C) and o*(P-S) orbitals (Figure 9).

The first example of a dianion radical of a five-membered
aromatic ring, the diazaphosphole derivative 3,5-Ph,-1,2,4-
C,N,P (6727®), has been isolated as the black [K(18-crown-
6)],°" salt.’** An x-ray structural investigation revealed a
triple-decker ‘inverse sandwich’ arrangement in which 67°~®
is n°-coordinated to two [K(18-crown-6)] cations. The EPR
spectrum of 67°~® shows a doublet with a relatively small
phosphorus coupling [a(*'P)=11.6 G].

1.13.4.2 Arsenic, Antimony, and Bismuth

The chemistry of stable, arsenic-, antimony-, and bismuth-
centered radicals has remained virtually unexplored. The EPR
spectra of the persistent arsenic and antimony congeners of the

triarylphosphane radical cation, [ArsP]** (59) (Scheme 24),
indicate the expected pyramidal structure, but no further
discussion of these species was presented.'?!

An antimony-containing congener of the diphosphene
radical anion 65c, [(Bbt)SbSb(Bbt)]®~ (68), is obtained
from a reaction analogous to that shown for the synthesis
of 65c in Scheme 27.'%! The crystal structure of 68 reveals an
elongation of ~0.05 A in the Sb-Sb bond length (2.7511(4)
A) compared to the value of 2.7037(6)A in the distibene
[(Bbt)Sb=Sb(Bbt)], consistent with a SOMO comprised of
an E-E m*-orbital as predicted for both 65 and 68 (E=P,
Sb) by DFT calculations. Only a broad signal is observed in
the EPR spectrum of 68 in solution (g=2.097), while in the
solid state a complicated spectrum is obtained due to cou-
pling of the unpaired electron with two equivalent Sb centers
each with two EPR-active isotopes ('2'Sb, I=5/2, 57.25%;
1238b, [=7/2, 42.75%)."3!

The seven-atom 37-valence electron cluster [As;]*~® is
formed in high yields as the red [K(2,2,2-crypt)],*" salt from
a solution of K3As; in ethylenediamine and an excess of cryp-
tand, presumably as a result of oxidation of the trianion.'”
Magnetic and EPR measurement confirm the paramagnetic
nature of the radical dianion [As;]>~®.

The synthesis of the 6m-electron anion [1,2-CsH,4P,Sb]™
from the reaction of 1,2-(PLi;),CsH, (generated in situ in
tetramethylethylenediamine (TMEDA)) with Sb(NMe,); in
toluene is accompanied by the formation of black crystals of
the [Li(TMEDA) ", salt of the tetranion [1,2-(C¢H4P,Sb),]*,
which exhibits an Sb-Sb bond length that is only ~0.1 A
longer than an Sb-Sb single bond.'*® Although the tetraanion
is a dimer of the 7n-electron dianion radical
[1,2-(C6H4P,Sb),]**, this paramagnetic species is not detect-
able in solution (or the solid state). DFT calculations reveal
that the association into a dimer is primarily due to bonding to
the Li* counterions.'*¢

In contrast to the neutral radicals {M[PhB(n-NBu'),],}*®
(M=B, Al, Ga, In) (18a-d, Scheme 6), which are not group
13-centered species (see Section 1.13.2.2.2), DFT calculations
for the group 15 radicals {M[PhB(u-NBu'),],}® (M=P, As, Sb,
Bi) predict a pnictogen-centered SOMO with smaller contribu-
tions to the unpaired spin density arising from the nitrogen
and boron atoms.'*” However, efforts to produce the arsenic-
centered radical {As[PhB(u-NBu'),],}® by oxidation of the
corresponding anion or reduction of the cation, either chemi-
cally or electrochemically, failed to produce an EPR-active
species.

1.13.5 Group 16 Element Radicals
1.13.5.1 Sulfur

The majority of the advances in the chemistry of stable, heavy
group 16 radicals in recent years are based primarily on dithia-
diazolyls and related heterocyclic central nervous system
(CNS)/Se radicals (see Chapter 1.14). Apart from these intrigu-
ing compounds, which show potential for the construction of
novel one-dimensional metals or materials with unique mag-
netic properties, examples of odd-electron group 16 species
within the scope of this chapter are sparse.
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Figure 10 Orbital interaction diagram for the formation of the cyclic radical anion [Sg]®~ (69) and cyclo-Sg from two Sz units. Adapted from
Neumiiller, B.; Schmock, F.; Kirmse, R.; Voigt, A.; Diefenbach, A.; Bickelhaupt, F. M.; Dehnicke, K. Angew. Chem. Int. Ed. 2000, 39, 4580-4582.

The stable cyclic radical anion [Ss]®™ (69) is formed unex-
pectedly as the [Ph,P| ™" salt from the reaction between [Ph,P]
N3, Me;SiN3, and H,S.'%® The crystal structure displays the six-
membered [S4]®” ring in a chair conformation with two long
central S-S bonds (2.633 A) (Figure 10), thus indicating a
relatively weak union of two S; fragments in each of which
the average S-S bond length is 2.060 A (cf. 2.057 A in cyclo-
Ss)- The solid-state EPR spectrum of 69 suggests a formulation
in which [S¢]®™ is comprised of the diradical [S3]®® and the
anion radical [S;]®*”. The eigenvalues for the g-tensor,
81=2.056, §,=2.036, and g3=2.003, are consistent with
those previously observed for the [S;]®~ radical anion, the
source of the blue color in ultramarine (lapis lazuli)."** Both
of these experimental observations are in agreement with the
molecular orbital analysis that reveals a bonding interaction
between the two S; fragments in 69 involving two components
(Figure 10): (i) an electron-pair bond between the 2b; SOMOs
of both fragments and (ii) a three-electron bond between the
la, SOMO of the biradical [S3]®® and the 1a, HOMO of the
[S3]® radical anion. Neutral S; has a closed-shell ground state,
but becomes a biradical after valence-excitation of an electron
from 1a, to 2b;. As a comparison, the three-electron bond in
69 is converted into a more stabilizing electron-pair bond in
neutral cyclo-Ss by the loss of the antibonding electron,
thereby accounting for the disparity in the central S-S bond
lengths of these two cyclic species.

The ubiquitous trisulfur radical anion [S continues
to be of major interest as an important intermediate in trans-
formations involving inorganic sulfur-containing ions. In the
latest contribution it has been shown by in situ Raman spec-
troscopy that this paramagnetic species is the dominant stable
form of sulfur in aqueous solution at high temperatures and

3107140

pressures.'*! This finding has important geological implica-
tions regarding the formation of various sulfur species in hy-
drothermal fluids, as well as in affecting sulfur-isotope
fractionation models.

1.13.5.2 Selenium and Tellurium

The simplest organochalcogeno radicals [RE]® (E=S, Se, Te;
R=alkyl, aryl) have not been isolated as stable species, pre-
sumably due to the lack of steric protection from the substitu-
ent. However, the existence of the organic tellurium-centered
radicals [RTe]® (R=Bu", Ph) as intermediates in the hydrotel-
luration reactions of alkenes and alkynes has been ascertained
by spin trapping experiments.'*? The EPR spectra of the radical
adducts so formed, [(RTe)(2,6-Br,-1-NO-3-SO3-CcH,)[®™ (70;
R=Bu", Ph) (Scheme 28), with natural abundance tellurium
(123Te, 1=1/2,0.9%; 125Te, [= 1/2, 7.0%), show coupling only
to the nitrogen atom and two hydrogens of the trapping agent
(a(*"N)=21.6 G; a('H)=0.7 G). When isotope labeling is
employed (92% '?°Te), a complicated spectrum is observed
from which hfc constants of a('*N)=21.6 G, a('*’Te)=
15.8 G, a("”®'Br)=6.95 G, and a(*H)=0.7 G are obtained,
thus indicating a radical with significant spin density at the
tellurium center.

The first stable  tellurium(Il) radical cation,
[(MesSi),N],Te®* (71) (Scheme 28), was synthesized from
the neutral precursor by one-electron oxidation with Ag
[AsFg].'*? The crystal structure of this seminal paramagnetic
species displayed a slight shortening of the Te-N bonds and
elongation of the Si-N distances compared to those of
the neutral precursor. Together with the observed changes in
bond angles, these metrical parameters suggest enhanced back
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Scheme 28 Tellurium-containing radical anion 70, radical cation 71, and the dimer of the radical cations [RE=ER]"® (72, E=Se, Te)].
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Figure 11  (a) [Cl,0,]®" (73; anion=[Sh,oF41]7), (b) EPR spectrum of 73, and (c) [(Cly)»] " [IrFs] ~ (74-IrFs~). Adapted from Drews, T.; Koch, W.;
Seppelt, K. J. Am. Chem. Soc. 1999, 121, 4379-4384; Seidel, S.; Seppelt, K. Angew. Chem. Int. Ed. 2000, 39, 3923-3925.

bonding of the nitrogen lone pairs to the positively charged
tellurium center. Only a single, broad signal (Aw,;,,=15G)
was observed in the EPR spectrum of 71, indicative of a small
spin density on the nitrogen atoms. These data are consistent
with a tellurium-centered radical with a pair of electrons in an
sp> orbital and the odd electron located in a p orbital
(Scheme 28). Stabilization of 71 (toward dimerization) is
attributed to a combination of steric protection from the sub-
stituents and electrostatic repulsion between the positively
charged tellurium centers.

One-electron oxidation of dialkyl dichalcogenides, RE-ER,
with [NO]*[OSO,CFs]~ produces the diamagnetic dications,
[(REER),]*" (E=Se, R=Et, Pr, Bu’; E=Te, R=Me, Et) (72)
(Scheme 28), rather than the monomeric radical cations,
[RE=ER]**, presumably due to lack of sufficient steric protec-
tion from the substituents.’** The chalcogen-chalcogen bond
lengths in 72 are ~0.05 A shorter than those in the neutral
precursors, while the distance between the two halves of the
rectangular dication is 0.6-0.7 A longer owing to a combina-
tion of the relatively weak n*-n* interactions between two
monomeric [RE=ER]*" units and electrostatic repulsion be-
tween these two positively charged species (cf. formation of the
1,27 cation'*>~'*"). DFT calculations predict that the dimeriza-
tion is exothermic when solvent effects are taken into account
and, consistently, no EPR signal has been observed for either

the selenium or tellurium derivatives of the type 72.'**

1.13.6 Group 17 Element Radicals

The most common group 17 element-centered radicals are the
homodiatomic dications [E,]*" (E=Br, 1) which, as has been

shown for the rectangular iodine derivative, dimerize in the
solid state through m*-n* interactions to give the diamagnetic
dications [(E,),]*"."**"'*” For the bromine derivative only a
broad, noncharacteristic EPR signal has been observed, while
the iodine congener shows no signal.'*8-13°

The analogous chlorine radical cation [Cl,]*" has been
isolated as the adduct [Cl,0,]*" (73), which is formally a
side-on m-complex of [Cl,]*" with dioxygen (Figure 11(a)).
The source of the intriguing paramagnetic species 73 is the
reaction between Cl, and an [O,]" salt with either [SbFs] ™ or
[Sb,Fy;]~ as the counter-ion.®° Similar to the dimer [I4]**, the
structure of 73 is a planar trapezium with short bonds within
the Cl, and O, units (1.909(1) and 1.207(5) A, respectively),
and a long Cl-O distance (~2.41 A) between these two units,
cf. sum of van der Waals radii for Cl and O=3.30 A. The CI-CI
distance is ~0.07 A shorter than that of Cl,, thus indicating
that most of the positive charge, and the unpaired electron,
resides on the chlorine atoms. Consistently, the EPR spectrum
of 73 (Figure 11(b)) shows a seven-line pattern (§=1.9988)
due to the coupling of the unpaired electron with two equiva-
lent Cl centers (a(*>*/*’Cl)=2.23 G; 3°Cl, I=3/2, 75.8%; 3'C],
1=3/2, 24.2%).""

Subsequent attempts to produce the monomeric radical
cation [Cl,]*" from the reaction between Cl, and IrF also
resulted in a dimeric product in the form of the rectangular
radical cation [(Cl,),]*" (74) (Figure 11(c)).">* The structure
of 74 displays two short CI-Cl bonds and two long Cl---Cl
contacts (1.941(3) and 2.936(7)A, respectively). The short
chlorine-chlorine bond lengths are intermediate between
those observed for Cl, and [Cl,]*", suggesting delocalization
of the unpaired spin density over both units. The EPR spectrum
of 74 as the [IrFs]™ salt shows only an unresolved broad
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signal.'>? However, the original EPR spectroscopic study of 74
supports the uniform delocalization of the unpaired electron
over all four chlorine atoms.'*?

1.13.7 Conclusion

In the past decade, a number of significant developments have
occurred in the intriguing field of stable and persistent radicals,
primarily through the strategy of installing extremely bulky
groups on the heavy p-block element centers in order to pro-
vide kinetic stabilization of highly reactive species. For exam-
ple, numerous examples of heavy group 14 analogues of classic
carbon-centered radicals, as well as their isoelectronic anionic
congeners from group 13, have been identified. A similar ap-
proach has also been successfully employed to generate a
variety of unsaturated cyclic and acyclic (neutral and charged)
phosphorus-containing radicals, most notably in the isolation
of stable phosphinyl radicals involving two-coordinate phos-
phorus centers.

To date, the primary focus has been on the refinement of
molecular design necessary for the synthesis and isolation of
stable radicals and, subsequently, the elucidation of their mo-
lecular and electronic structures. With this knowledge in hand,
it is likely that more attention will be given to practical appli-
cations in the future. For example, the use of stable p-block
element radicals as building blocks for oligomeric or polymeric
systems with unique magnetic properties represents a worth-
while synthetic challenge. While applications in materials sci-
ence will probably necessitate the use of stable radicals,
applications of persistent main-group element radicals in or-
ganic synthesis and as polymerization initiators are also
expected to receive increasing attention.
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Glossary very high accuracy methods and can be coupled with a

B3LYP A hybrid density functional theory method
incorporating Becke 3-parameter pxchange and Lee, Yang,
and Parr correlation terms; RB3LYP designates a restricted
and UB3LYP an unrestricted calculation for closed and open
shell species, respectively.

CCSD and CCSD(T) A ‘coupled cluster’ ab initio quantum
electronic structure calculation that includes singles and
doubles fully, and another variant that includes triples
noniteratively. These are computationally expensive,

1.14.1 Introduction and Survey

Compounds between nitrogen and the chalcogens, especially
oxygen, sulfur, and selenium, are among the richest sources of
open-shell species outside the transition metals and lantha-
nides. Only carbon compounds can compare for the range of
known stable radicals." The longest known examples are the
gases NO® (nitrogen monoxide) and NO,* (nitrogen dioxide).
Even the highly reactive radical NO5* was already detected
spectroscopically in 1880. NO® is reactive in air with rapid
oxidation to NO,*® but has a vast chemistry in reducing media;
in recent years, it has been discovered to have an intrinsic,
beneficial role in biology as well as a harmful role in carcino-
genesis; a whole branch of life sciences has grown up around
nitrogen monoxide. The corresponding NS* and NS,*® are too

variety of sophisticated basis sets such as Pople basis sets like
6-311++G(3df,3pd) or Dunning quadrupole correlation-
consistent basis sets like cc-pVQZ.

hfac Hexafluoroacetylacetonate, a popular uni-negative
chelating ligand for metal coordination compounds.
HOMO Highest occupied molecular orbital.

MP2 Mgller-Plesset perturbation theory refers to a
correlation-consistent approach to quantum electronic
structure calculations.

reactive to isolate except in low-temperature matrices because of
a much stronger tendency toward catenation. Just as elemental
oxygen exists as O, while sulfur is the ring compound Sg, NO® is
a stable diatomic molecule but NS® oligomerizes to diamagnetic
species. Recent work has drawn attention to the importance of
the monomer NS* in the chemical transformation of binary and
heterothiazyl compounds. The discovery of molecules such as
NO?® and NS* in interstellar dust clouds and even in comet tails
has created a strong impetus for their further study in the labo-
ratory. This chapter focuses on a systematic treatment of the
fundamental types of chalcogen-nitrogen radicals, including
their tendencies toward dimerization or oligomerization. Cov-
erage is primarily of results published in the decade 2000-2011
but older literature will be cited wherever deemed necessary for
comprehension or comprehensiveness.
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1.14.1.1 Why Are There So Many Chalcogen—Nitrogen
Radicals?

The unique position of nitrogen in the periodic system is ulti-
mately the source of the many open-shell nitrogen compounds.
As the central element in the p-block, nitrogen has the highest
range of accessible oxidation states (from +5 to —3) as illus-
trated in Figure 1 and a number of these oxidation states are
open-shell species (green-shaded boxes). In aqueous acid, the
relative oxidizing strength of nitrogen-oxygen compounds is
almost identical from HNO; to N, (as indicated by the con-
stancy in the slopes of the NV/oxidation-state lines in Figure 1)
which helps explain the facile interchange reactions between, in
particular, the nitrogen oxides. Figure 1 also draws attention
to the many direct sulfur analogs to nitrogen oxide radicals
(yvellow-shaded boxes) most of which also have selenide and
telluride analogs. However, the chemical behavior is often
quite different with the heavier chalcogens. Hydrazinyl radicals
(purple-shaded box, Figure 1) are not considered in this article.

Figure 2 presents the electronegativity data for these ele-
ments. Just as the so-called ‘diagonal relationship’ has featured
heavily in rationalizing the similarity of low-coordinate phos-
phorus and carbon, there is also a diagonal relationship con-
necting nitrogen and sulfur. Thus, using Allred-Rochow values
for sake of argument, oxygen is more electronegative than nitro-
gen, but sulfur is less electronegative. Note that as a consequence
of the scandide contraction, selenium and sulfur have very
similar electronegativities as well as other properties, so that N,
Se chemistry is expected to be very similar to N,S. In other
words, such diagonal relationships do not apply to the fourth
period elements. Another consequence of electronegativity is the
reversal of polarity for N-O versus N-S bonds. One common
consequence of this is that many scientists insist on calling the
binary nitrogen sulfides, selenides, and tellurides instead sulfur,
selenium, and tellurium nitrides, although this contravenes the

HNOz —» NOZ +H*
<

641 R-N=S-R/ NS* == (NS),"=%"4*
Jd
HyNOH —= H,NO" + H°
41 HNOH +H
N,O, == 2NO,’

NS,

NE°/V

NOz~

== Ag acid
=—{— Aq base

Oxidation number, N

Figure 1 A Frost diagram for nitrogen in 1 M aqueous acid (red line)
and 1 M aqueous base (blue line). Green-shaded boxes indicate
associated free-radical species for the oxides of nitrogen; isovalent
sulfides of nitrogen are in yellow-shaded boxes. Potential data taken from
Shriver, D. F.; Atkins, P. W. /norganic Chemistry, 3rd ed.; W. H. Freeman
and Company: New York, 1999.

International Union of Pure and Applied Chemistry nomencla-
ture rules. Here for the sake of emphasizing the group relation-
ships as well as for conforming to the naming rules, we will not
adopt this convention. Nevertheless, the chemical consequences
of this reversal of polarity will be highlighted as they come up.
The chemistry of nitrogen is, of course, also significantly differ-
ent from that of higher period elements, which explains the far
lower frequency of open-shell compounds involving the heavy
pnictogens (see Chapter 1.13).

It has been argued that in (unsaturated) thiazyl linkages,
that is, -N=S8°-, the effect of hyper-conjugative polarization of
the m-electrons tends to even out the effective electronegativity
difference between sulfur and nitrogen, so that the chemistry of
catenated N,S compounds is subject to smaller effective dipoles
than expected.? Following Streitweiser, the polarity of this
bond is then better reflected by the Mulliken-Jaffé p-orbital
electronegativities (Figure 2).> In any n-bond between dis-
similar elements, the bonding m-orbital is always polarized
toward the more electronegative center, while the antibonding
n*-orbital has larger coefficients for the less electronegative
element. Factoring in the orbital occupancies, both schemes
result in a net transfer of n-charge from S to N but the degree is
smaller using the p-orbital electronegativities. Consequently,
the effective electronegativity difference between sulfur and
nitrogen is smaller than expected in thiazyl linkages.

1.14.1.2 Physical Properties of Chalcogen—Nitrogen Radicals

Table 1 compiles molecular and thermodynamic constants for
the most important examples of the binary open-shell species.
It is often stated that nitrogen sulfide and selenide bonds are
‘unstable’. It should be recognized, however, that all the binary
nitrogen chalcogenides including the oxides are endothalpic
and endoergous with respect to decomposition to the ele-
ments. (Moreover, while the bond energies show a steady
decrease with heavier chalcogen, even NTe® has an appreciable
bond energy of 220 k] mol~'.) Thus, kinetic properties will
also be very important in determining the distribution of pos-
sible species and their relative reactivity. There are often several
isomers to consider and for the binary compounds, high reac-
tivity is the norm. The incorporation of heteroelements such as

MJ p=2.28 |MJ p=2.82 g
N o) N-O
2.50 3,07 3,50
MJ p=2,31 sl
S N-S
2.06 244
Se
2.48
Te
2.01

Figure 2 The so-called ‘diagonal relationship’ for nitrogen and the
chalcogens. Numbers in green text are Allred—Rochow
electronegativities; the Mulliken—Jaffé valence p-orbital electronegativity
values (on the Pauling scale) are shown in blue.

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:26:31.



Copyright © 2013. Elsevier. All rights reserved.

378 Chalcogen-Nitrogen Radicals

Table 1 Physical properties of the most important nitrogen chalcogenide radicals

Property NO NO, NS NS, NSe NSe, NTe NTe,
mp, K 109.64 261.907 - - - - - -
bp, K 121.47 294257 - - - - - -
AtusionH®, kJ-mol™t 2.3007 14,652 - - - - - -
AvaporizationH® 13.7767 38.1167 - - - - - -
kJ-mol~
A, kJ-mol™! +90.24% +33.327 +283.4(2) - - - - -
A{G°, kJ-mol™" +86.577 +17.5067 +2172(2¢ - - - - -
$° 273, J/deg +207.5/273 K*  +2405/273 K* 4222093/ - - - - -
298K?
B.D.E. 627.67 465.67 4634249 - 370 Cal” - 220 Cal” -
d(N-£), A 1.1517° 1.197¢ 1.4938(2)" 1.553 Cal/ 1.6634 Cal® 1.715Cal’  1.897 Cal” 1.911 Cal’
ZE-N-F° - 134.3° - 152.3Cal/ - 146(5) CalP - 143.7 Cal?
v(N-£), cm ™ 18772 1204.089 1225.2™ 944.5422°  1019° 783.5, 973.5
790.37
Mag. mom, BM 1.827 1.72° Variable, see  1.718° - -
Bohle®
Aiso("N), mT 0.794¢ 5.37 0.765 2.11 cal/ - - - -
Aiso(E), mT - - 0.56 Cal/ - - - -
AH 1st LE., eV 9.25(2) 117 9.854+0.28"  7.82 Cal’ 8.7 Cal’ 7.2 Cal’
AH1StEA., eV 0.024 40 1194011y 1.60° 1352 Cal® - - -
0.016 Cal’ 1.047 Cal®
D.M., D +0.16 +0.39° —1.86(3)’ - 1.99 Cal’ - - -
0.18 Cal’ —1.73 Cal’
Spin—orbit CC, cm~"  119.82¢ - 223" - 891.89° - - -
Bond order 2.5 1.5 2.5 1.5 2.5 1.5 2.5 1.5
Color Colorless Red - - - - - -

Standard deviation errors are given within parentheses modifying the last digit: 2.34(8) means 2.34 4= 0.08. Data are experimental values unless marked ‘Cal’ = calculated.
Ref: “Butler, A. R.; Nicholson, R. Life, Death and Nitric Oxide; Cambridge: Royal Society of Chemistry, 2003.

bKalcher, J. Phys. Chem. Chem. Phys. 2002, 4, 3311-3317.
“Miller, R. J.; Feller, D. J. Phys. Chem. 1994, 98, 10375.
9Atkins, P.; Friedman, R. Molecular Quantum Mechanics 4™ Ed., Oxford, 2005, pp 383.

®Bohle, D. S. In Hicks, R. G., Ed. Stable Radicals: Fundamentals and Applied Aspects of Oda-Electron Compounds, Wiley, 2010, pp. 147-171.

’Adrian, F. J. J. Chem. Phys. 1962, 36, 1692—-1693.
9Lodders, K. J. Phys. Chem. Ref. Data 2003, 333, 357—367.

"Huber, K.P.; Herzberg, G. Constants of Diatomic Molecules, vol. V., Van Nostrand Reinhold, New York, 1979.
/Matsumura, K. Kawaguchi, K.; Nagai, K.; Yamada, C.; Hirota, E. J. Mol. Spectrosc. 1980, 84, 68-T3.

/Boeré, R. T.; Tuononen, H. M.; Chivers, T.; Roemmele, T. L. J. Organomet. Chem. 2007, 692, 2683-2696.
“Burnett, S. M.; Feigerle, C. S.; Stevens, A. E.; Lineberger, W. C. J.Phys.Chem. 1982, 86, 4486.

"Byfleet, C. R.; Carrington, A.; Russell, D. K. Mol. Phys. 1971, 20, 271-277.
Hassanzadeh, P.; Andrews, L. J. Am. Chem. Soc. 1992, 714, 83-91.

"Rekhis, M.; Ouamerali, 0.; Joubert, L.; Tognetti, V.; Adamo, C. THEOCHEM 2008, 863, 79-83.

“Brown, J. M.; Uehara, H. J. Chem. Phys. 1981, 87, 880-884.

PAndrews, L.; Hassanzadeh, P.; Lanzisera, D. V.; Brason, G. D. J. Phys. Chem. 1996, 100, 16667—16673.

“Sundarajan, K.; Sankaran, K.; Kavitha, V. J. Mol. Struct. 2008, 876, 240-249.

carbon or phosphorus, which induce kinetic stability, enor-
mously extends the range of isolable species, especially for
nitrogen sulfides and selenides. For this reason, the number
of stable free radicals among such heteroelement species is
much greater than for binary compounds, so extensive that
herein we can only indicate the major classes with a focus on
their relationship to the binary radicals.

1.14.1.3 Further Reading

Very thorough coverage of both nitrogen oxygen and sulfur
chemistry can be found in Greenwood and Earnshaw.* Useful
and quite up-to-date articles on nitrogen oxides (both inor-
ganic and bioinorganic), sulfur nitrogen compounds, and

articles on selenium and tellurium chemistry that include the
nitrogen chemistry are found in the 2005 edition of the
Encyclopedia of Inorganic Chemistry.” The chemistry of the oxides
of nitrogen is described in standard textbooks and collective
volumes including the first edition of Comprehensive Inorganic
Chemistry.® Nitrogen oxide radicals feature prominently in
the famous text book The Organic Chemistry of Nitrogen by
Sidgwick” and in the book chapter by Bohle.® The modern
organic chemistry of NO® has recently been comprehensively
reviewed.” For nitrogen chalcogenides, the comprehensive
but now dated book by Heal can still be recommended, '°
as can insightful reviews by Gleiter,'" Chivers,'? and Oakley?
and the recent book by Chivers.'? Electron paramagnetic reso-
nance (EPR) data for nitrogen chalcogenides up to 1990 were
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reviewed by Preston and Sutcliffe,'* and electrochemistry data in 1620 from pouring nitric acid over metal filings.”* However,
up to 2000 have been compiled.'”> Metal complexes of S,N its identity was established by Priestley who first recognized it
compounds have recently been reviewed by Preuss.'® Banister as a distinct compound.?’ It is best prepared in the laboratory
and later Rawson have each published reviews on the super- by reaction of ferrous ion with nitrite in aqueous solution
conducting polymer (SN),.'”"'® Several chapters in the book by under protection from air since the reaction with oxygen to
Hicks deal with nitrogen oxide, nitroxide, and nitrogen sulfide NO,"® is spontaneous.”® Nitrogen monoxide constitutes the
radicals.’ simplest radical that exists at room temperature (RT) as a

neat substance.’ It forms an integral part of interstellar molec-

ular clouds in star-forming regions and is a trace component of
1.14.2 Nitrogen Oxide Radicals several planetary atmospheres.”’ >° The lower atmosphere of

Mars, for instance, contains 1.7 ppb of NO®. Concentrations
There are both diamagnetic and paramagnetic oxides of  ©of 5.5 & 1.5 ppb of NO* were detected in altitudes of 60 km
nitrogen, and the three primal open-shell species NO®, NO,*, above Venus’ surface.’***
and NO3® continue to attract great attention. The first two of
these are extremely common and are routinely prepared by
beginning students as part of their laboratory practicums;
NOs®, by contrast, is a transient species sensitive to light but
is considered one of the most reactive constituents of nighttime
urban smog. These monomers and their various association
products (Figure 3) act as coupled reservoirs in the complex
equilibria that regulate the family of nitrogen oxides in the
atmosphere.'® Their role in atmospheric pollution at low
elevation as well as their effect on the ozone balance in

1.14.2.1.1 The anomalous electronic structure of NO® and
EPR spectroscopy

The molecular orbital (MO) description of NO® is shown
schematically in Figure 4 and is closely related to those of the
diatomic ‘parents’ N, and O,. Electronically, NO*® most closely
resembles O, with which it has in common a partly occupied,
degenerate, n* orbital, for example, by the manner in which
both coordinate to many transition-metal ions. The magnetic
moment p of NO*® is much smaller than that predicted from the

the troposphere and stratosphere has been recognized.?®?!

The fact that the oxides of nitrogen have the lowest ionization *o Ao ik
energies among the abundant components of the atmosphere 04

contributes to their importance.”” The direct combination of 2%, w—
N, and O, requires high temperatures and a catalyst, including 54 a o, ol

internal combustion engines, where the production of smog-
producing ‘NO,’ depends on the engine design and operating
conditions. Serious health effects of smog have, in turn, re-
quired emission controls on modern combustion engine vehi- 154 8 1y #
cles, including exhaust gas recirculation, the open particulate 1m,
matter after treatment system usually combined with an oxi- 00 4 “ 20, -
dation catalyst which increases the ratio of NO,* to NO®, and a - .

selective catalytic reduction system in order to reduce NO,.

SCR is an after-treatment method that requires an urea-based 35 . 16 4=

additive, AdBlue.?® NO NS
0 —0

1.14.2.1 Nitrogen Monoxide (NO®) and Its Dimer (NO), Figure 4 Valence molecular orbital diagrams for NO® and NS® based on
UB3LYP/6-311++-(2df,2p) calculations. Note the breaks in the energy

Nitrogen monoxide, commonly known as nitric oxide, was scale and that the unrestricted calculation separates the degeneracy of
first described by the Belgian chemist Jan Baptist van Helmont 21* (by 4).

! GO
36|p &

MO Energy, eV

Oxidation state N(II) N(II N(IV) N(V)
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Figure 3 Gegmetries of neutral nitrogen oxide radicals and their dimers compiled from experiment and high-level quantum calculations
(distances in A and bond angles in degrees).
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valence (16)*(20y,)%(301,)%(1n)*(2n*)" configuration of the
XTI ground state; it varies from 1.55 Bohr-magneton (BM) at
120K to 1.85 BM at 300 K.® The electronic and magnetic
behavior of NO® reflects Hund's ‘case (a)’ in which (1) the
electron orbital angular momentum is strongly pinned to the
internuclear axis by the Coulombic field of the nuclei and (2)
the spin angular momentum is aligned with the orbital angular
momentum by spin-orbit coupling. When mediated by mo-
lecular rotation, this results in a component Q7 of the total
angular momentum parallel to the axis which is related to the
orbital and spin angular momenta by Q = A + X (Figure 5(a)).
For the 2I1 state of NO®, where 4 = +1 and X = +1/2 Qis
therefore equal to either +1/2 or +3/2; of these the latter is
found to be 121 cm ™! higher in total energy.>* The ground °IT, /
, state is approximately diamagnetic (g; ~ 0) due to cancellation
of A and 2 contributions to Q, but at RT the intensely paramag-
netic 2H3/2 electronic state is thermally populated (kT =~
200 cm™') and a number of rotational states are occupied.
Only the lowest rotational state is observable with EPR instru-
ments operating in the most common frequency range (X-band)
because g; becomes extremely small for the higher levels. It is
often incorrectly stated that the EPR spectrum of NO® is unob-
servable, whereas in fact the strong spectrum shown in Figure 5
(b) is taken from an undergraduate experiment (!) developed by
Whitaker using a standard research-grade spectrometer and a
conventional TE;q, cavity resonator (note that the magnetic
field must be at least 0.9 T).>> For those unfamiliar with EPR
spectroscopy in the gas phase, it is important to emphasize that
the large gas-phase Ag,(**N) hyperfine splitting of 2.705(9) mT
cannot be directly compared to the isotropic Fermi contact
couplings measured in condensed phases; however, by making
use of the Frisch and Foley magnetic hyperfine structure param-
eters a—d,>° the equivalent Fermi term A;so(*N) = 0.794 mT can
be extracted from the gas-phase value.>” The calculated value at
the UB3LYP/6-311-++(2df,2p) level of theory, Aio("'N) =
0.50 mT, is in reasonable agreement with this value. In more
specialized EPR experiments, it is advantageous to use a cylin-
drical TMy;; resonator and to operate at lower frequency. For an
example where both the ] = 3/2 and 5/2 rotational levels were
observed in the L-band frequency range (approximately one-
third of the X-band frequency), the reader is directed to the
paper by Brown.>® For a detailed explanation of the peculiarities
of small-molecule gas-phase EPR spectroscopy, the excellent

WW T

treatment in Chapter 7 of the classic text by Weil, Bolton, and
Wertz is highly recommended*® (see Chapter 9.13).

(i) EPR spectroscopy of NO*® on surfaces
When NO*® is adsorbed to a surface (‘L in Figure 5(c)), an
EPR signal may be observed due to (1) quenching of the
orbital angular momentum by the electric field of the
adsorption site which transforms *IT, /2 into a pure spin
state and (2) lifting of the degeneracy of the 2n* orbitals
with the result that the energy splitting A (Figure 4) con-
trols the g value of the adsorbed NO*® at close to the free-
electron value (2.002). In fact, NO® is one of the most
important probes for surfaces of MO, (M = Mg, Zn, Ti, Al,
Sn, and Ce) and zeolites as interpreted through (aniso-
tropic) EPR spectra which display intense signals with
large g- and A-value anisotropies.>® These workers also
monitored the effect of concentration which shows a de-
crease in signal intensity above 2 x 10'° molecules g*
attributed to formation of diamagnetic dimers (NO), (see
Section 1.14.2.1.2). A detailed and informative review of
the use of surface-localized inorganic radicals to probe
surfaces has recently been published.*®
(ii) EPR spectroscopy of NO® in liquids and ‘spin trapping’

The situation that pertains in the liquid phase is different
from both the gas- and solid-adsorbed cases. The large
g-value anisotropy combined with the random tumbling
of the molecules contributes to a very powerful relaxation
mechanism for the electron spin resulting in complete
collapse of the signal. Reliable EPR data for NO* in solu-
tion have never been reported and even inert gas matrices
have insufficient grip on the almost-spherical radicals to
quench the orbital angular momentum.*’ Attempts to
freeze out molecular motion in donor solvents also fail,
likely due in this case to the formation of diamagnetic
(NO), upon cooling. Detection of NO*® in solution, there-
fore, entirely depends on the use of suitable spin traps
(a spin trap is a species that interacts with a free radical to
produce a secondary radical favorable for EPR detection
under the applicable environmental conditions). It turns
out that coordination to a metal ion has a similar effect to
that observed in surface probes (see Section 1.14.2.1.4).
Perhaps the most important assay for NO® in solution and
in biological samples for several decades has made use of

T
875

(a) (b)

89I5 mT @

(c)

Figure 5 (a) Vector diagram showing the orbital (1) and spin (%) contributions to the magnetic moment of NO* as drawn for the 2I15, state; in the
2114, state, the vector < points in the opposing direction. (b) A gas-phase X-band EPR spectrum taken of <1 mbar NO* at 298 K. The center of the
spectrum is at 885 mT (g, = 4/5 = 0.77). The three 1:1:1 triplets are due to N hyperfine splitting A(14N) = 2.705(9) mT but have slightly uneven line
spacing due to electron—quadrupole coupling from the / = 1 nucleus; the larger 3:4:3 intensity triplet is due to the (field dependent) 3/2 — 1/2,1/2 —
—1/2, —1/2 — —3/2 second-order Zeeman interaction mediated by rotational coupling. (c) Orientation of a surface-adsorbed NO*® radical. Adapted from
Whittaker, J. W. J. Chem. Educ. 1991, 68, 421-423, copyright (1991) American Chemical Society.
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=

Scheme 1  5-Hydroxy-2,2,6,6-tetramethyl-4-(2-methylprop-1-en-yl)cyclohex-4-ene-1,3-dione, a new cheletropic spin trap for NO* and NO?* detection.*®

’ 1

NO (NO),

Figure 6 The mode of dimerization in (NO), involving so-called ‘diffuse
n*—n*’ bonding, a modality which has been found to be ubiquitous
among nitrogen—chalcogen-free radicals and becomes a dominant factor
when E = S, Se. Adapted from Zhao, Y. L.; Bartberger, M. D.; Goto, K;
Shimada, K.; Kawashima, T.; Houk, K. N. J. Am. Chem. Soc. 2005, 127,
7964-7965, copyright (2010) American Chemical Society.

the dithiocarbamate complex [Fe(S,CNEt,),]; like NO*®,*
this complex, on its own, is EPR silent but the adduct
|Fe(S,CNEL,),(NO)*®] displays a characteristic triplet EPR
signal with ¢ = 2.035-2.040 and A(**N) = 1.26 mT.*?
However, not all samples are suitable for this assay and
alternatives have been proposed, including a recently
reported organic chelotropic trap suitable for spin trap-
ping of both NO*® and NO,* (Scheme 1).*3

1.14.2.1.2 Oligomerization of NO°: the cis(ONNO) dimer
NO?® forms a weakly bound dimer, cis-ONNO, which is close to
rectangular in shape but, by most structure determination
methods, is shown to have a larger OO than NN separation
(Figure 3).**7*° The ‘bond’ consists of a diffuse side-on overlap
between a 2n*, singly occupied molecular orbital (SOMO)
from each contributing monomer (Figure 6); the bond energy
in the gas phase is only 8.5(5)kJ mol™!' which is consistent
with the extremely long N...N separation, and yet this is
sufficient to induce spin pairing such that (NO), is diamagnetic
in all phases.47 In this dimer, the bond order within the mono-
mers is only marginally affected by the interaction. Furthermore,
the concomitant side-on n-overlap of the 2r*, lowest unoccu-
pied molecular orbitals (LUMOs) is also weakly favorable but
this level remains unoccupied in the dimer. (NO), remains a
very challenging species to describe due to the open-shell elec-
tronic structure of NO® monomer.'”?%4%47 While it is tempting
to neglect such an obviously weak interaction, there is in fact
strong evidence that the formation of (NO),, despite the very
low value of K*°® = 6.6 x 107> atm™}, is a major factor in the
chemical behavior of nitric oxide, including the all-important
atmospheric chemistry of NO, (see Section 1.14.2.3.3). Both
inter- and intramolecular diffuse n*-n* bonding is a constant
theme in the chemistry of the nitrogen chalcogenides and is
much stronger for the heavier chalcogens.

1.14.2.1.3 NO° in living cells
The 1998 Nobel Prize in Medicine was awarded to Furchgott,*®
Ignaro,*® and Murad for their discoveries concerning ‘nitric
oxide as a signaling molecule in the cardiovascular system’
(Figure 7). NO® is thus responsible for vascular smooth
muscle relaxation, vindicating the early proponents of its bio-
logical role and explaining the active agent in various therapies
such as the use of nitroglycerin (which had been in use to treat
angina pectoris since 1878 without it being recognized as
a source of NO® within cells). In addition, this extremely
oxygen-sensitive free radical can act as a cytotoxic mediator of
the immune system and as a neurotransmitter in the central
nervous system.’”>! Current interest in the biology of NO®
remains intense, one evidence of which is the appearance of a
dedicated journal, Nitric Oxide: Biology and Chemistry which
achieved a 2011 impact factor of 3.384. The biosynthetic
source of NO® is from the oxygenation of arginine (a
substituted guanidine) to citrulline (a substituted urea) cata-
lyzed by the heme protein nitric oxide synthetase (See Figure 8,
which also shows alternate sources and consumption of NO*®
in living cells.)®

Sulfur, in the form of cysteine, is involved in biological NO*
chemistry. S-Nitrosylation is the covalent attachment of
NO?® to the sulfur moiety of a cysteine, which provides an
additional signaling pathway in addition to the direct diffu-
sional passage of NO® between cells.’? The modified cysteine
residue of S-nitrosohemoglobin was previously identified as
a distorted S-nitrosothiol (RSNO) or an S-hydroxyamino
radical (RSN*OH) but now there is evidence that a thionitr-
oxide (RSNHO®, S-aminyloxyl radical) is likely the observed
species; an oxidation reaction converts this species to
RSNO (Scheme 2).%*7>° Despite this close association of thiols
and NO?®, there is as yet no evidence for the involvement of
nitrogen sulfide radicals (Section 1.14.3.1) in biological
systems.

1.14.2.1.4 NO° and transition metals: nitrosyl complexes

The transition-metal chemistry of the nitrosyl ligand has seen a
tremendous revival since the discovery of nitric oxide as an
essential biological molecule.”® The relevant coordination
chemistry has been thoroughly reviewed and the importance
of the redox activity of NO® in solution was stressed.®” Other
recent reviews deal with infrared (IR) spectroscopy and density
functional theory (DFT) calculations of NO® complexes,®
photoinduced linkage isomerism,>® coordination and organo-
metallic chemistry,°® nitrogen nuclear magnetic resonance
(NMR) spectroscopy,®! the solid-state structures of metallopor-
phyrin nitrosyls,°? and mechanisms of reductive nitrosylation
in copper and iron systems.®> An EPR study of the nitroprus-
side trianion [(NC)sFe(NO)]*~ provides support for NO*® as a
ligand in the radical state,** and linkage isomerism in the same
complex has been studied by transient IR spectroscopy.®’
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Smooth mus

Adventia

Nitroglycering provides NO to the narrow atherosclerotic vessel

Figure 7 The clinical use of nitroglycerine to treat angina pectoris emulates the endogenous release of NO® as a signaling agent to relax (expand) small
blood vessels. Adapted from “The Nobel Prize in Physiology or Medicine 1998”. Nobelprize.org. Accessed 18 Oct 2011; http://www.nobelprize.org/

nobel_prizes/medicine/laureates/1998/.
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Figure 8 Schematic illustration of currently recognized pathways for production and consumption of NO* in biological systems. Reprinted from
Schopfer, M. P.; Wang, J.; Karlin, K. D. /norg. Chem. 2010, 49, 6267-6282, copyright (2010) American Chemical Society.
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Scheme 2  S-Nitrosylation of cysteine.5-%

The noninnocence of NO® in nitrosyl ruthenium complexes
has been stressed.®® While there are many ways to synthesize
nitrosyl complexes, the reaction of a metal nitride complex
with an oxygen source is important because this method can
be extended to heavier chalcogens (see Sections 1.14.3.1.6 and
1.14.4.1.3).%” A similar reaction has been reported for an un-
usual square planar ruthenium complex [(N(SiMe,CH,P'Bu,),)

Copyright © 2013. Elsevier. All rights reserved.

RuN].°® The first insertion reactions of NO® into lanthanide-
carbon bonds has recently been reported®® and [H(CHj)4Cs]s
UNO is the first f-element nitrosyl complex.”®

1.14.2.2 Nitrogen Dioxide (NO,°) and Its Dimer (N,0,4)

NO,* has been known since the 1770s from the work of
Priestley and others and it is spontaneously formed when nitric
oxide reacts with oxygen or air.”> It is an intensely colored
red-brown gas which is corrosive and highly toxic. Although
it can be purchased in cylinders, it is best prepared just before
use for laboratory work by the thermal decomposition of
ultrapure lead nitrate, thus avoiding mixtures caused by dis-
proportionation reactions.
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1.14.2.2.1 Electronic structure of NO,* and EPR
spectroscopy

NO,*® is a 17-electron radical with a gently bent structure
(Figure 3) and its shape is a consequence of Walsh bending
caused by partial occupancy of the t3; MO of the 16-electron
linear system (e.g., the CO, electronic structure). It has an X?A,;
electronic ground state with a well-defined paramagnetism
represented by the S = 1/2 spin state with u = 1.72 BM at RT.
Unlike NO®, NO,* is a o-radical and the unpaired electron is
concentrated 50% on N and 25% on each O atom (the 4a,
SOMO, see Figure 10). The EPR spectrum has been detected in
the gas phase but it is extremely complex due to coupling of the
electron spin to the molecular rotation of the asymmetric top
molecule; at a pressure of 0.03 mbar well over 200 lines have
been observed.”" Pressure broadening above 1 mbar results in
partial collapse of the rotational fine structure resulting in the
expected 1:1:1 triplet with an apparent A(**N) = 5.09 mT.”?
The rotationally coupled spectrum is further complicated by
centrifugal distortion in the rotational motion at higher rota-
tional states; a computer fitting of data taken from EPR and
laser magnetic resonance has resulted in improved fits to more
than 50 molecular parameters.”® The corrected value from this
analysis for A(**N) = 147.3(7) MHz which, while not directly
comparable to the coupling in mT because of uncertainty in
the g value, is in good agreement with 144.4 MHz from a
UB3LYP/6-311G++(2df) calculation. NO,* in an argon matrix
at 4.2 K has an axial EPR spectrum with g;; = 1.9920(5), g, =
2.0033(5), and Ajo('"N) = 5.34 mT.”> An extensive re-
investigation of solution-phase EPR spectra of NO,*® concluded
that only broad lines (50-120 mT wide) with g-values ranging
from 1.999 to 2.176 are obtained in a range of solvents from
water to hexane at 290 K to the limit of detectability; at lower
temperatures, the samples become diamagnetic due to forma-
tion of N,O,. The naively expected 1:1:1 triplet signals which
are often reported for NO,* in organic solvents are actually due
to nitroxide-type radicals resulting from reaction of NO,* (or
perhaps NO® as a trace contaminant) with the solvent or
solvent impurities.”* EPR has been used to determine the
dissociation equilibrium constant of N,O4 by measurements
of NO,*.”> Spin trapping of NO,* in solution can lead to
adducts with sharper and hence more easily detectable spectra
(Scheme 1; see Chapter 9.13).**

A compilation of EPR parameters for NO,* radicals trapped
on surfaces and in noble-gas matrices is available.”® In their
recent comprehensive review, Chiesa et al. point out that the
high reactivity of NO,* limits its use as a surface probe except

in the case of relatively inert oxides or Vycor glass.* However,
where it can be used, the bent shape (asymmetric top) and
high spin density on N render this molecule particularly inter-
esting for probing surface dynamics (Figure 9).

1.14.2.2.2 Oligomerization of NO,* — the D, dimer N0,

Dinitrogen tetroxide is used extensively as a reagent in organic
synthesis (nitration reactions among others). Another impor-
tant commercial use is as the oxidant in hypergolic rocket
engines (that is, where mixing with fuels such as methylhydra-
zine leads to spontaneous combustion). Its structure
(Figure 3), which is well known in the gas phase from
electron-diffraction measurements as well as by X-ray diffrac-
tion from crystals, poses some intriguing questions.”®’” The
electronic structure of N,O, remains an area of active investi-
gation (Figure 10) and the odd features of the structure: the
very long (1.78 A compared to 1.47 A in N,H,) and weak
(57.3 k) mol ') N---N bond and the preference for co-planarity
in the absence of 1 bonding continue to challenge theory.”®
There is general agreement that: (1) the two NO,® components
have essentially the structure of free NO,, (2) the D,, (twist)
structure of N,O, is a transition state (maximum) in the rota-
tional barrier, and (3) there is no barrier to dissociation of
N,O, into its constituents.’®”?~8! Natural bond orbital analy-
sis has shown that the high barriers to rotation in both
O,NNO, and ONNO, arise principally from a combination
of ¢is O-O interactions and hyperconjugation.®’ Delocaliza-
tion of electrons from n,, lone pairs of the O atoms into the
central oyn* antibond modulates the strength of the 1,4 in-
teractions, stabilizing the planar forms of these molecules
slightly relative to the twisted ones. Collectively, these are
more important than n-bonding (Chapters 9.01 and 9.03).

1.14.2.3 Further Oxidation of NO,

1.14.2.3.1 The peroxynitrite radical 0ONO® and the
mechanism for oxidation of NO®

In addition to its self-dimerization to (NO),, NO® is now known
to form adducts in the gas phase with many small molecules,
including CO,, Ne, Ar, H,, HF, C,Hy, and C,H,.” Of particular
importance is the possibility of forming adducts with O,, specif-
ically the open-shell doublet OONO?®, the role of which in the
oxidation of nitric oxide to nitrogen dioxide remains controver-
sial. In high-level ab initio multireference CASSCF and CI studies
the OONO® radical was predicted to be unbound,®? while
neutralization-reionization mass spectrometry studies support
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Figure 9 A symmetric top molecule such as NO,* provides a very sensitive surface probe because the EPR spectra are very distinct for different modes
of rotation. Reprinted from Chiesa, M.; Giamello, E.; Che, M. Chem. Rev. 2010, 710, 1320-1347, copyright (2010) American Chemical Society.
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Figure 11 The deviation of the rate law for the reaction between nitric

oxide and superoxide is attributed to a diffusion-controlled distance-
dependent reaction rate constant (k' > 7.5 x 10°M~"s™7).
Reprinted from Botti, H.; Moller, M. N.; Steinmann, D.; Nauser, T.;
Koppenol, W. H.; Denicola, A.; Radi, R. J. Phys. Chem. B 2010, 174,
16584-16593, copyright (2010) American Chemical Society.

its existence.®®> A gas-phase EPR study has concluded that
OONO?® (g = 2.014) is an intermediate (t;, = 0.1s) in the
autooxidation of NO®.%* These workers also isolated a red sub-
stance (Amax = 500 nm) from the reaction at high concentration
of nitric oxide and oxygen in 2-methylbutane at 113 K which
they assign to ONOONO, that is, from further reaction of the
peroxynitrite radical with a second equivalent of NO®. The EPR
spectrum of OONO*® was previously detected in a frozen H,SO,
matrix and is axial with g = 2.048, g, = 2.003, and A(*N) =
0.35 mT.%> A recent matrix study employing the co-deposition of
Ne/NO*® and Ne/O, discovered strong, structured charge-transfer
bands with a A,,,,x = 275 nm attributed to transfer of an electron
from NO*® to O, in a weak van der Waals complex between the
two.%¢ A very thorough matrix IR study supports the two-step
mechanism for the autooxidation of NO® first proposed by
McKee.8”®® The thermochemistry of all species involved in at-
mospheric interconversion of the various nitrogen oxides has
been investigated using high-level computational methods."®
Two detailed computational studies at the complete active
space (CAS) level of theory have investigated this mechanism.

These workers found that a balanced treatment of both dynamic
and static electron correlation is necessary for the correct energy
estimation for intermediates; when this is taken into account, it
provides strong support for the two-step mechanism of NO*
oxidation.®*%°

1.14.2.3.2 The peroxynitrite ion and O0ONO® in solution

A related species that is of intense current interest to the bio-
logical role of NO® is the peroxynitrite ion OONO~ which is
formed by the fast spin-allowed reaction between nitric oxide
and superoxide anion radical: NO* 4+ O,°~ — OONO™. Recent
work has shown that this reaction depends on [OONO™], thus
contradicting the law of mass action (Figure 11).”" A fascinat-
ing voltammetric experiment using microelectrodes in a
human tissue cell (fibroblast) has resulted in measurement of
the electrical signature for the oxidation of peroxynitrite with
E®° = +0.27 versus SCE; the lifetime of the electrogenerated
OONO?" radical was determined as t,/, ~ 0.1 5.”” This discov-
ery has since become the basis of several assays for the detec-
tion of OONO™.”

1.14.2.3.3 Nitrogen trioxide (NO3°)

The transient trigonal radical NO;* (Figure 3) was first
detected spectroscopically around 1880°* but was correctly
identified in the 1930s”’; it remains one of the most compli-
cated molecules known to chemical physics.”> Like the other
nitrogen oxides, it is a free radical and the open-shell electronic
structure leads to similar complexities. For example, the basic
trigonal geometry is subject to a pseudo-Jahn-Teller distortion
even in the ground A? A’, electronic state resulting from re-
markably strong vibronic coupling to excited states that have a
distorted geometry, thereby converting the D3, to a planar C,,
geometry. The question of the true geometry of the ground
state has yet to be resolved but this reflects a fundamental
property: the adiabatic potential energy surface of the elec-
tronic ground state is extremely flat with respect to the ¢’
vibrational mode of distortion. The absorption spectrum
(Figure 12(b)) shows very strong vibrational coupling because
excitation involves an oxygen nonbondinzg p-electron being
promoted to a strongly N-O c* level, (B'F <—X’2A2r transi-
tion). There is intense interest in this, the most transient of the
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Figure 12 (a) SOMO and LUMO of NO3®. (b) Its gas-phase electronic absorption spectrum at 230 K in the visible wavelength range. The spectrum is
strongly temperature dependent and there is extensive vibronic fine structure as is also the case for the spectrum of NO,°. Adapted from Chesnut, D. B.;
Crumbliss, A. L. Chem. Phys. 2005, 315, 53-58, copyright (2005) American Chemical Society. (c) The involvement of NO3*® in atmospheric NO,
cycling as a function of day and night. From: http://www.atmosphere.mpg.de/enid/24z.html.

nitrogen oxide radicals, because it is thought to be the domi-
nant oxidant in the troposphere at nighttime where it is formed
chiefly by the reaction of NO,* with ozone, whereas during
daylight hours NO3* is destroyed by sunlight.’® Thus, there is
constant diurnal cycling involving NO3*® as shown schemati-
cally in Figure 12(c). An excellent treatment of NO3*® can be
found in the book by Wayne.”” The EPR spectrum of NO5* was
determined in a frozen matrix at 88 K and found to be planar
with true axial symmetry having the following computed pa-
rameters: g = 2.0041(3), g, = 2.0207(3), and ¢(1/2 AH,,;,) =
5.16 Oe.”® It has also been detected in a number of crystalline
environments but the spectra show greater distortion and a
range of A(**N) values (0.17-0.37 mT)*' (see Chapters 9.13
and 9.04).

The formation and subsequent decomposition of NO3® in a
neon matrix containing mixtures of NO® and O, have been
reported and a dispute over the correct assignment of some
fundamental vibrations settled.®*”° The role of ionization re-
actions in atmospheric chemistry led to the observation of
both NO;* and NO;" from the ionization of NO, and O;
mixtures.®>1%° Gas-phase reactivity of NO5® with organic mol-
ecules is important to explore the role of volatile organic
compounds in urban smog; thus, the reaction of NO3* with
ethene has been investigated.'! Reactions between NO3* and
fluorinated alkenes may be relevant to reactivity of hydrochloro-
fluorocarbons in the stratosphere.'®”> An extensive investigation
of the electronic structure and optical spectrum of NO3°® has
recently been reported.”>'%*'%* This work includes a determi-
nation of the cavity ring-down spectrum of NOs* which has
been used in an aircraft-based spectrometer designed to measure
NO;"* levels in the atmosphere.'®® A differential optical absorp-
tion spectroscopy method had been developed for simultaneous
tropospheric detection of NO5®, NO,*, and 05.'%¢

1.14.2.4 Reduced NO, Radicals: NO,2*~ and NO;2*~

The radical dianion NO,>*~ is the supposed monomer of
the yellow solid formed from the reduction of nitrite salts

with sodium in liquid ammonia,'°” and its production from
v-irradiation of dilute nitrite ions dispersed in KCI crystals has
been asserted.”’ No new information is available for this spe-
cies, but theoretical consideration has been given to its doubly
protonated form, the neutral dihydroxyaminyl radical, HON-
*OH which may be an intermediate in rocket fuel combus-
tion.'®® More is known about NOs>*~ radicals, which are
similarly formed by vy-radiolysis of certain ionic nitrate
salts.*’ A detailed investigation of the dependence of radical
formation on the type and crystal symmetry of the nitrate
lattices has been undertaken, wherein it was demonstrated
that NO;?*~ is sometimes formed but NO3* or OONO® may
also be produced.'® Lattice sites with symmetries that fit best
for the different structures of these products seem to enhance
their formation. NO5?*~ has an extra electron compared to
NO;~ which induces pyramidalization to Cs, geometry.
Interestingly, it has been shown by EPR spectroscopy that
NO3?*~ can form from the interaction of NO*® with highly
purified CaO surfaces in the absence of radiation.''® Recent
studies have also focused on solution-phase generation of
NO5?*". Under photoionization of alkaline solutions of phe-
nols that contain high nitrate concentration, electron transfer
from ArO® to NO3~ produces NO3>*~ as detected by Fourier
transform EPR spectroscopy.''' Two studies have focused on
the vy irradiation of aqueous nitrate solutions because of the
dominant role such solutions play in nuclear waste manage-
ment. The redox potential for the NO;7/NO5>*~ couple has
been estimated to be E° ~ —1.1V versus normal hydrogen
electrode (NHE)."'? The role of nitrate ions in the decomposi-
tion of water under y-radiolysis involves NO;?*".''* The
strongly reducing NO;>*~ radical can persist in solution for
no more than 20 ps before it is converted to NO,°.

1.14.2.5 The Heterodimers N,03 and N,05

The heterodimer between NO® and NO,® is the planar
N-N-bonded species N,O3, the structure of which has been
established by low-temperature X-ray crystallography
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(Figure 3)."'* Bonding in this species is considered to be
similar to the two homodimers, that is, the n* orbital of NO*®
interacts with the o)y SOMO of NO,°. This compound is dia-
magnetic but has a deep blue color due to a low-energy elec-
tronic transition. The frequent attribution of blue color to
condensates of NO® or NO,* is probably due to its presence.
Similarly, N,Os is the N-O-N bridged dimer between NO,*
and NOs* and is the direct anhydride of nitric acid. The for-
mation of both these dimers has been investigated by high-
level computational methods with a specific focus on their
thermodynamic properties.’® The barrier to rotation in N,O5
was found to have a similar origin as that in N,O,, namely a
combination of 1,4-oxygen-oxygen interactions and hyper-
conjugation, by a detailed computational investigation.®°
These dimers are intimately involved in the cycle of reactions
that produce NO, compounds and act as coupled reservoirs for
their reactive radical constituents in the complex equilibria that
regulate the family of nitrogen oxides in the atmosphere.

1.14.2.6 Derivatives of Hydroxylamine: Aminoxyls and
N-Hydroxyaminyls

Two different kinds of radicals, aminoxyl H,NO®, and the N-
hydroxyaminyls cis- HNO®H and trans-HNO®H, are derived by
abstraction of hydrogen from either the oxygen or nitrogen
atoms of hydroxylamine (Scheme 3). They are reactive short-
lived species and the structure of aminoxyl has been determined
from its microwave rotational spectrum.'’® It was shown to
be planar with a short N-O bond length of 1.280(4)A.
The H,NO? radical is an important intermediate in the atmo-
spheric oxidation of ammonia, which is one of the key sources
of NO, along with sources from fossil fuel and biomass burn-
ing."'®*!” Early atmospheric oxidation studies of NH; found that,
after the initial reaction of OH® radicals with NH3, the resulting
byproduct of the oxidation is HNO3''® (see Chapter 7.17).
Dixon et al. have produced accurate thermodynamic data for
these species for the first time.!'® Coupled-cluster calculations
through noniterative triple excitations were used to compute
optimized structures, atomization energies at 0 K, and heats of
formation at 0 and 298 K for H,NO® and trans-HNOH®. The
reaction system produced by 193 nm flash photolysis of a
mixture of NH; and NO,* has been investigated experimentally
and modeled."?° The accepted belief that only two channels are
of significance for the reaction between NH,* and NO,*, pro-
ducing (a) N,O and H,O and (b) H,NO® and NO®, was con-
firmed. In recent experiments, in which solid H, or D,
containing NO® held near 3 K was irradiated with vacuum-
ultraviolet (UV) light from a synchrotron, new absorption
lines at 1241.7, 1063.6, and 726.2 cm™! were detected. These
have been assigned by DFT methods in conjunction
with deuterium shifts to three vibrational modes of the N-
hyroxyaminyl trans-HNO®H. The calculations also show that

the most stable isomer is H,NO® but that cis-HNO®H is 61 and
trans-HNO®H is only 44.5 kJ mol ™" higher in energy.'?’

1.14.3 Nitrogen Sulfide Radicals

The same inherent arithmetic propensity for forming free radicals
occurs with nitrogen sulfides as for nitrogen oxides, but there are
important differences between the second- and the higher-period
chalcogens, including reversed polarity of the N-E bond and
enhanced tendency for catenation. Thus, not only ‘dimers’ but
also trimers and tetramers have a much more extensive chemistry
than the parent radical NS°.'>? The formal dimer of NS,°,
SoNNS,, does not exist whereas the six-membered ring
compound cyclo-4,6-N,S; does (Section 1.14.3.4.3). When
heteroatoms are introduced (principally carbon, pentavalent
phosphorus, or transition metals), a huge diversity of often
quite stable nitrogen sulfide radicals have been synthesized
which possess a surprisingly wide range of materials properties,
including low-activation semiconductors, metallic conductors,
borderline magnetic behavior, and both canted and true
ferromagnetism.'?* General references to this area of study are
provided in Section 1.14.1.3.

1.14.3.1 Nitrogen Monosulfide (NS°®), Its Oligomers (N,S,,
N3S3°, N4S4), and the Polymer (NS),

Nitrogen monosulfide, a transient gas-phase species, is the
direct sulfur analog to nitrogen monoxide and was identified
from its electronic spectrum in 1932.'?* The past decade has
seen a continuation of intense interest in this species in the
literature, although the sheer number of citations is much
lower than for NO® in view of the lack of a known biological
role for NS°®. Far less is known about the chemistry of NS® than
NO?® because it cannot be isolated as a liquid or solid and, even
in the vapor phase, has only been prepared at very low pres-
sures or trapped in dilute low-temperature matrices. While
often characterized as an unstable radical, a comparison of
the physical properties in Table 1 suggests otherwise: the
bond dissociation energy is around 463 kJ mol™!, which is
appreciable although admittedly smaller than 627.6 k] mol ™"
for NO®. The inability to isolate bulk NS* is therefore more
correctly attributed to its high reactivity. When NS° is pro-
duced, oligomerization leads to many isolable species
(Scheme 4). Indeed, the range and importance of NS* oligo-
mers is much more extensive than that of NO® for which the
weak dimer cis-ONNO is the only important species (see
Section 1.14.2.1.2). The chemically most important oligomer
is undoubtedly NS, while thiazyl polymer (NS), is extremely
significant because it exhibits both metallic- and, below 4.2 K,
super-conductivity; it is chemically interesting in that it can be
vaporized to a variety of NS® oligomers, including N5S;°, and
the high polymer is reformed upon condensation.

H\ ,H H H /H
N-O N-O- N-G ‘N-O
H H H
Hydroxylamine Aminoxyl cis-N-hydroxyaminyl  trans-N-hydroxyaminyl

Scheme 3 Derivatives of hydroxylamine.
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Scheme 5 Photochemical production of NS® in condensed media.

1.14.3.1.1 The electronic structure of NS*

An MO diagram for NS* is provided in Figure 4. Like NO®, NS*®
in its X 21, /2 electronic ground state has a very small magnetic
moment because of opposing spin and orbital angular mo-
menta. The calculated S-N bond length of NS* in this state is
1.501 A at the UB3LYP/(aug)cc-pVIZ level of theory, which
may be compared to the experimental value of 1.4938(2)A
from gas-phase spectroscopy.'”” A value of 1.5021 A was
obtained by CCSD(T)/cc-pVQZ calculations.'?® The bond dis-
tance in [NS]* has been established to be 1.440(5)A by
gas-phase photoelectron spectroscopy.'?” The longer bond in
the neutral radical is consistent with occupancy of the 2m*
orbital by a single electron, reducing the formal bond order
to 2.5 from 3.0 in the monocation. Note that the Fermi-contact
hyperfine interaction to the '*N nucleus in NS® is only 4%
smaller than that in NO?®, in support of the notion that NS°® is
only marginally polarized with respect to the m-electronic sys-
tem. However, the dipole moment of NS* at —1.83(3) D is
much larger than in the almost nonpolar NO°®. Thus, it is not
surprising that NS® converts to N,S, and N,S, in an alternating
N to S pattern, whereas NO® prefers the symmetrical dimer
(NO), (see Section 1.14.2.1.2).

1.14.3.1.2 Spectroscopic properties of NS®

The EPR spectrum of the thermally accessible excited X 2H3/2
state (223 cm ™' above X °TI,/,) has been detected in the gas
phase and the Ag,,(**N) nuclear hyperfine constant was deter-
mined to be 2.056(8)mT in an X-band spectrum where the
second-order Zeeman interaction was ~22mT (see
Section 1.14.2.1.1 and Figure 5).'?® Using the Frosch and
Foley magnetic hyperfine structure parameters a—d, the Fermi
contact interaction term Ajo("*N) = 0.765 mT can be deter-
mined from the experimental data,>” which can be directly
compared to a high-level DFT calculated value Ay (**N) =
0.65 mT."?° All claims in the literature to have detected an EPR
spectrum for NS°® in solution or in the solid state are in
error.’?? Just as for NO®, the incomplete quenching of the
orbital angular momentum and extreme g-anisotropy between
the rotationally coupled and rotationally quenched states will
contribute, respectively, to extremely efficient relaxation and
massively broadened lines. Since NS® is a leading candidate for
involvement in the well-documented rearrangements of nitro-
gen sulfide rings and cages induced by both redox and nucle-
ophilic reactions, the EPR silence of this radical in condensed
phases is a significant limitation. The very recent discovery that

Copyright © 2013. Elsevier. All rights reserved.
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[Fe(S,CNEL,),] can act as a solution-phase spin trap for NS® is
therefore of great significance (see Section 1.14.3.1.6). The
rotational spectrum of NS°® is of importance to astrophysics
for its extra-terrestrial detection (see Section 1.14.3.1.4 and
Chapter 9.13).13°

1.14.3.1.3 Preparation and reactivity of NS°
In the earliest work, NS® was produced in flow systems from
atomic nitrogen and H,S$ or S,Cl,,'*! by microwave discharge
of NSCI, direct reaction of atomic nitrogen with S,(g), or
photolysis of HNS,'?” using helium as a diluent gas. The yield
of product was found to be strongly affected by the copious
production of black (NS),."*” Uehara showed that co-discharging
of N, and SCl, using a microwave source produced much stron-
ger signals for NS°.'?® A significant improvement on these early
studies uses low-pressure discharges of just elemental nitrogen
and sulfur, followed by trapping in argon matrices at low
temperature.'>?> The observed products in these cold argon
matrices include NS°®, NNS, SNS*, and NSS°. Under conditions
of high sulfur content in the discharge, the open-shell adduct
SSNS* was identified. Under conditions where both NS° and
SNS*® are co-deposited in the matrix, signals identified as coming
from the asymmetric dimer SNNS, were observed. Another
‘clean” way to produce NS°, albeit initially in excited electronic
states, is by two-photon photolysis of N;S, at 248 or 222 nm (see
Section 1.14.3.1.9).'*> Evidence has also been obtained for
photochemical production of NS°® in condensed media during
photolysis of several nitrogen sulfide heteroelement rings and
cages (Scheme 5).'3%7138

An attempt was made to produce NS° in solution by
electrolysis of [NS][SbFs] but the solvent system that was se-
lected in order to solubilize the salt (a mixture of trifluoroacetic
anhydride and trifluoroacetic acid containing ["BusN"][BF,]
as electrolyte) was unfavorable.’* Indeed, EPR signals attrib-
utable to NS5, a well-known product when nitrogen sulfides
are dissolved in strong acids, were detected even before elec-
trolysis commenced.'*'?° By cyclic voltammetry, a chemically
irreversible process was observed with a half-height potential
of +0.76 V at a platinum electrode versus SCE. No follow-up
experiment was undertaken to identify end-products
voltammetrically.'*°

Not much is known about specific reactivity of NS* with
many species, although the first-ever direct kinetic measure-
ments on this radical have shown that, in the gas phase, it does
not react with NO® or O, but that it reacts rapidly with NO,*
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with no activation barrier.'*° The final products of the (multi-
step) reaction are N, and SO,. There is also strong indirect
evidence that NS° reacts with itself and evidently leads to N,S,,
N,S4, and the high polymer (NS), under a variety of conditions
and in the presence of several possible catalysts.

1.14.3.1.4 Astrophysical significance of NS®

Nitrogen monosulfide was first identified in astronomical
sources in the giant molecular cloud SGR B2 with an estimated
column density of 10" cm™2.'*" The only other detected sulfur
molecule of comparable concentration was SO. NS°® has since
been observed in a wide variety of sources including dense
interstellar clouds in regions of massive star formation, for
example, in the dark clouds TMC-1 and L134N with column
densities of ~8 and ~3 x 10" cm™2.'*> A number of sulfur
species (SO, SO,, OCS, CS, H,S, H,CS, and NS°) have been
detected in massive young stars by submillimeter wave spec-
troscopy.'*® NS* was recently detected by rotational spectros-
copy in the coma of the comet Hale-Bopp and its rate of
production was found to be at least a few hundredth of a
percent compared to water and with a total column density
of 6.8 x 10'? cm™2.'** The half-life of NS* was found to be
between 5000 and 10° s with an expectation that it would be
destroyed by solar photoionization. In order to clarify issues
raised by the Halle-Bopp discovery, CCSD(T)/6-311++4G
(3df,3pd) calculations were used to study the formation of
2NS from different reactions paths. The only energetically
favorable and spin-allowed reaction path these workers
could find is the reaction 'NH + ?SH — 2NS + H, for which
H° = —154 k) mol~1.1%° High concentrations of NS*® were also
discovered in an extragalactic source, the nucleus of the star-
burst galaxy NGC 253, and its high abundance was attributed
to shock chemistry.'*¢

1.14.3.1.5 NS° in combustion chemistry and electrical
insulator stability

NS*® has been detected in sulfur-containing flames using laser-
induced fluorescence.'*”!*8 It is thought that the NS° radical
plays an important role in the interaction between nitrogen
and sulfur species in flames and can thereby affect the NO,
content of exhaust gases. Wendt et al. first suggested the reac-
tion: NS + 'O — 'SO + ?N as a primary cause of increased
N, generation in a sulfur doped flame.** Other reactions, such
as >NS + >NO — !N, + 'SO and *NS + *N — N, + 'S, have
been included in model calculations to explain the effect of
sulfur on flame composition. Currently, there is increasing
interest in the decomposition of SF in the presence of nitrogen
during circuit breaker arc plasmas.126 For such reactions, the
neutral species NF, NS°®, S,, and F, as well as their monovalent
ions need to be considered and some unknown or poorly
characterized parameters of these species were studied at the
CCSD(T) computational level. Discharges of SFs with N,, O,,
and N,/O, mixtures have been studied experimentally using IR
matrix isolation spectroscopy.'>°

1.14.3.1.6 NS° and transition metals: thionitrosyl
complexes and spin trapping of NS*

The coordination of NS*® to transition metals parallels closely
the behavior of NO®.'>! About 40 crystal structures have now
been reported in which NS* is coordinated via nitrogen to
transition metals in a range of different oxidation states.'?’
The N-S bond distances in these complexes are reported to
range from 1.591"?t0 1.383 A.'>> Just as for nitrosyl, there are
two fundamental ways to make thionitrosyl complexes. The
first uses one of several sources containing an NS unit (but
never NS° itself unlike the case for NO®); for example, an
Re-NS complex was reported from dehalogenation of an
Re-NSCl complex.'** The second approach is both more elegant
and versatile and involves building the N-E unit at the metal
center from a preexisting metal nitride. This has been the most
reported method during the past decade; examples include
osmium nitrides reacting with Ph;PS,">° Li,S,'*° S,CL, "> or
sodium thiosulfate.'*® Similar approaches have been shown to
work for rhenium.'>”'>® Typical v(NS) stretching frequencies
range from ~1065 cm™! for low-valent to 1390 cm™" for high-
valent metal complexes,'! values which clearly bracket the
1204 cm™ ' of the gas-phase radical (Table 1).

In an important recent series of papers, the novel S = 1/2
thionitrosyl complexes [Cr(NS)(CN)s|*>~, [Cr(NS)(dimethyl-
sulfoxide)s]**, [Cr(NS)(dimethylsulfoxide)s]**, and [Cr(NS)
(H,0)5]** have been prepared and investigated by EPR spec-
troscopy and their electronic structures compared to related
NO and NSe complexes.'®°~1¢? Most significantly, the related
[Cr(NS)(CH;5CN)s]*" has been shown to release NS°® upon
flash or continuous photolysis, and the NS°®* could be
trapped by the classical nitric oxide spin trap [Fe(S,CNEt,),]
(Scheme 6).*? This represents the first example of well-
characterized chemical reactivity of NS°® in solution. Moreover,
it shows that the iron dithiocarbamate complex can function as
a suitable spin trap for nitrogen monosulfide exactly as it does
for NO®. By careful comparison of the behavior of the nitrogen
monoxide and nitrogen monosulfide systems, this study found
evidence for partial consumption of NS°® during the chromium
to iron transfer reaction, which was attributed to NS* oligo-
merization processes.*?

1.14.3.1.7 N,S,, the dimer of NS®

Scheme 4 shows three of the possible isomers of the dimer of
NS®; it has been shown in an exhaustive DFT computational
study that no fewer than 10 minima and 10 saddle points exist
for the lowest singlet electronic state of species with empirical
formula ‘N,S," as well as 11 minima and 13 saddle points for
the lowest triplet state.'®® All of these are higher in energy
compared to N, and S, in the gas phase. The 'A; state of cis-
SNINS is the direct sulfur analog to (NO), while 'A, trans-NSSN
is the only gas-phase species accessible by direct dimerization
of NS* monomers. If to this picture is added the trimeric N3S;*
(for which both linear and the cyclic form shown in Scheme 4
have been claimed), the internally associated cage structure

hv

Cr(CHsCN)5(NS)?* + Fe(S,CNEtp), + CHyCN ———= Cr(CHZCN)2* + Fe(S,CNEt,),(NS)

Scheme 6 Transfer of NS® between Cr(Il) and Fe(Il) complexes in solution.
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of N4S,, and the complex behavior of (NS), which forms by
solid-state polymerization of cyclo-N,S,, then the immense
complexity of the energy hypersurface for NS* and its oligo-
mers becomes apparent.

One species which accompanied the deposition of NS®
in matrix isolation experiments using N* and S* from dis-
charges, but which disappeared upon annealing the sample
(heating to below the evaporation point of the matrix), was
proposed to be the chain dimer trans-NSSN (Figure 13, see
also Section 1.14.3.1.7)."3? The calculated structure of this
species has a long central S-S bond and a barrier to dissoci-
ation of only 50 kJ mol~'.'® Interestingly, under their con-
ditions, the reaction of atomic nitrogen and sulfur does not
lead to cyclo-N,S,, whereas this species was observed along
with N4S; when the feedstock for the matrix deposition was a
heated sample of (NS),."*?

The standard way to make cyclo-N,S; is by thermal cracking
of N4S4 in the gas phase over heated silver metal.'> A rare
example of chemical synthesis of cyclo-N,S, was reported
from [NS][AsFs] and CsN3, but under the reaction conditions
the only isolable product is the polymer (NS),."** The well-
known polymerization of N,S, to (NS), has potential as a
forensic tool for developing latent fingerprints.'®® Formal
insertion of transition metals into one of the N-S bonds
leads to a large number of metalla-1,3,2,4-dithiadiazole
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Figure 13 Dimerization of NS°® to give 1/4g trans-NSSN from a B3LYP/
6-311++G(2df) calculation. Note the increase in MO energies on adduct
formation; the triplet state is by contrast stabilized, but expected to be
more reactive; for details, see Hassanzadeh et al.'®?
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complexes.'>! Interest in this field continues apace with reports
on Cp*M(NSNS), M = Co, Rh, and Ir,'®® Cp,TiNi(NSNS),"¢’
and CpCo(NSNS).'¢8

1.14.3.1.8 N3S3°, the open-shell irimer of NS*

The neutral 97-electron ring radical N3S;°® is an elusive member
of the family of binary nitrogen sulfide radicals.'®~'"" It has
been detected by photoelectron spectroscopy in vapors pro-
duced from [SN], polymer,'”>'”? but has never been reliably
characterized in condensed phases.'”* The geometry calculated
at the UB3LYP/(aug)cc-pVTZ level (Figure 14(a))'*® supports
a planar structure such as in the crystallographically character-
ized diamagnetic 10m-electron anion S3N;~ (for which average
dimensions of S-N = 1.607(21)A; £SNS = 123.8(10)°;
#NSN = 116.1(9)°) but shows that the radical is mildly dis-
torted toward C,, symmetry through a Jahn-Teller effect.'””
Note that, although the geometrical distortions predicted for
N385° are quite small (Figure 14(a)), the effects these changes
have on the calculated isotropic hfc constants are very signifi-
cant, with a factor of 3 difference in coupling to the two kinds
of "N nuclei; Figure 14(b) shows the effect on simulated EPR
spectra for the extreme scenarios of fully static and rapidly
averaged A('*N) values. Earlier attempts by Fritz and Bruch-
haus to generate N3S;° by in situ electrolytic oxidation of [PPN]
[S3N3] in CH,CI, solution containing ["BuyN][BF,] electro-
lyte’*® at RT and more recent exhaustive attempts at tempera-
tures down to —60 °C failed to detect any EPR signals for this
species even though voltammetric evidence for finite concen-
trations of N3S;° was strong.'”> Possible reasons for failure to
detect the EPR signal include exchange broadening (that the
temperatures investigated fall within a broad coalescence re-
gion of the two extremes in Figure 14(b)) or that rapid (and
reversible) dimerization occurs such as to the DFT-calculated
structure [N3S3], shown in Figure 14(c). Note that radical-
monomer/diamagnetic-dimer equilibria are known for many
nitrogen sulfide hetero-radicals (see Section 1.14.5), but these
usually show strong EPR signals for radicals resulting even
from small degrees of dissociation. Alternatively, a dimer
such as [N3S;], may disproportionate irreversibly to

347
(@ (b)

348

Figure 14 (a) Calculated geometry. Adapted from Boeré, R. T.; Tuononen, H. M.; Chivers, T.; Roemmele, T. L. J. Organomet. Chem. 2007, 692, 2683—
2696, copyright (2007) Elsevier. (b) predicted isotropic EPR spectra with static and averaged hfc values, and (c) PBE1PBE/(aug)cc-pVTZ calculated
n*—n* dimer geometry for N3Ss°. Adapted from Boeré, R. T.; Chivers, T.; Roemmele, T. L.; Tuononen, H. M. /norg. Chem. 2009, 48, 7294-7306,

copyright (2009) American Chemical Society.
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(diamagnetic) NS, and N,S,. In situ EPR-electrochemistry was
able to demonstrate the rapid formation of N4S, under condi-
tions where [N3S3]” was oxidatively electrolyzed. The best
kinetic model developed for the interconversion of N,S, and
N3S5° in solution proposed a steady-state NS°® concentration
~20% that of bulk N3S5~ and a half-life in solution for N5S5° of
0.2-0.8s.'"

The ground-state wave function of neutral N5S;° has been
determined to be multideterminantal by [3,3]-CAS calcula-
tions supported by further work at the MP2 and CCSD level.
The CI vector coefficients indicate that the ground-state wave
function is a linear combination of five Slater determinants,
which form two configurations as shown schematically in
Figure 15. Thus, N3S5° fits into current interest in triradicals
with an open-shell doublet ground state. Since the ground-
state wave function is dominated by the closed-shell doublet
configuration, it is not a true triradical species but can be best
viewed as a ‘triradicaloid’.'”>*7¢

1.14.3.1.9 N,Sy, the tetramer of NS°

The chemically most important NS*® oligomer is undoubtedly
N,4S, which may be prepared in bulk by a variety of methods,
including the original condensation of ammonia with S,Cl, in
inert solvents.'”” This is the most important starting material
for thiazyl chemistry and also a common product or byproduct
even though it is an endoergic species; the latter property is
demonstrated by its tendency to detonate with friction or
heating. N,S, forms a highly puckered eight-atom ring with
the cage-like structure shown in Figure 16 (left) as a result of

5o |4 — i S L

Cl-coefficient 0.922 -0.238 0.248 -0.124 -0.124

Figure 15 Frontier MO surfaces and leading configurations in the
wave function of N3S3°. Reprinted from Boeré, R. T.; Chivers, T.;
Roemmele, T. L.; Tuononen, H. M. /norg. Chem. 2009, 48, 7294-7306,
copyright (2009) American Chemical Society.
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Figure 16 Structure of N4S,4 (left) and reversible rearrangements
during photoloysis at 12 K. Adapted from Pritchina, E. A.; Gritsan, N. P.;
Zibarev, A. V.; Bally, T. /norg. Chem. 2009, 48, 4075-4082, copyright
(2009) American Chemical Society.

intramolecular n*-n* interactions.'® In an elegant study of the
photochemistry of N,S, dispersed in Ar matrices at 12 K, re-
versible wavelength-dependent transformations were observed
(Figure 16).'”® Irradiation at 254 nm (the band maximum of
N,4S4) produces a boat-shaped eight-membered cyclic isomer
and a six-membered N3S; ring with a pendant SN group.
Further irradiation with 313 nm light converted both to a
fourth species assigned to N3S; with a pendant NS group,
while at wavelengths above 405 nm the ground-state structure
was reformed.

These fascinating transformations in low-temperature
matrices may be compared to gas-phase photolysis. The facile
emission from gaseous N,S, irradiated by two-photon 248 nm
excitation extends from the UV (~200 nm) into the green
(~550nm) and comprises two distinct band systems
(Figure 17)."%* The broader and more extensive double-headed
system was identified as NS° (B’ s — X2 Il /55/2)
and shows the characteristic 1/2-3/2 spin-orbit components. A
second much sharper band system is visible in the 200-330 nm
region and is attributed to NS* (H” 1, — X” I1,,). The initial
byproduct of photolysis, supposedly a chain isomer of N3S3°, is
predicted to absorb a single photon to produce more NS* and
N,S,."23 The result is to produce, after the facile emissions decay
away, a relatively high concentration of vibronically excited
electronic ground-state NS°® molecules. The overall efficiency of
conversion of absorbed photons by N,S, into NS® (B2 My 5,32)
was determined to be 2.6(7)%. This discovery lends support to
the notion of a commonality among photoexcitation, chemical or
electrochemical reduction, and reaction with nucleophiles: each is
expected to populate the LUMO of S;N, (see Section 1.14.3.4.4)
which is 6*(S---S) and n*(S-N). Follow-on reactions that either
flatten the ring (opening the transannular S-S ‘bond’), or contract
the ring via a 1,3-nitrogen shift reaction, are therefore to be
expected.

1.14.3.1.10 (NS),, a high polymer of NS°®

(NS),, considered the first polymeric metal, was most recently
reviewed in 1997'% and 1998,'” and Heeger and MacDiarmid,
along with Shirakawa, received the Nobel Prize in Chemistry in
2000 for their discovery of conducting polymers including
(NS),."” Despite over three decades of work by physical
chemists, physicists, and theoreticians, the electronic structure
of (NS), is still not fully understood and has recently been re-
investigated.'%°~'®! The main unresolved issues are: (1) Why is
(NS), a metallic polymer and superconductor at low tempera-
tures? (2) What causes the suppression of the Peierls transition
normally observed in single-chain thiazyl compounds? The
amazing behavior whereby this polymer evaporates to small
fragments, including N3S;° (see Section 1.14.3.1.8), on heat-
ing in a high vacuum but on cooling condenses back to a high
polymer represents remarkable reactivity that clearly involves
nitrogen sulfide radicals. The presence of radicals in the
solid-state polymerization of N,S, has received a great deal of
attention. Blue-black N,S, crystals give a free-radical signal
(g = 2.005) which initially increases and then decreases with
time as polymerization proceeds.'®> EPR measurements of the
radical concentration in polymerizing microcrystalline thin
films of N,S, at ambient temperature showed that the radicals
decayed in about 12 h, indicating the end of the reaction'®®
(see Chapter 1.26).
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Figure 17 (a) UV-visible absorption spectrum of N4S4 (3 x 1073 M in CH3CN). (b) Emission spectrum produced from NS® with 248 nm excitation of
N4S4. The broad band near 248 nm (colored red) is due to the KrF laser spike. Adapted from Ongstad, A. P.; Lawconnell, R. I.; Henshaw, T. L.
J. Chem. Phys. 1992, 97, 1053-1064, copyright (1992) American Chemical Society.
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Figure 18 (a) The geometry and (b) SOMO isosurface of SNS°. Adapted from Boeré, R. T.; Tuononen, H. M.; Chivers, T.; Roemmele, T. L.
J. Organomet. Chem. 2007, 692, 2683-2696, copyright (2007) Elsevier. (c) The geometry and (d) SOMO isosurface of 24’ ONS® from a UB3LYP/

6-311+G™ calculation.

1.14.3.2 Other Neutral Nitrogen Sulfide Radicals: SNS°
and °NS;

1.14.3.2.1 SNS°, the sulfur analog of NO,*, its possible
dimers, and ONS*
SNS*® has been prepared in the gas phase by mass spec-
trometry through ion-recombination techniques from the
monocation which was itself generated from the novel start-
ing material [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazole (see
Section 1.14.5.2.8).'%” In an earlier investigation, it was pre-
pared by matrix isolation from an argon gas discharge of
sulfur and nitrogen; significantly by this route, both the linear
asymmetric isomer NSS® and the symmetric SNS® isomer were
obtained and unambiguously identified from vibrational spec-
troscopy.'**!%8 Upon irradiation (/. = 400-245 nm), NSS® (*A")
isomerized irreversibly to the more stable SNS® (A;) in agree-
ment with calculations that the latter is 80.3 kJ mol™! more
stable.’®® The importance of the matrix isolation technique
for many of the fundamental nitrogen chalcogenides will be
obvious to readers of this article; a thorough review of the
method and its achievements has recently been published.*®
Calculations performed at the UB3LYP/(aug)cc-pVTZ level
of theory indicate a bent structure for the SNS*® radical in its %A,
ground state, with a bond angle of 152.3° and an S-N bond
distance of 1.553 A (Figure 18(a))'*® which is in excellent
agreement with results from large basis-set orbital methods.'®?
Calculations have shown it to be a rather floppy molecule; the
classical barrier energy to linearity is estimated to be only
8-12 k) mol~!. The SOMO from this calculation is shown in

Figure 18(b), indicating similarity in topology to the SOMO of
NO,* except that the contribution of the nitrogen p-orbital is
much smaller (compare Figure 10). It is fully consistent with
population of a lone-pair-type orbital at N with a single elec-
tron in the linear geometry of the well-characterized [S=N=S]*
cation (d(SN) = 1.46-1.49 A).'! The latest calculations
also report isotropic hfc constants of A('*N) = 2.11 mT and
A(??S) = 0.56 mT, respectively. The latter reflects the small
sulfur atomic s-component to the total spin density as a
consequence of the almost pure p-contribution by S to the
SOMO (Figure 18(b)); for comparison, A(**N) = 5.34 mT in
NO,* (see Section 1.14.2.2.1). The EPR spectrum of SNS* is
expected to be notoriously featureless: a single 1:1:1 triplet;
consequently, there have been several claims in the literature
for this species but none fit well with the DFT calculated
values.'?”’

SNS* ought to be accessible from chemical or electrochem-
ical reduction of the cation [SNS]*, first reported by
Gillespie.'”? An unconfirmed and preliminary study by cyclic
voltammetry claims +0.72 (CH5CN) or +0.76 (SO;) V versus
SCE for the reduction of SNS* from its AsFs~ salt.’”! On a
preparative scale, reduction of [SNS][AsFs] with sodium
dithionite (Na,S,0,) results in the (known) AsFs~ salt of the
N,S5"* radical cation (see Section 1.14.3.3.1). The mechanism
of this reaction is not known but it can be hypothesized that
(highly reactive) SNS* (or NS°® from its breakdown) is trapped
by excess SNS™. This reaction has no analog in nitrogen oxide
chemistry where reduction of ONO™ salts leads cleanly to the
production of NO,*.'! Some insight into this result may be
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obtained by considering that the main reactivity of ONO™,
nitration via electrophilic aromatic substitution, produces
bonds to the central nitrogen atom, whereas all known reac-
tivity of SNS™ occurs at the terminal sulfur atoms.'®! Of special
interest is that reaction of SNS* with N3~ yields (NS), polymer,
the first known chemical synthesis other than ring-opening
polymerization of N,S, (see Section 1.14.3.1.7) This contrast
in reactivity can be directly related to the differing topologies of
the ENE" LUMO, which is N-centered for E=0 and S-centered
for E=S. New results in this area include the publication
of a high-yield synthesis of the SO,-soluble salt [SNS]
[SbFg]'** and the CH,Cl,-soluble [SNS][AI(OC(CF3)s)4].""*
These may be excellent reagents for re-investigation of SNS*
electrochemistry.

Chesnut calculated an S,NNS, dimer analogous to dinitro-
gen tetroxide and conclude that the bound state is 7.1 k] mol ™
higher in energy than two SNS® radicals (Scheme 7).”® A dimer
of SNS*® was reported along with the monomer by matrix
isolation of a sulfur and nitrogen discharge and identified as
the cyclo-3,6-N,S, molecule (Scheme 7)."* Early DFT calcu-
lations claimed that the 3,6-isomer is 54-73 k] mol™! higher
in energy than crystalline dark red cyclo-4,6-N,S,, which can
be made in bulk from S,Cl, and NH,OH in CS, and has
been well characterized by crystallography and spectroscopy
(Section 1.14.3.4.4)."%° These two cyclic dimers therefore dif-
fer fundamentally from N,0, and the observed dimerization
reflects the different topology (S vs. N centered) of the SOMOs
of SNS® and NO,".

Finally, there are several reports on the mixed oxide/sulfide
ONS*.1?%71%? Calculations at the B3LYP/6-3114+-G* level of the-
ory predict that the ground electronic state is the bent form 2A’
ONS® (dNO = 1.186, dNS = 2.613; Figure 18(c)).”*° The SOMO
(Figure 18(d)) can be viewed as a hybrid of those of SNS® and
NO,* (compare Figure 10). There are no reports in the literature
on the fate of ONS *® if the matrix is warmed or any indication of
what other chemistry this species may undergo.

1.14.3.2.2 The cyclic neutral radical °NS;

The cyclic geometry expected for the neutral *NS; radical and
the expectation of considerable spin density on N suggest at
least a geometric relationship to that of SNS®. However, at the
electronic level °NS; is actually related to the (unknown)
NS,%*~ with two extra electrons and thus isoelectronic with
NO,?*~ (see Section 1.14.2.4). An EPR spectrum purported to
belong to this radical formed by y-irradiation of HNS, powders
and crystals was reported many years ago’°' and the signal
appears to be stable in the powder form for a considerable
time at 77 K. The trace of the hfc tensor measured from these
solids gives an estimated isotropic splitting of ~2.6 mT, in
reasonable agreement with 1.90 mT recently calculated by
DFT methods.'*® By analogy to the formation of thioaminyl
radicals from RN(H)SR’ (see Section 1.14.5.1.4), solution-
phase oxidation of the parent compound should be attempted
to try and verify this result. This has a better chance of succeed-
ing than by using the thermally unstable anion. The geometry
calculated for °NS; at the UB3LYP/(aug)cc-pVIZ level predicts
abond angle of 139.6° at nitrogen (Figure 19(a)). This value is
smaller than the 152.3° obtained for neutral SNS°®, suggesting
that the smaller angle in the cyclic system may be caused by
ring strain from the ‘bridging’ Ss chain. An analysis of the
SOMO (Figure 19(b)) reveals that, unlike SNS® in which
in-plane orbitals are involved, the unpaired spin density is
concentrated in p-orbitals that are perpendicular to the SNS
plane. Indeed, in °NS; the in-plane orbitals that correspond to
the SOMO of SNS* are involved in bonding of the SNS unit to
the S5 fragment. All the calculated hfc constants for °NS; are
smaller than those in SNS®, but in approximately similar ratios.
The chemical reaction of Sg>* salts with azide ion, N5, leads to
the isolation of salts of SNS™ and not the expected NS, .'**
However, the reaction of cyclo-Sg with azide ion in hexamethyl-
phosphoramide gives HNS; in reasonable yields.?%?

S s s s s s S-S, N-S

Ne + N —x= N-N N + Ne—= N N s s

s s s s s s s-s N-s
S,NNS, 3,6-NpS, 4,6-N,S,

Scheme 7 Dimerization of SNS°.

107.7°

(a) (b)

(c) (d)

Figure 19 (a) Geometry-optimized structure and (b) SOMOQ isosurface calculated for the *NS; radical. (c) Geometry-optimized structure and (d) SOMO
isosurface of NS, . Adapted from Boeré, R. T.; Tuononen, H. M.; Chivers, T.; Roemmele, T. L. J. Organomet. Chem. 2007, 692, 2683-2696, copyright

(2007) Elsevier.
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1.14.3.3 Cationic Nitrogen Sulfide Radicals (N,S;"°,
NzSz+., and N4S4+.)

1.14.3.3.1 The cyelic N,S;"* cation radical
The thermodynamically stable cation radical cyclo-3,5-N,S;**
(structure and atom numbering in Figure 20(a)), a rigorously
planar cyclic n-radical, is by far the best-characterized binary
nitrogen sulfide radical and has been intensively investigated
in part because of the false assignment of its EPR spectrum to
several other species over the years. For example, the ‘five-line’
1N spectrum obtained from solutions of both NS, and N,S,
in concentrated aqueous acid was eventually identified as
belonging to N,S;™ through >N and *3S isotope enrichment
studies carried out in the early 1980s.2° It has been made by
the direct oxidation of N,S, using the powerful, if unusual,
oxidants Teg** or 5279 and more simply from N,S, and
AsFs in SO, solution.?%® The orbital-symmetry-allowed forma-
tion (and dissociation) of the unstable dication N,S;>" from
the known ions NS* and SNS* has been demonstrated on a
theoretical basis. By contrast, occupancy of the 2a; n* orbital
with a single electron in N,S;** renders the ring stable against
such a dissociation; this is a rare example in nitrogen sulfide
chemistry where a 7n electron system is found to be more
thermodynamically stable than a Hiickel 6n state; the high
cation charge of the latter may be a contributing factor.>*®

A calculated geometry at the UB3LYP/(aug)cc-pVIZ level
of theory is provided in Figure 20(a) and the n*-SOMO isosur-
face is shown (Figure 20(b)) indicating that the majority of the
spin density is located on the S; , and N3 5 atoms. There are in
fact a number of known crystal structures containing NS5,
but in all such structures it is found as the antarafacially linked
dimer via side-on n*-m* contacts of ~3.0 A (Figure 20(c) and

(b)

20(d)),?°®2'? a bonding interaction which may affect the in-
plane S-N bond distances somewhat. Hence, for this species,
computation is the only way to get the precise structure of
the monomeric radical cation. A full assignment of the hfc
and g tensors was reported by Preston, Sutcliffe, and their
coworkers from solid-state experiments in which the radical
is doped in a diamagnetic crystal host or measured in frozen
solutions (Table 2)?°*2°7213 (see Chapter 9.13). The other
cyclic isomer, 4,5-N,S;*°, has the two nitrogen atoms
adjacent; there is no evidence for the existence of such a spe-
cies. No new experimental results have been reported in the
past decade for this important nitrogen sulfide free radical;
however, an extremely rich chemistry has developed for
whole families of related neutral radicals in which one or
more S* or N is isoelectronically replaced by a planar R-C
group (see Section 1.14.5.2).

1.14.3.3.2 The cyclic N,S,"* cation radical

Early claims in the literature for the formation of the 1,3-
N,S,"* cation radical from the dissolution of either N,S,
or N,S, in acidic media®'*?'® have been convincingly
reassigned to the characteristic I = 1 quintet with A(**N) =
0.32 mT of the thermodynamically stable N,S;** cation radi-
cal (see Section 1.14.3.3.1).%'° The solution electrochemistry
of cyclo-1,3-N,S, has been reinvestigated in detail in CH5CN,
CH,Cl,, and tetrahydrofuran solutions but failed to detect an
oxidation process that can be reliably assigned to the forma-
tion of the cation radical.?!” Indeed, the process previously
reported as the 0/+1 redox couple was observed to occur
with E,® = —0.30, —0.35, and —0.34 versus Fc”* in these
three solvents. However, this was shown unequivocally to

(e (d)

Figure 20 (a) Calculated structure for an isolated NoSs** cation radical in the gas phase and (b) =*-SOMO isosurface. Adapted in part from Boeré, R. T.;
Tuononen, H. M.; Chivers, T.; Roemmele, T. L. J. Organomet. Chem. 2007, 692, 2683-2696, copyright (2007) Elsevier. (c) Antarafacial dimerization in
crystal lattices and (d) strong in-phase n*—n* SOMO interactions, based on B3LYP/6-311++G(2df) calculations.

Table 2  Anisotropic and isotropic EPR parameters for the paradigmatic 3,5-N,S;™* radical®

g A("*N35) (mT) A("N35) (mT) A®S;2) (mT) A(®S,) (mT)
XX 2.0013 0.918 1.285 3.784 0.893
W 2.0062 ~0 ~0 ~0 ~0
/4 2.0250 ~0 ~0 —0.882 ~0
Average 2.0108 0.306 0.428 0.967 0.298
Isotropic 2.01112(1) 0.319(1) 0.446(3) 0.861(7) 0.297(4)
Calculated” 0.32 0.78 -0.29
Calculated® 0.36 0.56 —0.34

“Fairhurst, S. A.; Johnson, K. M.; Sutcliffe, L. H.; Preston, K. F.; Banister, A. J.; Hauptman, Z. \V.; Passmore, J. J. Chem. Soc., Dalton Trans. 1986, 1465-1472.

bGassmann, J.; Fabian, J. Magn. Reson. Chem. 1996, 34, 913-920

“Boeré, R. T.; Tuononen, H. M.; Chivers, T.; Roemmele, T. L. J. Organomet. Chem. 2007, 692, 2683—-2696.
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belong to the N3S57° redox couple, the origin of which is due
to rapid reaction of cyclo-1,3-N,S,°~ with neutral cyclo-1,3-
N,S, to form N,S,°7; the latter is known to decompose rapidly
to N3S;~ under similar conditions.!”®

1.14.3.3.3 The cyclic N,S,* cation radical

This cation radical, 2,4,6,8-N,S,™* (structure and atom num-
bering in Figure 19(c)), is the postulated intermediate for the
AsFs oxidation of N,S, that leads via elimination of NSN to
N,S;"*,2% but its presence in these reactions has not been
proved. The only reported EPR spectrum of N,S,™* is a
~4.5 mT broad, featureless, signal generated in frozen CFCls
solution many years ago using y-irradiation.?'® The average g
value of this spectrum is 2.004, and the lack of resolved '*N hfc
was interpreted by the authors to indicate it to be a n*-radical
with a planar structure. The planar structure was confirmed by
recent DFT calculations at the UB3LYP/(aug)cc-pVIZ level of
theory with the geometry and SOMO isosurface shown in
Figure 19(d). This study provided calculated isotropic hfc
values for [S4N4]™" of A("*N) = 0.32, A(**S;5) = 0.78, and
A(**S3,;) = -0.39 mT, thus quite similar to those found for
N,S57*.12% All claims for the solution-phase detection of cation
radicals from, for example, dissolution of N,S, in strong acids
have been reinterpreted as being due to formation of N,S;"*
(see Section 1.14.3.3.1). In a recent thorough reinvestigation
of the solution electrochemistry of N,S; in CH3;CN and
CH,Cl, solutions, no oxidation process was detected out to
the solvent limit so long as scans are first taken in the anodic
direction (Section 1.14.3.4.4).'"°

1.14.3.4 Anionic Nitrogen Sulfide Radicals (NSN°~, N,S,° ",
N2S;°~, NgSs°~, and N5S,%* ")

1.14.3.4.1 The NSN°~ anion radical

The experimental EPR claims for the NSN*™ radical are quite
diverse. It was first postulated as the species formed when NS,
is reduced with metallic potassium in dimethoxyethane.?'* A
very similar spectrum is obtained when N5S,°~ is cathodically
reduced in CH,Cl, solution at RT within an EPR electrolysis
cell.?'® A similar EPR spectrum was obtained from hydrolysis
of dilute solutions of [PhCN3S,], in CH,Cl, in air,>*° and as a
byproduct of oxidative electrolysis of N3S3~ in CH,Cl, solu-
tion.'”” In all of these measurements, the two equivalent 1N
nuclei display Ay ~0.50-0.52 mT, in reasonable agreement with

the UB3LYP/(aug)cc-pVIZ calculated value of 0.40 mT.'?’
The calculated geometry of this bent anion radical is shown in
Figure 21(a); it may be compared to the geometry of [NSN]*
which has only recently been crystallographically characterized,
with S-N = 1.484(3)A and ZNSN = 129.9(2)°.?*! The in-
creased size of the bond angle in the anion radical is consistent
with one fewer ‘lone-pair-like’ electron than in the dianion. The
SOMO (Figure 21(b)) is an in-plane a,-symmetric orbital dom-
inated by N p and S s atomic orbitals, that is, an MO that bears a
topological resemblance to the SOMO of [SNS]*, except that the
S and N atoms are transposed. Thus, for NSN*7, it is the 33g
nucleus that has the larger calculated hfc constant of 3.08 mT,
while the two '*N nuclei have quite small calculated hfc con-
stants (0.40 mT) indicative of small s-orbital coefficients for N. It
is interesting in this context that Chivers and Hojo reported that
the exhaustive controlled potential electrolysis of S;N, at -2.8 V
versus Ag/Ag™ eventually produces [NSN]?~ quantitatively.?*?
However, voltammetry conducted on the resulting solution in
which the [NSN]?7*~ redox couple might have been observed
was not reported.

1.14.3.4.2 The N,S,°~ anion radical and protonated N,S,H*
The DFT calculated gas-phase geometry and isotropic hfc
values for this anion radical concluded that it adopts a D5y,
geometry quite similar to that of the parent neutral compound
but with calculated bond lengths 0.064 A longer than in the
neutral molecule, consistent with single-electron population of
the ©* SOMO (Figure 22(a) and 22(b)). An exhaustive solu-
tion electrochemistry study of N,S, in CH5CN, CH,Cl,, and
tetrahydrofuran containing electrolyte has been under-
taken.?!” Cathodic scans indicate a rich reductive voltammetry
with an irreversible first reduction occurring respectively
at —1.40, —1.37, and —1.29V versus Fc”’* in the three sol-
vents. Upon further cathodic scanning, the CV shows continu-
ous current flow, with a second irreversible peak occurring
at —2.18, —2.20, and —2.25V in the same solvents. Reversal
of the scan direction after traversing either the first or the
second cathodic processes shows a strong quasi-reversible ox-
idation process that is readily identified as being due to the
N3S57° redox couple. These results have been interpreted and
kinetically modeled in terms of the rapid dimerization reaction
between N,S,°™ and excess NS, to form N,S,° ™~ in solution (see
Section 1.14.3.4.4). No EPR signal could be detected from
N,S,°" due to its very short lifetime; however, protonation

(a) (b)

(c) (d)

Figure 21 (a) UB3LYP/(aug)cc-pVTZ calculated geometry and (b) SOMO orbital isosurface for NSN*~. (c) UB3LYP/(aug)cc-pVTZ computed
gas-phase structure and (d) SOMO isosurface for 4,6-N,S,*~. Adapted in part from Boeré, R. T.; Tuononen, H. M.; Chivers, T.; Roemmele, T. L.

J. Organomet. Chem. 2007, 692, 2683-2696, copyright (2007) Elsevier.
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(a) (b)

(c) (d)

Figure 22 (a) UB3LYP/(aug)cc-pVTZ calculated structure and (b) SOMO isosurface for NS, . Adapted from Boeré, R. T.; Tuononen, H. M.; Chivers,
T.; Roemmele, T. L. J. Organomet. Chem. 2007, 692, 2683-2696, copyright (2007) Elsevier. (c) UB3LYP/(aug)cc-pVTZ geometry-optimized structure
and (d) SOMO isosurface of the protonated radical NoS,H®. Taken in part from Roemmele, T. L.; Konu, J.; Boeré, R. T.; Chivers, T. /norg. Chem. 2009, 48,
9454-9462, copyright (2009) American Chemical Society. Dr. H. M. Tuononen, University of Jyvéskyld, Finland is acknowledged for the DFT calculation

on N282H..
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Figure 23 (a) Computed C», UB3LYP/(aug)cc-pVTZ gas-phase geometry and (b) SOMO isosurface for N4S4°~. (c) UB3LYP/(aug)cc-pVTZ gas-phase
geometry and (d) SOMO isosurface for NsS42°~. Adapted from Boeré, R. T.; Tuononen, H. M.; Chivers, T.. Roemmele, T. L. J. Organomet. Chem. 2007,

692, 2683-2696, copyright (2007) Elsevier.

from adventitious or deliberately introduced moisture or acid
produced strong solution-phase EPR signals attributed to
N,S,H* (Figure 22(c)): A(*N; = 1.12); A(**N, = 0.65); A
("H = 0.60 mT); and g = 2.0136(1) at —20°C in CH3CN.
This radical has an estimated half-life in solution of 7(1) s
at —70°C.2"” Consistent with the mechanism established by
electrochemistry, a variety of chemical reducing agents was
found to reduce N,S, to salts of N3S3™ quantitatively.

1.14.3.4.3 The N»S,°~ anion radical

The reduction of neutral 4,6-N,S; (Section 1.14.3.2.1) by
polarography and rotating-disk-electrode voltammetry was in-
vestigated some time ago showing that the initial reduction
product, presumably the radical anion 4,6-N,S,° (structure
and numbering in Figure 21(c)), is unstable with respect to
disproportionation to other binary sulfur-nitrogen anions.>?
The overall reaction at a platinum rotated-disk electrode
corresponds to 9 N,S; + 10 e — 6 NS;~ + 4 N3S;3™. The two
ultimate products were detected by UV-vis spectroscopy of the
electrolyzed solutions. More recently, the UB3LYP/(aug)cc-pVIZ
computed gas-phase structure and isotropic hfc constants for
the putative 4,6-N,S,*~ anion radical have been reported.'?’
The SOMO (Figure 21(d)) is a pseudo-n* orbital that is anti-
bonding over the N=S=N portion of the molecules, and the
computed bond distances reflect bond lengthening in this region
compared to crystal structures of the neutral compound.

1.14.3.4.4 The N,S,° anion radical

The anion radical N4S,°” is the next-best characterized nitrogen
sulfide free radical after N,S;1°; whereas the latter is a thermo-
dynamically stable planar n-radical, N,S,°~ is a cage-shaped,
reactive, short-lived intermediate (half-life = 50 s at -21.6 °C)
that has been identified through in situ electrolysis at low
temperatures.'’>??*?%> The gas-phase structure was recently
computed at the UB3LYP/(aug)cc-pVIZ level of theory along
with calculated isotropic hfc values (Figure 23(a)).'?® The
expected Jahn-Teller distortion of the D, 4 structure of the neutral
N,4S,4 cage leads to a symmetry-lowered C,, geometry in which
all four nitrogen atoms remain equivalent but the two pairs of
sulfur atoms are no longer equivalent as a consequence of pop-
ulation of the transannular-antibonding SOMO (Figure 23(b)).
This is reflected in the calculated hfc values: A(**N) = +0.08, A
(33S15) = —0.65, and A(>*S5 ;) = 40.97 mT.

EPR spectra from N,S;°” detected in an in situ EPR-
electrochemistry cell at subambient temperatures have been
reported for each isotopic species '*N,>?S,°”, °N,32s,°”,
and '*N,?S,°” as part of a detailed re-investigation of the
voltammetry of N,S, in a variety of common solvent/electro-
lyte systems.'”> The measured hfc values at —20 °C in CH,Cl,
solution are: A(**N) = 0.1175, A(*°N) = 0.1535, and A(*?S;.;)
=0.20 mT; g =2.0008(1). These data are consistent with a rapid
exchange process between the two degenerate C,, structures
of the anion radical at -20 °C resulting in averaging of the
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A(?S) hfc values (the calculated average due to the opposite
signs of the two values comes to 0.32 mT). In this study, the
average agreement between calculated and measured hfc values
was only 30%, which was attributed to the sensitivity of the hfc
values to the precise geometry adopted in solution by such a
nonplanar, nonrigid species. The "N hfc values were found to
be small relative to the spectral linewidths (~0.06 mT) resulting
in a very characteristic EPR signature for *N,>28,°~. Based on
detailed digital simulations of the cyclic voltammetric data
(Figure 24(a)) and stoichiometry established from rotated-disk
voltammetry as well as bulk electrolysis, this work proposed a
detailed mechanism for the rearrangement of the activated
N,4S,°" anion radical through a well-attested 1,3-nitrogen shift
reaction followed by expulsion of NS*, the latter rapidly oligo-
merizing to fresh NS, (Figure 24(b)). An Arrhenius activation
energy for the first-order decay of N;S,°~ was measured as 62(2)
k] mol™! in reasonable agreement with earlier results.??® There
is an obvious similarity here to the proposed mechanism for
photolysis of NS, in a noble gas matrix (see Section 1.14.3.1.9
and Figure 16).

1.14.3.4.5 The NsS;°° dianion radical

The neutral radical N5S,* is unknown, but the radical dianion
N5S42°~ was reported to be a short-lived species at low temper-
ature by in situ EPR-electrochemical reduction of ["BuyN][NsS,4]
in CH,Cl, solution at 40 °C.?'® Recent UB3LYP/(aug)cc-pVIZ
calculations predicted the geometry shown in Figure 23(c),
which is quite similar to that of the well-characterized parent
anion NsS,~, except for the marked increase in the size of the
transannular Ss. . .S, distance from 2.71 to 3.34 A. The calculated
isotropic hfc values at this level of theory were reported as:
A(*Ny4) = 0.10, A(**N5) = —0.10, A(**S;,) = —0.30, and
A(*?S34) = 1.05mT.'* The experimental EPR spectrum for
this species is quite characteristic with A(**N;_4) = 0.175 and
A("*Ns) = 0.05 mT, fully consistent with greater spin density on
the four equal equatorial nitrogen nuclei and less on the unique
bridging nitrogen (Figure 23(d)). The smaller coupling is only
slightly larger than the experimental linewidth of 0.04 mT.
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—0.3 V versus Fc”*, but after scanning cathodically through the N4S4™°

couple a strong wave is observed for the N3S3

Neither the lifetime nor the g value of this dianion radical has
been reported.?’® When electrolysis was conducted at higher
temperatures, N5S,?*~ was not detected and instead complex
mixtures of EPR signals were observed including one attributed
to NSN°®™ (see Section 1.14.3.4.1).

1.14.4 Nitrogen Selenide and Telluride Radicals

It is often asserted that the bond energies in nitrogen selenides
and tellurides are significantly lower than in the sulfides to
rationalize the much smaller scope for their chemistry. Cer-
tainly, it must be acknowledged that N,Se, is viciously explo-
sive and extremely touch-sensitive and should only be made
using extreme caution. It has been shown to have a similar
structure to that of NS, but the tellurium analog is not known;
instead, there are different structural types with formulas such
as NgTes. The standard heat of formation AH®¢ for N,S,(s)
obtained from measurements of the heat of decomposition is
+460(8) k] mol™', for which the average N-S bond energy in
NS, is 307.5(41) k] mol ™", and thus higher than the average
N-S single bond energy of ~188 kJ mol~'. The corresponding
values for N,Se, are +618(25), 247(42), and ~167 kJ mol ™/,
respectively.??® This suggests that inherently weak bonds can
be only part of the picture; lack of kinetic stability as well as
unexpectedly low volatility may also be contributing factors. It
has been shown that unsaturated N-Se and N-Te bonds are
strongly associated by dipole-dipole contacts to neighboring
molecules in solid lattices.”>” Considerable progress has been
made in recent years for both nitrogen selenide®?® and nitro-
gen telluride chemistry.?>” However, very little is as yet known
about free radicals.

1.14.4.1 Nitrogen Monoselenide (NSe®), Nitrogen
Diselenide (SeNSe®), and Their Oligomers

1.14.4.1.1 Nitrogen monoselenide (NSe*)
The NSe® radical has been known for a long time as a tran-
sient species that can be formed in the gas phase and detected

(c)
Figure 24 (a) Representative cyclic voltammograms showing the interrelationship of N,S4°~ and N3S37; scanning anodically first detects nothing at

% redox couple. (b)

Proposed mechanism for 1,3-nitrogen shifts in the anion radical followed by elimination of NS® (compare Figure 16). (c) The PBE1PBE/(aug)cc-
pVTZ geometry optimized structure including bond lengths of the intermediate [cyc/o-N3Ss—N=S]°~ from which NS*® is expelled. Adapted from Boeré, R.
T.; Chivers, T.; Roemmele, T. L.; Tuononen, H. M. /norg. Chem. 2009, 48, 7294-7306, copyright (2009) American Chemical Society.
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by electronic spectroscopy.?>°"?*>* Brown determined the
vibrational-rotational spectrum using laser magnetic reso-
nance (because it is a paramagnetic molecule).>** The vibra-
tional band origin for N®°Se® is determined to be 944.54216
(9) cm ™", It has the same X 2H1/2—X 2l'[3/2 anomaly as NO® and
NS* but the spin-orbit coupling term of A = 891.89132(11)
cm™ ! is much larger than for the lighter exemplars; moreover,
it is very close to the fundamental vibrational level for X IT; /2
so that there is considerable mixing between the v+1 rotational
lines of X 21'[1/2 and the v=0 rotational lines of the X 21'13/2
levels (the effect of this on rotational spectroscopy is termed an
‘anomalous A doubling’ of the rotational progressions). Thus,
in every way, NSe® behaves as a direct analog to NS*® although
there are no reports as yet regarding its detection in interstellar
dust or comets. This lack of astrochemical significance perhaps
explains the far fewer studies in the literature compared to NS°.
Andrews was able to prepare NSe®, SeNSe®, and NSe,™ species
by condensing the effluent from an argon/nitrogen/selenium
microwave discharge onto a 12 K substrate and identify them
by IR spectroscopy using isotopic substitution.”****> Key phys-
ical parameters measured or calculated for NSe® are compiled
in Table 1.

1.14.4.1.2 Oligomers of nitrogen monoselenide (NSe°):
SESENSE., N4SE4, and 882N482

The matrix work of Andrews also provided the first evidence for
direct synthesis of an oligomer of NSe®, namely NSeNSe, and the
open-shell adducts cis- and trans-SeSeNSe®.?***3> No compre-
hensive evaluation of the potential energy surface for oligomers
of NSe® has been undertaken of the kind that has been reported
for NS*.'® The most important oligomer is N,Se,; a chemical
synthesis from the condensation reaction between SeCl, or SeBr,
and liquid ammonia has been known for a long time.”*°
The crystal structure shows the same D,q cage structure for the
molecule as in N,S,.2*” The N-N distance is 2.82, Se-Se 2.97 A.
The transannular Se-Se contact from diffuse n*-n* interactions
is 2.76 A, the mean value of the Se-N bond length is 1.80 A, the
#N-Se-N 103° and «Se-N-Se 111°. The careful reaction of
SeCl; and Me;SiNSNSiMe; in CS, at —70°C yields 1,5-
Se,N,4S, (numbered as in Figure 23(a)), a mixed oligomer of
NS® and NSe®, isostructural with N,S,.?38

1.14.4.1.3 NSe® and transition metals: selenonitrosyl
complexes

The first and only example of a selenonitrosyl complex was
reported in 1998 by the method of reacting elemental sele-
nium with an osmium nitride complex.?** The v(NSe) stretch-
ing band in the complex was found at 1156 cm™', a much
higher frequency than gas-phase NSe® (Table 1) and is sugges-
tive of NSe™ character in the complex. The '>N NMR spectrum
has a chemical shift of +65.6 relative to nitromethane and
shows one-bond N-Se coupling of 140(6) Hz. The structures
and properties of the whole series CpCr(CO),NE (E= O, S, Se,
and Te) were investigated, albeit using probably inadequate
semi-empirical methods.**° It was shown that the Cr-N bond
order increases steadily with the higher chalcogenides, while
the N-E bond orders are calculated to decrease from 1.47 for
NO*® to only 0.76 for NTe®. High-quality DFT calculations have
been undertaken for [Cr(NSe)(H,0)s]*" along with the
nitrido, nitrosyl, and thionitrosyl analogs. The c-donating

ability was found to be in the order N>~ >> NO® < NS* ~

NSe®, whereas the t-accepting order is NO® > NS® ~ NSe®.'°

1.14.4.1.4 Nitrogen diselenide (SeNSe°®) and ONSe*

Matrix studies of nitrogen selenides produced the first evidence
for SeNSe®, the direct analog to NO,* and SNS®, and IR spec-
troscopy supported the expected bent structure with ~SeNSe =
146(5)°.7*?3> These experiments also provide evidence for
the existence of a second isomer, that is, SeSeN°®, which, like
the sulfur analog SSN°, is a higher-energy species than the
symmetric isomer (from DFT calculations). Mixed radicals
were also detected such as ONSe® with the source of oxygen
being the quartz walls of the reactor and with a fundamental
vibration at 1570 cm™ " in the argon matrix at 12 K. There are
no reports on bona fide oligomers of SeNSe® in the literature.

1.14.4.2 Cationic Nitrogen Selenide Radicals N,S,Se,
(x+y=3)

Many, but not all, mixed S/Se derivatives of trithiadiazolyl, the
most stable and best-characterized nitrogen sulfide radical,
have been prepared as shown in Scheme 8.

The preparation of N,SeS,"* (Scheme 8) from NS*AsFg”
and Se is consistent with the intermediate formation in solu-
tion of SeNS* which then undergoes a concerted cycloaddition
reaction with more NS*.>*! Note that these reactions always
produce mixtures of mono- and dications, the latter are impor-
tant species but not the focus of this article. The reaction of
[(MesSi),N],S with a 2:1 mixture of SeCl, and Se,Cl, affords
[(N2Se,S)Cl], and the product was identified by vibrational
spectroscopy.?>® In a manner analogous to the production of
N,S;"* by oxidation of NS, with Sg*, N,Se,S™ (Scheme 8)
was also prepared as its t-dimer in solid lattices by oxidation of
NS, with Ses>".?*? N,Ses™® (Scheme 8) was prepared by
the direct oxidation of N,Se, in SO, with AsF5.?*? This all-
selenium species was also found among several nitrogen sele-
nide cations produced by laser ablation of elemental Se in the
presence of N, followed by supersonic expansion.?** It is much
more thermodynamically stable than N,Se,; and can be heated
in solution and in the solid state without decomposition. It has
the typical antarafacial dimeric structure for this type of species
in the solid state (Figure 20(c)).

The reaction between the well-known sulfur transfer agent
[(MesSi),N],S with an equimolar amount of SeCl, in dioxane
at 50 °C affords [(N,Se,S)Cl], in excellent yield.?** This reac-
tion, depending on conditions, can also produce 1,5-Se,N,;S,
(CS,, =70 °C). Maaninen et al. believe that this is because the
neutral N4E; is an intermediate on the way to making the
N,E;** radical. A strong EPR signal was observed for a
powdered sample of [(N,Se,S)Cl], with A(**N) = 1.298 mT
and g = 2.0143 at RT indicating the presence of radical impu-
rities among the dimers in the solid state, but insufficient
solubility prevented measurement of solution-phase spectra.
This, the most recent paper on the subject, suggests that the

s S

N\'+/N N\'+/N N\-+/N N\.+/N
S S Se

N,S5** N,SeS,"* N,Se,S** N,Se;"*

Scheme 8 Cationic nitrogen selenide radicals N2S,Se, ™.
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Flgure 25 Adiffuse =*—r* dimer between two Fremy’s anions which unlike (NO), has a head-to-tail orientation. The O to N contact distance of 2.87 A
~7% less than the sum of their van der Waals’ radii. Based on B3LYP/6-311++G(2df) calculations using anion coordinates from Howie, R. A.;
Glasser, L. S. D.; Moser, W. J. Chem. Soc. A 1968, 3043-3047.

Table 3 Average interatomic distances (f\) & bond orders for NoE;™* dimers, and EPR data (mT) for the radicals

NsSs™° 4-N,S,Se** 1,2-N>SSe,"*? 1,2-N,SSe,™*" NSes™*

dist(A) bond order  dist(A) bond order  dist(A) bond order  dist(A) bond order  dist(A) bond order
S-S 213 0.74
Se-S 2.27 0.82
Se-Se 2.35 0.91 2.35 0.85 2.40 0.82
N=S=N 1.56 1.85 1.57 1.79 1.56 1.85 1.56 1.85
N=Se=N 1.71 1.85
N-S 1.63 1.48 1.68 1.25
N-Se 1.73 1.73 1.76 1.42 1.80 1.25 1.76 1.57
S-S 2.92 0.06
Se---S 3.11 0.05
Se---Se 3.14 0.07 3.07 0.08 3.14 0.07
giso 2.0111 2.0262 2.0472 2.043
A(™N) av 0.306 0.267 0.2427 0.30
A("Se) 10.
Structural data from Maaninen et al.>> EPR data from Awere et al.>>2%
IAsFg— salt.
bCl- salt.

application of the latest methodologies and reagents could
really open up this field of study and perhaps lead to novel
applications of nitrogen selenide radicals. Just as is the case for
N,S5"*, there is an extensive chemistry of heterocyclic nitrogen
selenide species by replacement of S*/Se* or N with an RC"
group (see Section 1.14.3.3.1). Replacement of further N or §
atoms with organic groups affords thiaselenazolyls and
diselenazolyls (see Section 1.14.5.2) (Table 3).

1.14.4.3 Nitrogen Monotelluride (NTe*) and Nitrogen
Ditelluride (TeNTe")

The formula NTe was originally assigned to a highly explosive
yellow solid obtained from the reaction of TeBr, with liquid
NHs,?*” but later work indicates that the correct stoichiometry is
closer to N3Te,.2*® The use of tris(trimethylsilyl)amine, expected
to be a milder and more controllable reagent than ammonia,
affords a rhombic dodecahedral cluster of composition
TesNg-4TeCly-ATHF. However, no radicals have been reported
from these or other nitrogen telluride clusters.”* Interest in
NTe® and TeNTe® is less driven by astrophysics; there is just one
recent report which includes NTe® in a study estimating the
Kronecker product periodic system of diatomics by statistical

methods for the purpose of establishing radiative transfer models
for earth and interstellar atmospheresA250 Rather, interest derives
from the fact that tellurium is a reactive fission product from
nuclear reactors.””" Laser ablation of elemental Te was conducted
in the presence of nitrogen and the effluent condensed in a low-
temperature Ar matrix. Fourier transfer infrared (FTIR)
spectroscopy detected the presence of both NTe® and TeNTe®.
For the former, split features were detected at 790.3 and
783.5 cm™ ! similar to those observed for NSe®. For TeNTe®, DFT
calculations predict three bands at 150.2, 377.6, and 887.5 cm™".
An intense experimental feature was observed at 973.5 cm
which was assigned to this species with the typical bent structure
of an ENE® radical. A fundamental vibration attributed to ONTe®
was also observed at 1575.7 cm ™! analogous to the formation of
ONS® and ONSe*® (see Sections 1.14.3.2.1 and 1.14.4.1.1). The
bond distances in NTe®* and NTe™" as well as the ionization ener-
gies and fundamental stretching frequencies have been deter-
mined by a wide range of quantum and DFT calculations.?>?
Key molecular parameters are compiled in Table 1.

-1

1.14.4.3.1 NTe* and transition metals: telluronitrosyl
complexes

The method used successfully to prepare an osmium NSe®
complex failed with elemental tellurium.?** The failure could
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be due to lack of a suitable tellurium transfer reagent. A reac-
tion of exactly this type was recently reported in which elemen-
tal tellurium was added to a ruthenium carbide complex
resulting in a tellurocarbonyl complex.?**

1.14.5 Chalcogen-Nitrogen Hetero-Radicals
(Including Organic Derivatives)

For nitrogen oxide radicals, there are only three major
types of organic or other hetero-substituted derivatives: the
aminoxyls, R,NO® (better known as nitroxides), the isomeric
N-alkoxyaminyls, RN°*OR’, as well as iminoxyls, R,C=NO?®,
derivatives of the imine functional group which are outside
the scope of this chapter.>®* By contrast, hetero-substituted
nitrogen radicals containing chalcogens beyond the second
period form a large and diverse field of stable linear and cyclic
free radicals. The most abundant examples involve the isoelec-
tronic replacement of Se*/S* or N by an unsaturated R-C,
R,PY, or R,As” moiety. As for aminoxyls, a multiplicity of
examples is possible merely by changing the ‘R’ group sub-
stituents and this leads to such a wealth of detail that an
exhaustive account is beyond the space available here. How-
ever, the main paradigmatic forms will be mentioned briefly
and readers looking for greater depth can confidently be di-
rected to the superb book chapter by Hicks.'?* The latter work
also provides a useful roadmap to the extensive materials
properties and applications of stable hetero-thiazyl radicals.
Another review which is focused on stable heterocyclic radicals
is also worth consulting.”*® The importance of the magnetic
properties of some hetero-radicals in this class has been
highlighted.**”

1.14.5.1 Hetero-Radicals Derived from Hydroxylamine

1.14.5.1.1 Aminoxyl radicals (nitroxides)

Among the oxygen derivatives, aminoxyls (Scheme 9) repre-
sent by far the majority and there is a vast literature for this
class; over 1500 crystal structures of aminoxyls or aminoxyl-
derivatives are known and over 8000 citations have been
reported in the past decade. An excellent summary has recently
been published.?”® Several book-length treatments are avail-
able, the most recent by Likhtenshtein.?*® Aminoxyls are ex-
ceptionally stable. They have four electrons less than NO°®,
resulting in a (c)?(n)" configuration with a bond order of 1.5
(d(N-0O) = 1.25 to 1.30 A) and bond energies of typically
~400 k] mol~!. The spin density is very evenly distributed
between O and N. When the ‘R’ groups are reasonably bulky as
in the famous 2,2,6,6-tetramethylpiperidyl-1-oxide (TEMPO),
the radicals often crystallize unassociated or with very weak
contacts through the oxygen atoms. However, aminoxyls which
lack sterically shielding side groups normally dimerize in the
solid state as n*-n* dimers (in contrast to the sulfur analog,
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/ N . N N 70N R2
R1 R2 .
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Scheme 9 Hetero-radicals derived from hydroxylamine.

Section 1.14.5.1.3). For example, in crystalline Fremy's salts
(the sodium or potassium salts of [(03S),NO®[*7), the two NO®
groups align sideways head to tail (Figure 25), unlike cis-ONNO.
A geometrically similar dimerization of two R,NO*® groups occurs
on the rim of a calixarene.?®° Fremy’s salts are suitable probes for
studying rotational diffusion by EPR spectroscopy in RT ionic
liquids to probe their fluid behavior.°*

1.14.5.1.2 N-Alkoxyaminyl radicals

N-alkoxyaminyl radicals (Scheme 9) are much less well known
than their branched cousins, although approximately ten crys-
tal structures have been reported for this class. First discovered
in 1967%°% and structurally characterized in 2001, this radical
has found use as a spin trap.>®> Recently, Tanaka et al. have
performed a series of DFT calculations to establish the best
parameters for predicting both the g values and the A(**N)
values for aminoxyls and alkoxyaminyls.’** N-Alkoxyaminyls
seem to have somewhat smaller A(N) and g values than
similarly substituted aminoxyls, which seems to be due to
significantly greater delocalization of the spin onto the N-aryl
group than is typical for aminoxyls.?®

1.14.5.1.3 Aminothiyl radicals, R,NS°® (thionitroxides)

The structure of H,NSH, the sulfur analog of hydroxylamine,
has been determined by microwave spectroscopy, indicating
that cis and trans conformers have very similar energies with NS
bond distances of 1.705 and 1.719 A, respectively.?® There is
only fleeting evidence for existence of H,NS®, but organic de-
rivatives R,NS°®, dialkylaminothiyl radicals (Scheme 9), are
known from the photolysis or thermolysis of their weak
disulfide-linked dimers (Figure 26(a)).?>>?%” Twenty-one crystal
structures of such dimers have been reported in the Cambridge
Structural Database (CSD) (2011 version). The TEMPO analog
bis(2,2,6,6-tetramethylpiperidyl-1) (TEMPS, Figure 26(b))
disulfide?®® is a source of the radical for coordination chemis-

try and for thermo-reversible hemolytic-cleavage type linkages
269

for covalent adaptable polymer networks (CANs).

(a) (b)

Figure 26 (a) Aminothiyl disulfide equilibria favor the dimers.

(b) Representation of the molecular structure of one independent
molecule found in the crystal structure of the dimer of TEMPS. From
Hursthouse, M. B.; Coles, S. J.; Bricklebank, N., private communication,
2003, in the Cambridge Structural Database version 5.32, 2011.
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1.14.5.1.4 N-Thioaminyl (RN*SR’) and dithioaminyl
radicals (RNS°NR’)

There is an extensive chemistry of RN°®SR’ radicals
(Scheme 9) which has been developed almost exclusively
by the research group of Miura. Fourteen crystal structures
of thioaminyls are known, none of which show the
disulfide-type coupling of the aminothiyls and all but one
of which contain essentially isolated radical units in the
solid lattices.?”">”* There is one example which crystallizes
as a radical dimer through n*-n* interactions with d(S---N)
= 3.266(3) A.2”> Two structures have also been reported in
which 4-pyridyl-substituted thioaminyls are coordinated to
metal complexes.?’® A number of heterocyclic thioaminyl
radicals have also been reported.?”” Dithioaminyl radicals
RNS°NR’ are also known.

1.14.5.2 Hetero-Radicals Derived from 1,3-N,E5"°

It is noteworthy that the most extensive set of nitrogen chalco-
genide hetero-radicals are derivatives of the best-characterized
and most stable binary radicals of sulfur and selenium (see
Sections 1.14.3.3.1 and 1.14.4.2). Of special importance are
the four neutral ring species shown in Scheme 10 which are
isoelectronic with the parent radical by virtue or replacement
of S* (or Se™) by ‘RC’ and which can often exist in three
oxidation states, as 6m mono-cation, 7n radical, and
8n mono-anion with varying degrees of stability.

1.14.5.2.1 1,2,3,5-Dithiadiazolyl radicals and selenium
analogs

Replacement of the unique sulfur atom in 3,5-N,S;"* by
RC leads to a large family of 1,2,3,5-dithiadiazolyls (1,2-dtda,
Scheme 11) which were first reported in 1980 with R = Ph.?"®
The chemistry of this compound class was comprehensively
reviewed in 1995,2”° as was the extensive electrochemical data
including selenium analogs in 2000."> A detailed review of the
crystal engineering of the various supramolecular synthons for
1,2-dtdas, both interacting among themselves (Figure 27) and
with other donor atoms which are normally incorporated on
or in the 'R’ groups belonging to the ‘RC’ moieties, has
appeared.?®® The impressive diversity observed in such inter-
molecular interactions seems to be the origin of the properties
of the crystalline solids which include semiconductivity
and, most famously, spin-canted ferromagnetism in rare exam-
ples where the dimerization in the solid state is overcome by
intermolecular interactions. Around 35 citations in the litera-
ture during the past decade show that interest in this radical
type remains strong. It is gratifying to see that the general focus
has moved on from basic chemistry and properties to numer-
ous application-oriented studies in materials science.

In solutions of de-oxygenated aprotic solvents and in the
gas phase, the dimers dissociate to thermally stable free radi-
cals. The isotropic EPR spectra consist of characteristic 1:2:3:2:1
pentets from coupling to two equivalent nitrogen nuclei; A
(**N) =~ 0.5 mT values are highly conserved as a consequence
of a m* SOMO that is nodal at the ring C atom; g values of
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Scheme 10 Hetero-radicals derived from 1,3-NoE5 ™.
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Scheme 11 1,2,3,5-Dithiadiazolyl radicals and selenium analogs.
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Figure 27 The known configurations for self-association of 1,2,3,5-dithiadiazolyls in solid-state lattices using fragments from real examples reported

in the CSD, version 5.32, 2011.2%°
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2.011 are typical, but increase to ~2.038 in 1,2,3,5-
diselenadiazolyls (1,2-dsda, Scheme 11) which is attributed
to higher spin-orbit coupling involving the heavier chalcogen;
the latter also have such broad lines that the nitrogen hfc
pattern is obscured.?®! Hyperfine coupling to both nitrogen
and selenium could be resolved in a frozen glass for PhCN,Se,,
from which the isotropic equivalent values were extracted as
Ax(**N) = 0.567 and A,,(""Se) = 1.20 mT.*®* Extraction of
unpaired spin density from the coupling constants indicates
that replacement of S by Se increases the spin density on the
chalcogen, consistent with a stronger SeSe dimer interaction
and much lower solubility. A mixed 1-thia-2-selena-3,5-diazolyl
(1,2-tsda, Scheme 11) has been reported but has not been
prepared as a pure material separate from dithia- or
diselenadiazoyl.?%

Recent reports on monomeric 1,2-dtda include the mag-
netic properties of bulky 2,4,6-tris-(trifluoromethyl)phenyl*®*
and ortho-chlorophenyl substituted radicals,?®® two studies
where the ‘R’ group is a simple halogen,”®®?%7 the effect on
magnetism and low melting temperature when ‘R’ is a long
fluorous tail,?®® and several studies on the origin of the famous
spin-canted ferromagnetism of some of the polymorphs that
form when ‘R’ is 4-XC¢F, (X = CN, NO,).”%72%3 A study of
other multifluoro aryl derivatives has appeared;?** it has been
shown that crystalline thin films of 1,2-dtda can be deposited
on surfaces of highly oriented pyrolytic graphite;*** the incor-
poration of 1,2-dtda into mesogenic phases has been
attempted;*°° and it has been shown that 1,2-dtda is a product
of the thermolysis of sulfur nitrogen cage compounds of type
RCN;S;.2%7

1.14.5.2.2 1,3,2,4-Dithiadiazolyl radicals

The isomeric 1,3,2,4-dithiazolyls (1,3-dtda, Scheme 11) were
first reported in 1985 and are exclusively produced by a gen-
eral, quantitative, symmetry-allowed cycloaddition reaction
between SNS™ salts (see Section 1.14.3.2.1) and organic
nitriles followed by reduction.?”® Considerably less chemistry
has been reported for this isomer than for the 1,2-analog in
part because while the 67 cations are stable, the 7x radicals
undergo photo- and thermally initiated rearrangements
whereby the 1,3-isomers convert into the 1,2-isomers.'®"??°
Solution electrochemistry shows quasi-reversible behavior for
the one-electron reduction from the 67 cation to the 77 radical
for most exemplars of this group.'” The redox potentials for
this process for numerous pairs bearing identical substituents
show that the 1,3-dtda will be 0.27 V more easily oxidized than
the 1,2-isomer (the 1,3-isomer therefore is expected to have a
lower first IE, which is borne out by MO calculations). The EPR
spectra are dominated by a single large A('*N) ~ 1.1 mT to the
nitrogen of the NSN moiety on which the n* SOMO is

centered; the A('*N) values for the nitrogen atom adjacent to
the central ring are typically much smaller, ~0.05-0.06 mT.
The smaller ionization energy in the 1,3-isomer can then be
rationalized by a major interaction of the SOMO electron with
only one rather than two of the more electronegative nitrogen
atoms. A recent study demonstrates facile cycloaddition of
SNS™ to several polynitriles, but reduction to radicals was not
attempted for these exemplars.>°° Selenium analogs of these
1,3-dtda have not been reported.

1.14.5.2.3 Bis-dithiadiazolyl radicals and selenium analogs
Bis-dithiadiazolyl diradicals spaced by a benzene ring
(Scheme 12; n = 1) have been prepared and crystallographically
characterized with two 1,2-3°'73% and two 1,3-dtda groups,
examples of which have been fully purified with crystal struc-
tures. A recent example of such a study contains the first report
of a material that contains a bis-dtda radical cation dimer.?°°
An example with a substituted biphenyl spacer (Scheme 12(a),
n=2) has been structurally characterized.**” Three 1,2-dta rad-
icals have been combined to one benzene ring to make a
triradical >*® Heterocyclic spacers (furan, thiophene, and tri-
azine) have also been successfully employed.>**=*'! Selenium
analogs of some of these bridged 1,2-dtda radicals have also
been prepared.>*’°* For the mixed 1,2-/1,3-dtda spaced by
benzene (Scheme 12(c), n = 1), only the diamagnetic dication
is structurally characterized.’'? The disjoint diradical 4,4"-bis
(1,2,3,5-dithiadiazolyl) (Scheme 12(a), n = 0) >'* has been
the object of intensive interest, including its use to efficiently
harvest an alternating photocurrent®'* and a detailed spectro-
scopic study of the electronic structures of thin films of this
material.>'® The bis-1,3-dtda without a spacer (Scheme 12(b),
n = 0) has been prepared and purified, its paramagnetism
has been shown to increase upon grinding of the solid®'® and
the mixed biradical with one 1,2- and one 1,3-dtda
ring (Scheme 12(c), n = 0) has been crystallographically
characterized.*'”

1.14.5.2.4 1,2,3-Dithiazolyl radicals and selenium analogs
1,2,3-Dithiazolyl radicals (1,2,3-dta, Scheme 13) have been
known for a very long time, especially the benzo-fused com-
pounds known as ‘Hertz radicals’. Synthetic entry into this
system is extremely diverse and thankfully has been recently
reviewed,?'® while their structural, physical, and spectroscopic
properties have been critically assessed.>'” Like most nitrogen
sulfide free radicals, 1,2,3-dta are quite sensitive to molecular
oxygen,; it is rare that the fate of the reaction is actually known
but in one study the product was shown to be a substituted N,
N’-disulfinyl-2,2’-diaminodiphenyl disulfide.>*° A combined
pulse EPR and electron nuclear double-resonance spectro-
scopic study has shown that the spin-density distribution was
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Scheme 12 Bis-dithiadiazolyl radicals and selenium analogs.
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nearly the same for 1,2,3-dta and possible thiaselenazolyl iso-
mers (1,2,3-sta; 1,2,3-dsa; Scheme 13).321 Fused naphthalene
1,2,3-dta derivatives have been prepared with all possible com-
binations of sulfur and selenium.?*> A highly delocalized
1,2,3-dta radical is formed when it is fused to a thiadiazole-
pyrazine ring.>?> A relatively rare example of a well-characterized
1,2,3-dta radical that is not fused to an aromatic ring is
(Cl,C5NS)(CIC,NS,), an isothiazolyl-substituted 1,2,3-dta radi-
cal which has evenly spaced, slipped n-stacks but is found to be a
Mott insulator.>? Attempts to prepare 1,2,3-dta analogs contain-
ing tellurium in place of sulfur were successful for some 67
cations but not for the 7x radicals.>*>**¢

1.14.5.2.5 1,3,2-Dithiazolyl radicals and selenium analogs
The synthesis and structures of 1,3,2-dithiazolyl (1,3,2-dta,
Scheme 13) have been critically assessed,®'® while physical
and spectroscopic properties, including materials applications,
have been emphasized.>*” The cycloaddition of SNS™ salts (see
Section 1.14.3.2) to alkynes represents a particularly elegant
entry into this ring system. As with the 1,2,3-isomer, these rings
are most commonly fused to an aromatic ring but very stable
examples with strongly electron withdrawing groups (CFs, CN)
exist as monocycles.sz&329 The parent 1,3,2-benzodithiazolyl
adopts a trans-antarafacial geometry in the solid state through
diffuse n*-n* bonding but the melt is paramagnetic from
monomeric radicals.**° Much interest is still being shown in
the structural and magnetic properties of solids containing
related fused-ring dta’s, where the aromatic group may be
a 2,3-substituted thiophenyl,®*! 2,3-substituted pyridine,*** or
4-trifloromethylpyridine,”® a benzothiadiazole group,*** or a
pyrazinothiadiazole.*** Both the unpaired spin distribution in
the radicals and the redox potentials for oxidation and reduction
are strongly affected by the different substituents. A primary
focus is on the magnetic properties of these species in the solid
state as some examples show significant bistability.**” It has now
been shown that cycloaddition of SNS* works also for
benzo->**337 and naphthoquinones,**® which potentially open
up many new ways to derivatize this ring system. Methods
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Scheme 13 1,2,3-Dithiazolyl radicals and selenium analogs.
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Scheme 14 Bijs-1,2,3-dithiazolyl radicals and selenium analogs.
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have been developed for calculating the hyperfine coupling
and g tensors in this class using DFT and configuration
interaction.>*’

1.14.5.2.6 Bis-1,2,3-dithiazolyl radicals and selenium
analogs

There has been a long fascination with thiazyl radicals where
two groups are fused to a common linker (most commonly an
aromatic ring such as benzene or, occasionally, naphthalene,
but also C-C or N-N bonds have been employed).’*°
Bis-1,2,3-dta’s have a high propensity for forming closed-
shell quinoidal ground states (Scheme 14(a)),**'**? and the
radical cations of this latter class have also been investigated for
molecular conductivity as charge-transfer species. In order to
obtain the benefits of electron delocalization in a neutral
species, the research group of Oakley has pioneered the use
of odd-electron bridging groups in place of benzene. This was
achieved most commonly with an alkylated bridging pyridyl
group which introduces a positive charge into the system and
upon one-electron reduction affords a neutral species with a
zwitterionic ground state resulting in ‘a molecule like sodium’
(Scheme 14(c)).>**> The first examples were reported in
2000*** and show full spin delocalization among the two
functional groups resulting in a low on-site Coulombic barrier
U to charge transfer in the solid state.**>*® A variety of exam-
ples have been prepared with changing substituents on the
bridging carbon and nitrogen,>*">*® selective replacement of
sulfur by selenium,***~*>? and use of a bridging 1,4-pyrazine
group in place of pyridine.***>3>* The Oakley group has focu-
sed extensively on structure property relationships, including
systematic substitution of each S by $e*935%3%535¢ an( the
effect of pressure on the band structure.*>”*>® Recently, ferro-
magnetic ordering has been discovered in this class of com-
pounds, also affected by the applied pressure.***~>°* The role
of multicenter bonding in controlling such magnetic interac-
tions is strongly indicated by structural studies (Figure 28) and
has also been investigated computationally.>>>
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1.14.5.2.7 Bis-1,3,2-dithiazolyl radicals and selenium
analogs

Bis-1,3,2-dta’s tend to give biradicals (Scheme 14(b)) unlike
the 1,2,3-analogs (Section 1.14.5.2.6). The first full structural
characterization of the diradical benzo-1,2:4,5-bis(1,3,2-
dithiazolyl) was reported in 1997°°®> and was shown to have
a very low first ionization energy. Structural and magnetic
studies have been reported for a number of salts of the radical
monocation of the same species.>*4~37°

1.14.5.2.8 1,2,5-Thiadiazolyl anions and related radicals

The 1,2,5-thiadiazole ring system is very well known in organic
chemistry.'® Structural types include monocycles (stabilized by
electron withdrawing groups, Scheme 15(a)), benzofused ex-
amples which are by far the best known and readily made from
ortho-diphenylenes (Scheme 15(b)), and the back-to-back fused
[1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazole (Scheme 15(c)).
All members of this class of compound can be electrochemically
reduced to radical anions which are normally persistent.
Recently, a number of studies have reported on the isolation
and structural characterization of the radical monoanions as
salts with a range of counter-ions: K" (18-crown-6),>%°
Na™(15-crown-5),>”'  Li"(12-crown-4),>"' Cp,Co",*"* [C
(NMe,),],*,?” and  bis(pentamethyl)cyclopentadienylchro-
mium.>”* The related [1,2,5]selenadiazolo|3,4-c][1,2,5]thiadia-
zolyl radical anion has been isolated with K*(18-crown-6).>”>
The benzo-2,1,3-thiadiazolyl radical anion has been crystallized
with K(thf)™7® and the hydrolysis of this salt has been fully
characterized.?”” Recent studies report on the reduction of 3,4-

Ogr~105S cm™’ M

dicyano-1,2,5-thiadiazole and the related selenadiazole®”® and
on the electrochemical reduction and EPR characterization of a
large number of monocylic and benzofused fluorinated thia-
and selenadiazoles.”® Several salts of the radical anion of
1,2,5-thiadiazolo-naphthoquinone have also been reported.>*°
A different approach to generating radicals from the dia-
magnetic 1,2,5-chalcogenadiazole (E = S, Se, and Te) ring
system involves alkylation of one of the nitrogen atoms with
methyl triflate, followed by reduction of the monocations
(Scheme 15(d)).>?>3?° The resulting neutral radicals have
been investigated by electrochemistry, EPR spectroscopy, and
crystallography of the triflate salts; an EPR signal was not
observed when E = Te which is attributed to very strong inter-
molecular association with the heaviest chalcogen.?*”

1.14.5.3 Hetero-Radicals Related to N3S3* and Selenium
Analogs

The second-largest group of hetero-radicals are 7m six-
membered ring compounds that are formally derived from
the 97 N3S3° radical (see Section 1.14.3.1.9) by replacement
of two ‘S" units by ‘RC’ (with two fewer electrons, so not an
isoelectronic series). Some selenium analogs have also been
reported. The much lower diversity of extant isomers, deriva-
tive types, and number of reported examples compared to five-
membered ring radicals is striking. What makes this series
particularly interesting, however, is that R,PY analogs are
known, whereas none have been reported for the five-
membered ring radicals.
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Figure 28 Structural differences in the lattice observed for two isomeric bis(thiaselenazolyls), which induce stronger intermolecular Se----Se’ contacts
for the isomer that crystallizes in P24/n, result in a two orders of magnitude difference in conductivity of the putative neutral radical conductors at
ambient pressure. Reprinted from Leitch, A. A; Yu, X. Y.; Winter, S. M.; Secco, R. A.; Dube, P. A.; Oakley, R. T. J. Am. Chem. Soc. 2009, 131,

7112-7125, copyright (2009) American Chemical Society.
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Scheme 15 1,2,5-Thiadiazolyl anions and related radicals.
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1.14.5.3.1 Thiatriazinyl and selenatriazinyl radicals
Radicals are obtained for the 1,2,4,6-thiatriazinyl ring system
(Scheme 16) when the chalcogen is two-coordinate; typically
they are made by the reduction of E-Cl compounds.®'~3%3
Updated EPR spectroscopic data have been reported for a num-
ber of symmetrically di-substituted thiatriazinyl radicals.*®*
Recently, a general synthetic route to 3-trifluoromethyl-5-aryl-
17»3—1,2,4,6—thiatriazinyl radicals was developed.385 Several
radicals were crystallographically characterized and exist in the
solid state as diffuse n*-n* co-facial dimers linked by S---S con-
tacts. The voltammetric behavior is indicative of monomer-
dimer equilibria in solution (Figure 29). A single report appeared
some time ago on the 3,5-diphenyl-1,2,4, 6-selenatriazinyl which
is notably less soluble than the sulfur analog.>®*° In contrast to the
well-characterized exemplars of the 1,2,4,6-isomer, only a single
report has appeared for 3,6-diphenyl-1,2,4,5-thiatriazinyl for
which only a solution-phase EPR spectrum is available.>®”

1.14.5.3.2 Phospha- and diphospha-1,2 4,6-thiatriazinyl
and selenatriazinyl radicals

The Oakley group has reported Ph,P¥ analogs to 1,2,4,6-
thiatriazinyl radicals such as Ph,P,N;8°%%% and Ph,P(PhC)
N3S° (Scheme 16).>° Both show extensive hyperfine coupling
to the >'P nuclei in addition to the usual nitrogen hfc, resulting
in highly characteristic signals. The corresponding selenatriazi-
nyls have also been prepared and characterized; whereas the
sulfur radicals associate in the solid state by SS contacts, the
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Scheme 16 Thiatriazinyl, selenatriazinyl, and thiadiazinyl radicals.
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selenium radical shows intermolecular NSe bonding and
structural features of a cation—-anion pair.>°

1.14.5.3.3 1,2,4-Thiadiazinyl radicals

Benzo-fused 1,2,4-thiadiazinyls (Scheme 16) have been
shown to be persistent radicals and some examples, notably
with fluorinated benzo rings, have been isolated and structur-
ally characterized as well as studied by voltammetry and EPR
spectroscopy.>”'*°? Their incorporation into liquid crystals
has also received attention.>*> Several delocalized bis-1,2,4-
thiadiazinyls have been prepared by the Oakley group using a
similar approach to the successful strategy employed for bis-
1,2,3-dithiazolyls (Section 1.14.5.2.7) using an alkylated pyr-
idine group as the bridging fused ring in place of benzene.***
These afford, by reduction, neutral radicals that are fully delo-
calized over both heterocyclic rings; however, the conductivity
within the crystalline solid was disappointingly low and no
further work on this system has been reported.

1.14.6 Metal Coordination by Chalcogen-Nitrogen
Hetero-Radicals

The coordination behavior of many types of chalcogen-
nitrogen hetero-radicals has been actively investigated. A spe-
cial focus of this area has been in the design of high-spin
coordination complexes.>*> This field has been thoroughly
described in a recent review.'®

R2. _X_ _N_ _RS

I\/ \I\I \/[ \:[ j\l/
N~ ~
\E/ RS -

Diphosphathia/ 1,2,4-thiadiazinyl

selenatriazinyl

CF, R._ N.__CF

+1 e q.-_-S-_-;-N

N.. N [qt
e Jg¥ —2e 151

R lil CF, e R lil CF, +2e R \|'/N\|/ CFs
2 L N N
N%S/N N%é/N Ss7

Figure 29 Voltammetry and EPR spectroscopy of a 3-trifluoromethyl-5-aryl-123-1,2 4,6-thiatriazinyl radical are indicative of monomer-dimer
equilibria in solution. Reprinted from Boeré, R. T.; Roemmele, T. L.; Yu, X. /norg. Chem. 2011, 50, 5123-5136, copyright (2011) American Chemical

Society.
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1.14.6.1 Direct Coordination of Hetero-Radicals to Metals electrochemistry electron paramagnetic resonance (SEEPR)
Th | K lareel d th . f1235 spectroscopy (Figure 30(a)). Similarly, a number of 1,2,4,6-
e early work largely concerned the reactvity of 1,2,3,5- thiatriazinyls (Section 1.14.5.3.1) have been found to coordi-

dlthl&lldlaZOiY.lS (S-QCEOI;I 1.14.5.2.1) v§nth l;l)vzrl-.valent tra.msmoc{l nate bidentate (Figure 30(b)) to CpCr(CO),* or monodentate
metals resulting in both paramagnetic and diamagnetic prod- (Figure 30(c)) to CpCr(CO)s*.*

ucts from oxidative addition; this has been thoroughly

reviewed.**® When 1,3,5-trithia-2,4,6-triazapentalenyl coordi-

nates to C.u(hfac)z’ one ring attaches via t.he .dithiazc?le “““’%if; 1.14.6.2 Complexes with Ancillary Hetero-Radicals

atom, while the other uses one of the thiadiazole nitrogens.

An extensive chemistry occurs when 1,3,2-benzodithiazolyl N-(4-Pyridylthio)-4-ethoxycarbonyl-2,6-bis(4-chlorophenyl)
(Section 1.14.5.2.5) is mixed with metal complexes. With cobalt phenylaminyl and related radicals with a pendant pyridyl group

bis-maleonitrildithiolate, m-coordination occurs between the have been coordinated to M(hfac), (M = Cu, Mn).>”® More
heterocyclic ring and the cobalt ion>°®3?; with the correspond- ~ robust coordination is achieved with 1,2,3,5-dithiadiazolyls
ing nickel(II) complex, the dta interacts with the remote nitrile (Section 1.14.5.2.1) modified to bear a 2-pyridyl group attached
groups via short NS interactions*®’; with copper, an almost to the ring backbone.*®® Coordination of this kind of ligand to
perfect one-dimensional magnetic material forms*’'; while ~ M(hfac), has been reported for Co>*,*® Ni** (Figure 31(a)),
with Ni(dmit),, a multiband molecular conductor is Fe3*,%% Mn,?* and Cu?*.%'° More complex ligands have been
obtained.*®® This diverse behavior has been reviewed.**> The devised with pyrimidyl groups, which are capable of bridging

first m-coordination complexes to be recognized between two M(hfac), units, and benzoxazole groups attached to the ring
1,2,3,5-dithiadiazolyls and transition metals involve CpCr backbone.*'! Secondary donors on the pyridyl group have been

(CO)," moieties*®*~%; consequently, the adducts are dia- employed in attempts to modify crystal packing.*'* A character-
magnetic. However, they can be electrochemically reduced istic of this class of metal complexes is that the ligands retain
and the resulting radical anions characterized by simultaneous their full open-shell character; in several examples, the magnetic

(EPR signal) ! [B] (mT) =

Figure 30 (a) Bidentate coordination of 4-aryl-dithiadiazolys to CpCr(CQ),. (b) Bidentate coordination of an asymmetric thiatriazinyl to CpCr(CO),.
(c) Monodentate coordination of symmetrical thiatriazinyl to CpCr(CO)3. Part (a) refers to the whole ensemble of two isomers, the double arrow, and the
signal at the LHS, (b) the molecule just past the middle of the line, and (c) the molecule at the RHS. Adapted in part from Lau, H. F.; Ang, P. C. Y.; Ng, V.
W. L.; Kuan, S. L.; Goh, L. Y.; Borisov, A. S.; Hazendonk, P.; Roemmele, T. L.; Boeré, R. T.; Webster, R. D. /norg. Chem. 2008, 47, 632-644, copyright
(2008) American Chemical Society.
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Figure 31 (a) Structure of Ni(1,1,1,5,5,5-hexafluoroacetylacetonato),(4-(2"-pyridyl)-1,2,3,5-dithiadiazolyl) in the crystal lattice and (b) magnetic
susceptibility of the crystalline material: outer plot is %7 versus T at an applied field of 1000 Oe; inner plot is M versus H at 1.81 and 4 K. Reprinted from
Hearns, N. G. R.; Fatila, E. M.; Clerac, R.; Jennings, M.; Preuss, K. E. /norg. Chem. 2008, 47, 1033010341, copyright (2008) American Chemical Society.
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coupling between the metal ion and paramagnetic ligand was
readily obtained from solid-state magnetic measurements

(Figure 31(b)).

1.14.7 Conclusion

The nitrogen compounds of the chalcogens continue to be
among the most prolific sources for free radicals amenable to
study by a variety of methods ranging from IR spectroscopy of
low-temperature matrix-isolated species to bulk synthesis with
single-crystal X-ray structure determinations to confirm their
structures. There is still much to learn even about the simplest
binary compounds and the demonstrated presence of such
molecules in stardust speaks to their intrinsic importance to
the history of the universe. Here on earth, extensive variety
is afforded when ancillary substitution is possible. Thus, there
are myriads of organic aminoxyls and N-alkoxyaminyls which
have a wide range of applications. Similarly, when -N=S°- or
-N=Se®- linkages are incorporated into hetero-rings and
cages, the possibilities become endless. Many fascinating prop-
erties and new applications are eagerly anticipated.
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Abbreviations MCSCF Multi-configurational self-consistent field

AIM Atoms-in-molecules Mes* 2,4,6-tBusCsH,

B3LYP Becke, three-parameter, Lee-Yang-Parr MO Molecular orbital

Bbt 2,6-Bis[bis(trimethylsilyl)methyl]-4-[tris NICS Nucleus-independent chemical shift

(trimethylsilyl)methyl|phenyl NMR Nuclear magnetic resonance

bcp Bond-critical point NOE Nuclear Overhauser effect

CAS Complete active space PES Potential energy surface

CASSCF  Complete active space self-consistent field PP Perfect pairing

CP-MAS  Cross-polarization-magic angle spinning PQ Perfect quadruples

Ccv Cyclic voltammetry

Dep 2,6-Et,CsH3

DFT Density functional theory

dme Dimethoxyethane

Dmp 2,6-Me,CsHjz

Ep Delocalization energy

EELS Electron energy loss spectroscopy
EPR Electron paramagnetic resonance
Fc Ferrocenyl

HOMO Highest occupied molecular orbital
LANL2DZ Los Alamos National Laboratory 2-double-{

LB Long bond
LDA Lithium diisopropylamide
LUMO Lowest unoccupied molecular orbital

1.15.1 Introduction

The landmark paper of Gomberg on the stable free triphenyl-
methyl radical® initiated numerous investigations on molecules
containing one (or more) unpaired electrons. Several kinds of
persistent and stable radicals® have been described ever since,
and several more general classes of (poly)radicals have been
developed in recent times. As stated recently, “much of the

RAS-2SF  Restricted active space double spin flip

RI-DFT Resolution of the identity density functional
theory

SB Short bond

SOMO Singly occupied molecular orbital

TD-DFT  Time-dependent density functional theory

temp 2,2,6,6-Me,CsHgN

TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl

TMEDA Tetramethylethylenediamine

TZVP Triple zeta valence polarization
uv/Vis Ultraviolet/visible spectroscopy
VB Valence bond

ZPE Zero point energy

current interest in stable radicals probably arises |[...] from
the fundamental structure and bonding issues that naturally
arise with this class of compounds”.> However, apart from
these fundamentally important questions, many applications
of stable radicals have been reported or envisaged.* In partic-
ular, the development of new materials with technologically
relevant properties, such as magnetism or conductivity, is in
the current focus of interest.>® A very appealing idea in this
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context is to use stable radicals as both a charge carrier and a
magnetic coupler.”

Most often, light carbon-based or heteroatom radicals have
been studied. Investigations on heavier main group radicals are
fewer in number, although the last few decades witnessed spec-
tacular discoveries in the chemistry of the heavier main group
elements.®” The design of novel synthetic strategies, particularly
the use of very bulky substituents, has led to the isolation of a
wide range of compounds, including main group radicals. This
area has been reviewed recently.'®!!

Among others, one important development in the late 1980s
and 1990s was the synthesis of a wide range of novel singlet
biradicaloids,'? that is, closed-shell molecules whose common
feature is the incorporation of main group elements, such as

boron, nitrogen, silicon, phosphorus, or sulfur, in their struc-
tures and which can be regarded as stable, isolable analogs of
organic biradicals.'® The latter consist of two unpaired electrons
in two, almost degenerate, nonbonding molecular orbitals
(MOs). Depending on several factors, the molecules can form
either a singlet (S) or a triplet (T) spin state."* Most prominent
localized biradicals with two well-defined radical substructures
are, for instance, cyclobutane-1,3-diyls (Scheme 1). The orbital
interaction diagram of the latter illustrates that ‘through-space’
and ‘through-bond’ interactions lead to an almost degenerate
orbital set to be occupied by two electrons. For cyclobutane-
1,3-diyls, both spin states (S vs. T) are very close in energy
(1.7 kcal mol ™). Although the triplet state could be observed
by electron paramagnetic resonance (EPR) spectroscopy, singlet

Inclusion of main-group elements

® () ——
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T Dy P
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Scheme 1

Schematic orbital interaction diagrams for three selected biradical(oid)s: Cyclobutan-1,3-diyls (left), P,C, (middle), and PoB, heterocycles
(right). ®g: and ®g. are general representations of the w-orbitals carrying the two electrons (CR® and BR®™); ®y,,4 and @y, are those for the
bridging entities. The energy scale (vertical axis) is only qualitative.
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cyclobutane-1,3-diyls were predicted as extremely short-lived
transition states for the ring inversion of bicyclo[1.1.0]butanes
(AE=~40-50 kcal mol™'). However, if some or all the carbon
atoms in the skeletons of the organic biradicals are replaced by
main group elements, stable analogs of the organic biradicals
can be isolated in certain cases, which in turn possess less
biradical and more closed-shell characteristics.’> A qualitative
MO picture of this increased stability and decreased biradical
character is given in Scheme 1. The atom substitutions result in
singlet ground states, larger highest occupied molecular orbital-
lowest unoccupied molecular orbital (HOMO-LUMO) gaps,
larger differences between the spin states (AEs_t), and lower
LUMO occupation numbers. All these factors unavoidably di-
minish their biradical character and, in fact, all biradicaloids
isolated so far are (formally, at least) closed-shell species.'®
However, there is no clear threshold to determine whether a
molecule belongs to a certain class.

Although many questions have to be answered, it appears
that the ‘recent work indicates that future investigations of such
species have the potential to lead to interesting advancements
in (1) the creation of new materials with novel properties, and
(2) unusual reactivity involving main group compounds.”
More specifically, it has recently been stated that “catenation
of singlet biradicals, via appropriate linkers, is predicted to lead
to antiferromagnetic low-spin polymers, in which the half-
filled electron bands would confer the capability for metallic
conduction without doping.”'”

In this chapter, we focus on synthetically accessible main
group biradicaloids, in which both radical sites are located in
close spatial proximity. To this end, the main emphasis will be
on the chemistry of neutral species and, in particular, on small
rings and cages containing elements of the groups 13, 14, and
15. The chapters are arranged in such a way that the historical
development is reflected. For that reason, all developments on
four-membered P,C, heterocycles are described in the first
part, after which we focus on related B,P, systems. The final
section addresses early findings and most recent developments
on small rings and clusters comprising group 14 elements.

For the major types of biradicaloids, the methods of syn-
thesis are illustrated alongside supporting information on their
electronic properties and molecular structures. For space limi-
tation reasons, catenated systems in which two radical units
such as verdazyl, aminyl, nitroxide, nitronyl nitroxides, or
thiazyls are bridged by an appropriate linker are not discussed
here. Chalcogen-nitrogen rings and cages are also not consid-
ered here, since this area is covered by another chapter in this
book and some key reviews.'® This fact is particularly empha-
sized, since it has been recently suggested that the weak trans-
annular S-S bonds in certain sulfur-nitrogen ring systems, for
example, S,N, and 1,5-R4P,N,S,,'® might also be a potential
source of biradical character.?°

1.15.2 Biradicaloids of Four-Membered P,C,
Heterocycles

1.15.2.1 Syntheses of 1,3-Diphosphacyclobutane-2,4-Diyls

As mentioned in Section 1.15.1, the presence of heteroatoms
aids in the stabilization of the otherwise elusive biradicaloid
species. In this regard, cyclobutane-1,3-diyl analogs containing
heavy main group elements have attracted considerable interest.

Already in 1995, Niecke and coworkers reported the synthesis
of several four-membered P,C, heterocycles consisting of the
1,3-diphosphacyclobutane-2,4-diyl scaffold, (RP),(CCl), (2-I),
where R is a bulky substituent such as Mes* (2-1) (Mes*=2,4,6-
tBu3CgH,) or temp (2-2) (temp=2,2,6,6-Me,CsHN). In general,
these species are accessible from the reaction of C-dichloro phos-
phaalkenes with nBuLi at low temperatures (Scheme 2).2"%?

In 2003, Yoshifuji and coworkers reported on a novel syn-
thetic strategy for a high-yield access to a different class of 1,3-
diphosphacyclobutane-2,4-diyls. Ring systems of the general
formula (R'R?P),(CMes*), (2-I11, Mes* = 2,4,6-tBusCgH,) are
accessible from the sterically protected phosphaalkyne 2-3 and
a sequential addition of nucleophilic and electrophilic reagents
(R'Li and R’X in Scheme 2).?* In contrast to the heterocycles
2-1, these derivatives feature bulky Mes* ligands on the carbon
instead of the phosphorus atoms, which render them stable
even in air. This elegant method enables various kinds of
nucleophiles and electrophiles to be employed in the reaction,
in order to obtain a wide range of 1,3-diphosphacyclobutane-
2,4-diyls. Commonly, tBulLi is used to prepare the intermediate
2-II (Scheme 2), but other nucleophiles such as lithium diiso-
propylamide (LDA) are also appropriate.”* The second P atom
can be substituted by salt metathesis using simple alkyl halides
(R?X) as well as other functionalized chloro derivatives.>®

The ultraviolet/visible spectroscopy (UV/Vis) absorption of
2-4 at 612 nm (cf. 478 nm for 2-1) clearly indicates that the
energy splitting between the lowest energy and first excited
singlet states is small.>' Based on these data, an increased
biradical character may be anticipated. Variations of the sub-
stituents on the P atoms in 2-III lead to shifts in the UV/Vis
absorption (Table 1).?° A bathochromic shift, which might
correspond to a smaller HOMO-LUMO gap, has been associ-
ated with the presence of electron-withdrawing groups such as
benzoyl or SR. For instance, calculations at the Becke, three-
parameter, Lee-Yang-Parr (B3LYP)/6-311+G(d,p) level on the
model compounds (MeR’P),(CMe), have indeed revealed a
smaller HOMO-LUMO gap (2.37 ¢V) for 2-5 (R?=SPh) as
compared to 2-6 (R*=CH,Ph) (2.54 eV).?” However, an elec-
tronegative CsF; group in 2-11 does not cause a red shift,
which might indicate unique oc-electron-withdrawing and
n-electron-donating effects of the fluorine atoms.?®

Very recently, the nuclear magnetic resonance (NMR) spec-
troscopy of compound 2-4 was revisited.”® By performing
various 'H and 3'P coupled and decoupled experiments, it
was established that while the tBu-substituted phosphorus
atom interacts quite strongly with the protons in its tBu moiety
(*Joii=14 Hz) and the methyl protons bonded to the Me-
substituted phosphorus center (4]p”=6 Hz), the latter does
not interact with any protons. The nuclear Overhauser effect
(NOE) experiments suggest that the orientation of the phos-
phorus lone pairs has a significant influence on the magnetic
environment of the molecule, causing the differentiation of the
signals corresponding to the tBu (6=1.63 and 1.61 ppm) and
aromatic protons (6 =7.40 and 7.21 ppm) on both sides of the
Mes* group.

The central ring skeleton of the Niecke-type P,C, hetero-
cycles 2-1 is planar, featuring (weakly) pyramidalized coordi-
nation spheres at both the carbon and the phosphorus
centers.?! The reasonably high inversion barrier at phosphorus
impedes the formation of a planar 6m-conjugated heterocycle.
As a consequence, the LUMO occupation number of 0.4 e~ as
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Scheme 2 Synthesis of 1,3-diphosphacyclobutane-2,4-diyls of the general structure 2-1 and 2-1lI; Mes* =2,4,6-tBusCgH..

Table 1 UV/Vis data of (fBuR2P),(CMes*), compounds
(2-4, 2-7-2-13)

Compound R? Jmax (€ x 107%) (nm™7)
2-4 Me 612

2-7 tBu 574

2-8 CHoPh 610

2-9 C(0)Ph 664

2-10 CigHs7 606

2-11 CsF7 587

2-12 SMe 640

2-13 S(p-Tol) 643

well as the small singlet-triplet energy gap (—AEs.t) of
6.2 kcal mol ™" (CAS(14,12)/6-31g(d,p))*’ suggested consider-
able biradicaloid character. On the other hand, the environment
at the P atoms is less pyramidal than in common phosphanes,
which indicates some degree of n-donation from the P lone pairs
to the carbon radical centers. The stabilization of the singlet state
can be explained by a conjugative interaction of the unpaired
electrons at the C atoms with the nonbonding electron pairs at
the P atoms. The electronic ground state may be approximated
by the resonance structures 2-A and 2-B shown in Scheme 3.

Diphosphacyclobutane-2,4-diyls of this type may therefore be
described as weak m-conjugated biradicaloids. Scheme 3 also
shows the schematic MO diagram calculated for the parent sys-
tem (PH),(CH), (see also Scheme 1).2"

In contrast, the structures of the Yoshifuji-type derivatives
(2-I0I) feature carbon atoms in a planar environment, while
both phosphorus centers are pyramidalized (Z(P1)=341°,
2(P2)=319° (2-4)*%; X(P1)=344.2°, £(P2)=317.9° (2-8)*";
(P1)=350.7°, X(P2)=310.9° (2-11)*%; X(P1)=346.9°,
¥(P2)=313.0° (2-13)).?” Considering the distance between
both carbon atoms for all these biradicaloids, it can be
concluded that no bond between them is present
(C1---C2>250 pm).

The biradicaloid character of the unsymmetrical derivatives
2-III has been critically argued because the P,C, four-
membered rings display two different sets of phosphorus car-
bon bond lengths, which could be ascribed to the presence of
P-C single and (partial) P=C double bonds (e.g., 2-4: P1-C1
170 pm, P1-C2 172pm, P2-Cl1 177 pm, and P2-C2
179 pm).?® In order to address this point, the symmetrical
derivatives 2-7 (R'=R*=tBu), 2-14 (Me), 2-15 (sBu), and
2-16 (nBu) were isolated. The X-ray structure analysis on single
crystals of 2-14 revealed P-C bond lengths of ~175 pm, which
are comparable with those observed for the Niecke-type bira-
dicals 2-1. Furthermore, *'P NMR and UV/Vis spectroscopic
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Scheme 3 Resonance structures 2-A and 2-B (left) and schematic molecular orbital diagram (right, qualitative energy scale).

data suggest no significant difference in the biradical character
of both symmetrical and unsymmetrical species.”®>"

In order to obtain compounds that would exhibit novel
electronic and magnetic properties, the catenation of biradi-
cal units into oligomeric and polymeric structures has
attracted considerable interest in recent years (cf. sec-
tion 1.15.1). The 1,3-diphosphacyclobutane-2,4-diyls 2-III
constitute promising species for the development of elec-
tronic and magnetic materials due to their high stability and
easy handling. Therefore, the catenation of two and three
biradical units by using nonconjugative 1,2-, 1,3-, and 1,4-
dimethylene- and 1,3,5-trimethylenebenzene spacers was
investigated (Scheme 4). The use of such spacers has allowed
the observation of weak, through-space interactions between
biradical units.*' *

While the isolation of bis(biradicaloids) derived from the
reaction of the cyclic phosphallyl anion 2-IT with 1,3- and 1,4-
bis(halomethyl)benzenes proceeded easily in a one-step reac-
tion, the formation of the 1,2-disubstituted derivatives was not
so straightforward, probably due to steric congestion. For the
formation of the bulkier tBu-substituted derivative 2-25, utili-
zation of the chelating diamine tetramethylethylenediamine
(TMEDA) to increase the nucleophilicity of the phosphallyl
moiety, along with a slow addition of the 1,2-bis(bromo-
methyl)benzene, was essential to avoid the formation of the
product of partial substitution, which does not react readily
with a second equivalent of 2-II. In contrast, the formation of
the sBu-substituted derivative 2-26 was achieved in a two-step
reaction as shown in Scheme 4. The key role played by the
P-substituents is reflected in the surprisingly different stability
of these polyradicaloids. While the tBu-substituted compounds
are stable for months, the less sterically hindered sBu analogs
decompose within a few days when handled in air at room
temperature.>'?3

A close analysis of the *'P NMR data of the bis(biradica-
loids) 2-17-2-20, 2-25, and 2-26 suggests that the geometry
around the phosphorus centers remains undistorted if com-
pared to their corresponding monomeric counterparts 2-8 and
2-28. On the other hand, the analogous signals for the tris-
(biradicaloid) species 2-23 and 2-24 are considerably influ-
enced (AS*'P(1)=5.4ppm, AS*'P(2)=-1.3ppm (2-23);
AS*'P(1)=9.5 ppm, A§>'P(2)=—3.6 ppm (2-24)), suggesting
that, due to steric factors, the phosphorus centers might exhibit
slightly less pyramidalized geometries. This effect is also
reflected by the observed Jpp coupling constants as well as in
the absorption maxima in the UV/Vis spectra. For the latter, a
slight bathochromic shift was observed owing to the presence
of two or three biradicaloid units in the molecule (Table 2).
When the effect of the less bulky sBu substituent is analyzed, a
more pronounced pyramidalization of the phosphorus centers
can be proposed: the 3'P NMR resonances are found at lower
frequencies as compared to those observed for the correspond-
ing tBu derivatives. Furthermore, the larger %Jpp constants sug-
gest a stronger interaction between phosphorus atoms within
the sBu-substituted biradicaloid units (Table 2).

Cyclovoltammetric analyses of the redox properties of these
species showed stepwise electron releases, consistent with the
number of biradical units present in the molecule. The first
oxidation potentials (E°/,(1), Table 3) for all catenated struc-
tures nicely correspond to the value determined for the related
monomer, indicating a quite small alteration of the HOMO
energy levels upon catenation. The smaller electron-donating
properties of the sBu group cause these derivatives to possess
anodically shifted oxidation potentials as compared to those
observed for the tBu analogs. Although the effects are very
small, conceivably enhanced nonconjugative interactions
between biradical units are reflected by the larger separation
between the first and second redox potentials of the
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Table 2 Spectroscopic data for monomeric 2-8 and 2-28, and oligo(biradicaloids) 2-17-2-20, 2-23-2-26

Substitution tBu sBu

°'P (ppm) ZJpp (H2) Amax () 87'P (ppm) “Jep (H2) Jmax (7M)
Mono 58.1 0.6 334.8 610 26.6 15 379.1 606
1,2- 54.9 -0.8 337.8 614 27.2 0.3 3744 -
1,3- 57.7 1.0 335.2 616 27.7 1.3 377.9 610
1,4- - - - - 25.8 2.1 380.2 608
1,3,5- 63.5 -0.7 327.2 626 36.1 -21 365.6 620
Table 3 (Quasi)-reversible redox potentials £%4,, for oligo(biradicals) versus Fc/Fc*
Substitution tBu sBu

E%o(1) E12(2) E%12(3) E%yo(1) E12(2) E%12(3)

Mono +0.38 +0.44
1,2- +0.35 +0.50 - -
1,3- +0.35 +0.48 +0.45 +0.53
1,4- - - - +0.47 +0.56
1,3,5- +0.31 +0.45 +0.52 +0.43 +0.59 -

tBu-substituted bis-(biradical) 2-17 (AE®;;5(1,2)=0.13V, cf.
0.08V for 2-18). Since this separation remains unaffected
by the type of the benzyl spacer, it was suggested that no signif-
icant difference in the magnitude of intramolecular interaction
is caused by m-conjugation. On the other hand, when the
third oxidation potential E%, 12(3) of 2-23 is considered, a re-
duced interaction is observed, as suggested by the smaller diff-
erence with the corresponding second oxidation potential
(AE®2(2,3)=0.07 V).

So far, it has only been possible to determine the solid-state
structure of 2-17 (Figure 1).>? Despite the low quality of the
crystal structure data, it was shown that each P,C, unit within
the molecule retains the structural features of the known mo-
nomeric derivatives. Quite surprisingly, the heterocycles are
orientated in a syn-type conformation in the solid state, regard-
less of the steric congestion. In order to shed some more light
on the structural features of these bridged species, quantum
chemical calculations (B3LYP/6-31G(d)) were performed on
the model compounds 2-IVa (R=R!=Me) and 2-IVb
(R=Mes*, R' =tBu; Table 4). These calculations revealed that
the anti-conformation is only slightly more stable than the syn-
form for all bis(biradicals) (Table 4). Moreover, the energetic
difference between syn- and anti-conformations is related to
both the type of benzyl-spacer and the steric bulk of the sub-
stituents. While the syn/anti-difference decreases with increas-
ing separation between P,C, units, it increases with higher
steric bulk of the substituents. It has been proposed that
through-space interactions between the heterocycles in 2-17
or crystal packing forces might be responsible for overcoming
the very small energy barrier. For the tris(biradicals), alternate
and cone-type structures were considered for the model com-
pounds 2-Va (Me) and 2-Vb (R=Mes*; Table 4). As expected,
the calculations revealed in both cases the alternate structure to
be more stable.?’

1.15.2.2 Reactivity of 1,3-Diphosphacyclobutane-2,4-Diyls

Since the pioneering work of Niecke concerning 1,3-
diphosphacyclobutane-2,4-diyls, and thanks to the extraordi-
nary stability and simple accessibility of some derivatives, the
reactivity of these compounds has been extensively explored.
The ‘simplest’ reaction these species may undergo is the bond
formation between the two radical sites to furnish bicyclo
[1.1.0]butane derivatives, in which it was found that the sub-
stituents on both the carbon and phosphorus atoms play a
decisive role.

The Cl substituents in 2-1 can be exchanged to SiMe; and H
to give 2-29 (red compound), featuring both trigonal planar C
environments and a planar P,C, ring structure.®* Although
2-29 is thermally very stable (up to 150 °C), it undergoes an
almost quantitative ring-closing reaction to 2-29a under photo-
lytic conditions (Scheme 5). The X-ray crystal structure analysis
of the yellow single crystals of 2-29a unambiguously confirmed
the formation of a bicyclic, butterfly-like 2,4-diphosphabicyclo
[1.1.0]butane. The photolytically allowed ring-closing reaction
can be easily rationalized by recalling the symmetry of the
frontier orbitals depicted in Scheme 3.

In contrast, the use of sterically more demanding substitu-
ents on both carbon atoms (R=R’=SiMe; (2-30), Scheme 5)
suppresses the formation of the butterfly structure (2-30a),
since the ring closure would result in (large) steric interactions
of the two substituent groups in close spatial contact. This
behavior was first observed for the Niecke-type biradical
2-30, but can also explain why the Yoshifuji-type derivatives
2-III do not undergo a photochemical isomerization (Mes*
on C). However, the bis(trimethylsilyl)-substituted compound
2-30 undergoes a fragmentation reaction under photochemical
conditions: one P-Mes* bond is cleaved under formation
of supermesityl (Mes*®) and phosphaallyl (2-31) radicals.”
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Figure 1 Molecular structure of bis(biradical) 2-17 (top). Mes™ and /Pr groups are omitted to show the syn-conformation of the biradical units
(bottom).
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Table 4 Calculated energy difference (kcal mol~") between anti- and syn-conformations of the biradical units for 2-IV and alternate and
cone-type configurations for 2-V (B3LYP/6-31G(d))

Substitution 2-IVa (kcal mol ™) 2-IVb (kcal mol~")
1,2- 1.88 5.98

1,3- 0.13 3.93

1,4- 0.03 -

13,5 0.38 (2-Va) 2.05 (2-Vh)
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Scheme 5 Photochemically and thermally induced transformations of 1,3-diphosphacyclo-butane-2,4-diyls.

This contrasts with the observations that derivatives 2-III do
not react under the same conditions, but decompose to the
starting material 2-3 and unidentified byproducts upon ther-
molysis. The P-amino derivative 2-2 (R' =temp, Scheme 5) is
unstable at room temperature and isomerizes rapidly and
quantitatively in solution, and slowly in the solid state, to
1,2-dihydrodiphosphete 2-33. Quantum chemical calculations
at the multiconfigurational self-consistent field (MCSCF)
(10,10)/6-31G(d) level revealed that the isomerization is a
two-step process (2-2 —2-32 — 2-33) involving a singlet phos-
phanylcarbene (2-32) as intermediate.*?

In addition to photochemically and thermally induced
transformations, the general reactivity of 1,3-diphosphacyclo-
butane-2,4-diyls has also been investigated. Scheme 6
summarizes and compares the most important findings.

The cleavage of the P-C,y; bond in 2-30 under photochem-
ical conditions suggested that an aniomesolytic fragmentation
under reducing conditions would be possible. As expected, the
reaction of 2-30 with two equivalents of Li or K afforded
the dianions 2-34 (M=Li) and 2-35 (M=K) in high yield.*®
The X-ray crystal structure analysis of 2-35 revealed a

Copyright © 2013. Elsevier. All rights reserved.

monomeric ion pair featuring a D,,-symmetric P,C, heterocy-
cle with both lithium cations located above and below, each
solvated by additional dimethoxy ethane (dme) molecules.
The exocyclic Si-C bond lengths of 181.9 pm are somewhat
shorter than observed in silyl-substituted cyclobutadiene dia-
nions,*® which can be attributed to p(C)— c*(Si-C) back
donation of electron density (negative hyperconjugation).
Based on a nucleus-independent chemical shift (NICS)(0)
value®” of —7.0 ppm (B3LYP/6-3114+-G**//B3LYP/6-314+G*),
the aromaticity of the 1,3-diphosphacyclobutadien-diides
[P,(CSiMes),]>~ (2-34, 2-35) was found to be comparable to
the analogous carbon systems, [(CSiMes)4]*~ (—9.2 ppm; up
to —23.7 ppm for the dilithiated species Li,C4Rs (R=H, Me,
tBu)).>®3? Further calculations revealed that upon reduction of
(ArP),(CSiMes), (Ar=2,6-tBu,CsHs) (2-36), the radical anion
[2-37]°" is generated, which is 29 kcal mol™" more stable. The
latter shows a particularly elongated, and thus weakened, P-Ar
bond of 194 pm. The anticipated aniomesolytic fragmentation,
that is, the process [2-37]®” — 2-38+Ar®, occurs in a second
step furnishing the cyclic anion 2-38 (Scheme 6), which is
21.1 kcal mol~! more stable than the intermediate [2-37]®".
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Scheme 6 Reactivity of 1,3-diphosphacyclobutane-2,4-diyls.

The 1,3-diphosphacyclobutane-2,4-diyls 2-I also turned out
to be valuable precursor compounds for the synthesis of new
and otherwise unknown molecules. The unusual®® bis(phos-
phanyl)carbocation 2-39 (Scheme 6) is straightforwardly ac-
cessible by protonation of 2-29 with one equivalent of triflic
acid (HOTf).*! The X-ray structure analysis as well as NMR
spectroscopic investigations revealed only a slight alteration of
the central P,C, ring geometry suggesting a delocalization of the
positive charge in an allyl-type system. The LUMO is located at
the SiMes-substituted C atom and features a considerable con-
tribution of the lone pairs at the pyramidal P atoms. Quantum
chemical calculations (B3LYP/6-31+G*) predicted an overall sta-
bilization of ~132 kcal mol ™" with respect to the nondelocalized
carbocation.

In addition to protolysis, the 1,3-diphosphacyclobutane-
2,4-diyls are readily deprotonated by LDA. The unprecedented,
anionic carbene 2-40 can be reacted with the Lewis acid AlMes

to give the adduct 2-41 (Scheme 6).*> The X-ray crystal struc-
ture analysis of 2-41 showed that the central P,C, ring is planar
and the noncarbene C-atom slightly pyramidalized. Ab initio
calculations predicted both carbon atoms to be negatively
charged. The 1,3-diphosphacyclobutane-2,4-diyl-2-ylidenide
2-40 can be described as a cyclic, anionic bis(phosphanyl)
carbene,** which is stabilized by m-electron density of the
carbanionic C-atom. The singlet-triplet energy gap of the car-
bene was calculated to amount to 7.4 kcal mol ™.
Electrochemical investigations using cyclic voltammetry (CV)
showed that the biradicaloids can be readily and reversibly oxi-
dized, which suggests that stable radical cations might be formed
upon chemical oxidation. By using [N(4-BrCgH,)s]"[SbClg]~
(‘magic blue’) as a one-electron oxidizing agent, cationic
2-42 was formed (Scheme 6).** Oxidation of 2-43 by irradiation
in the presence of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) led to the monoxide 2-44, which was characterized
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by 3P NMR spectroscopy (6=121.8, 25.4 ppm;
2Jpp=183.2 Hz), while the reaction with elemental sulfur gave
the corresponding sulfide 2-45 (6=101.7, 45.7 ppm; *Jpp=
194.2 Hz).>*?°

Incorporation of functional groups in the four-membered
ring of Yoshifuji's 1,3-diphosphacyclobutane-2,4-diyls proved
to be simple, thanks to the versatility of their synthetic prepara-
tion. Therefore, the properties of the P,C, ring can be easily
tuned, enabling the investigation of a variety of reactions, includ-
ing oxidation, reduction, protonation, ring-opening, and ring-
expansion reactions, which are advantageous for the formation
of novel heterocyclic structures. For instance, the presence of
carbonyl or amino groups as substituents on the P,C, ring
activates them to undergo ring-opening, valence isomerization,
and ring-expansion reactions to afford novel organophosphorus
compounds. A selection is presented in Scheme 7.

The unstable derivative 2-43 (R1 =NiPr,, R2=Me, Scheme 7)
undergoes decomposition even at low temperature, probably
due to the instability of the P-N bond. Its hydrolysis affords a
mixture of products from which 2-46 and 2-47 could be identi-
fied. It is likely that compounds 2-46 and 2-47 correspond to
the product of a ring-opening reaction of a 1-hydroxy-1A°,3%3-
diphosphacyclobutene intermediate, followed by rearrangement
and de-aromatization of the Mes* substituent. Derivative 2-48
(R' =NiPr,, R?=PhC(O), Scheme 7), although not isolated, has
been shown to undergo isomerization to the six-membered ring
2H-[1,2,4]oxadiphosphinine 2-49. Upon heating, 2-49 in turn
undergoes an Arbuzov-type rearrangement to afford 1-oxo-1H-
[1,3]diphosphole 2-51 (Scheme 7). The latter is analogous to
2-50, which is formed upon heating derivative 2-9.

The study of the reaction of a wide range of 1,3-
diphosphacyclobutane-2,4-diyls 2-III with hydride has shown

a substituent dependence.*® The reaction of alkyl-substituted
derivatives leads to the corresponding cyclic anions 2-VI fea-
turing a P-H bond.*® With resonance-stabilized substituents
present, an elimination reaction takes place, affording the
corresponding cyclic phosphaallyl anions 2-II (Scheme 8).
For instance, treating 2-4 with LiAlH, affords the cyclic anion
2-52, whose protonation subsequently leads to the corre-
sponding di-A’-phosphacyclobutadiene 2-53 with a diylidic
structure and two P-H entities. On the other hand, phosphaal-
lyl anions 2-IT have been quenched with methyl iodide to form
the corresponding derivative 2-III', where only the R? substit-
uent has been exchanged for a Me group.

In the former case, for the formation of the cyclic anion
2-52, the hydride selectively attacks the sterically less-hindered,
Me-substituted phosphorus atom, which corresponds to addi-
tion to the LUMO of the singlet 1,3-diphosphacyclobutane-
2,4-diyl 2-4. The cyclic anion 2-52 was characterized by >'P
NMR spectroscopy, where the signal at 6 = —37.1 ppm exhibits
a large 'Jpy coupling constant of 322.1 Hz, confirming the
presence of a P-H moiety. The signal assigned to the second
phosphorus is found at 143.8 ppm and exhibits a ?Jpp constant
of 49.3 Hz, which is considerably smaller than that observed
for 2-4. Protonation of 2-52 with methanol proceeded regio-
selectively on the remaining trivalent phosphorus atom
(Scheme 8). The diylidic character of 2-53 is reflected in its
13C NMR spectra: the sp” carbon atoms within the four-
membered ring exhibit a considerably different chemical shift
(0=12.6 ppm) as compared to those observed for 2-4
(0=111.3 ppm). The regioselectivity of this transformation
has been attributed solely to steric encumbrance.

Following a different reaction path, phosphaallyl anions 2-II
are formed from 2-11I when a hydride attacks the primary carbon
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Scheme 7 Ring-expansion reactions of 1,3-diphosphacyclobutane-2,4-diyls.
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Scheme 8 Substituent-dependent reactions of 2-1ll with hydrides.

atom of a resonance-stabilized substituent R? in an Sy2 fashion,
leading to elimination of R°H. *'P NMR spectroscopy has been
useful to easily identify the anions 2-II (6=269.0, 87.6 ppm,
2Jpp=286.8 Hz), since they are intermediates in the synthesis of 2-
I1I. Although further studies are necessary to fully understand the
mechanism of these reactions, it is worth noting that apparently
a combination of hydride anion and an alkali metal is essential
for the formation of the cyclic anions involved in both reaction
paths.

1.15.3 Biradicaloids of Four-Membered B,P,
Heterocycles

1.15.3.1 Syntheses of B,P, Biradicals

Boron-centered singlet biradicaloids have become a new class
of compounds of high interest since the breakthrough discov-
ery of Bertrand et al. in 2002.*” They succeeded in synthesizing
and characterizing the 1,3-dibora-2,4-diphosphoniocyclobu-
tane-1,3-diyl (3-1). The (RP),(CR), motif of the 1,3-dipho-
sphacyclobutane-2,4-diyls (cf. section 1.15.2) was replaced
by the isoelectronic (R*P),(BR), unit, both containing 22 va-
lence electrons for R=H. This had two important conse-
quences for the stability and favorability of the open,
biradical(oid) form: (1) the contribution of the resonance
structure 3-B (Scheme 3) to the electronic ground state is largely
diminished because the P lone pair of 1,3-diphosphacyclobu-
tane-2,4-diyls has been transformed into a P-C o-bond in the

2-Thienyl-CH, (2-64)
3-Thienyl-CH, (2-65)

P,B, biradicaloids and (2) the heterocycle in 3-1 is expanded
because of the intrinsically longer P-B bonds (~190 pm vs.
~175 pm for P-C in 2-Il). Note that contrary to 2-III the
symmetry of the HOMO of 3-1 (cf. Scheme 11) allows for a
transannular B---B n-interaction.

The B,P, heterocycle 3-1 was synthesized in 68% yield from
1,2-di-tBu-1,2-dichlorodiborane and two equivalents of lith-
ium diisopropylphosphide (Scheme 9). Other derivatives,
which are discussed in detail below, have been synthesized
by using the reductive coupling approach. Compound 3-1
was found to be extremely air-sensitive, but thermally very
stable. The X-ray crystal structure analysis of 3-1 revealed a
planar B,P, ring consisting of a transannular B---B distance of
257 pm (Scheme 9). The sterically demanding iPr substituents
attached to the P atoms can be comfortably accommodated in
the planar form. As expected, 3-1 is EPR silent in solution and
the solid state (singlet ground state). Quantum chemical cal-
culations predicted the singlet state of 3-1 to be
17.2 kcal mol ™! lower in energy than the corresponding triplet
state, demonstrating a coupling between the two radical sites
by through-bond and through-space B-B interactions.

The involvement of transient 2,3-diborata-1,4-diphos-
phoniabuta-1,3-dienes in the mechanism of formation of
1,3-diborata-2,4-diphosphoniabicyclo[1.1.0]butanes and 1,3-
diborata-2,4-diphosphoniacyclobutane-1,3-diyls has been pro-
posed since the first reports on B,P, systems (Scheme 10).'”
However, it was only recently that a careful tuning of the steric
bulk of the substituents on the P and B atoms led to a deeper
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Scheme 11 Derivatives 3-1 and 3-9-3-12 featuring variable B-B separations (pm) (double-sided arrow) and interflap angles z(°); schematic

representation of the HOMO of 3-1.

understanding of the reaction mechanism for the formation of
these species. The principles are outlined in Scheme 10.*® The
isolation of the putative intermediate was not possible when 1,2-
di-tBu-1,2-dichlorodiborane was employed in the reaction with
LiPPh,. However, when the duryl-substituted derivative was used
(Dur=2,3,5,6-tetramethylphenyl), it was possible to isolate the
corresponding 2,3-diborata-1,4-diphosphoniabuta-1,3-diene 3-
5 (Scheme 10). Furthermore, its thermal isomerization into the
corresponding bicyclic derivative 3-6 was observed. ''B and 'P
NMR spectra at —60 °C gave strong evidence of the formation of
3-5, since only one signal was observed for both nuclei (5(''B) =
76 ppm; 5(>'P)=12 ppm), suggesting a symmetrical structure
of the low-temperature product. When the temperature was
raised to —10 °C, these signals were replaced by the resonances
belonging to the bicyclic derivative 3-6 (5(''B)=—13 ppm;
3(3'P)=—51 ppm). Interestingly, this thermal rearrangement is
opposite to that observed for the parent hydrocarbon, where the
butadiene derivative is the most favored isomer. Upon irradia-
tion, 3-6 shows interesting rearrangement processes, which are
discussed in more detail in the section below.

In order to shed some light on the theoretically predicted
biradicaloid character (see below) and the general reactivity of
B,P, heterocycles of this type, Bertrand and coworkers per-
formed several investigations. As shown in Scheme 11, the
symmetry of the HOMO allows a thermal disrotatorial ring
closure (in contrast to the P,C, biradicaloids discussed in
section 1.15.2). Therefore, the variation of the P and B sub-
stituents was expected to strongly influence the ground-state
structure, for example, the open biradicaloid form versus
the bicyclic structure of the B,P, heterocycle. Indeed, Bertrand
and coworkers were able to adjust the B---B distance in a
way that any conformation on the internal reaction profile
for the bicyclo[1.1.0]butane inversion could be isolated
(Scheme 11).*°

Compounds 3-9-3-11 were prepared as described for 3-1.
Derivative 3-12 was synthesized by treating the 1,3-dichloro-
1,3-diborata-2,4-diphosphoniocyclobutane precursor with

two equivalents of lithium naphthalenide (Li*C,,Hg®",
Scheme 9). All compounds are accessible in moderate to
good yield as very air-sensitive, but thermally stable solids
(melting points ~200420 °C). The crystal structures for all
derivatives nicely showed that the central B,P, entities adopt
very different structures depending on the substituents at-
tached to P or B. The most folded structure (interflap angle
1=114°), featuring the shortest B-B distance of 183 pm, was
obtained for hexaphenyl derivative 3-12. T-dependent NMR
spectroscopic studies revealed that compounds 3-9-3-12 invert
rapidly at room temperature (butterfly movement). For 3-11,
the inversion barrier was estimated to amount to ca.
8.5 kcal mol ™.

Besides this ‘static approach’ that makes use of different
substituents in order to favor either the planar or the bicyclic
structure, it was also reported that both isomers can co-exist
in solution.®® The solid-state structure of the B-phenyl-
substituted derivative (BPh),(iPr,P), (3-13, Scheme 12) is
similar to 3-1, featuring a square-planar P,B, heterocycle with
the phenyl rings almost co-planar to the central B,P, moiety.
T-dependent *'P NMR and UV/Vis investigations clearly
showed an interconversion (AC#143K:6.6:N:1.8 kcal mol™?)
between the open form 3-13 and the corresponding bicyclic
isomer 3-13a, with the latter being favored at higher tempera-
ture. Both structures essentially co-exist in solution, as shown
by *'P NMR spectroscopy at —145 °C (§=4.0 ppm (3-13) and
0=-32.2, —41.8 ppm; two conformers of 3-13a as supported
by calculations). The order of stability of the bond-stretch
isomers’® 3-13 and 3-13a appears to be strongly entropy
driven. The isomer 3-13 with the co-planar phenyl groups
has fewer degrees of freedom than the bicyclic form 3-13a.
The B-B o-bond in 3-13a is broken at lower temperature in
opposition to the bond-formation process, which is entropi-
cally favored (Scheme 12).

Before entering a further discussion on the chemistry of
these interesting species, it is instructive to concisely summa-
rize some theoretical results. Shortly after Bertrand and
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Scheme 12 Temperature-dependent interconversion between a planar biradicaloid structure 3-13 (dexp(B---B) =257 pm) and the corresponding

bicyclic isomer (3-13a, dac(B-B) =186 pm); molecular structure of 3-13.

Table 5 LUMO occupation numbers and AEs_t values for some
calculated model compounds of the general formula (PR’2)2(BR)..
Details concerning the level of theory can be found in the literature
citations

R R’ LUMO occ. no [e”]  —AEs_r (kcal mo/*’) Ref.

H H 0.221 27.3 52,53
0.233 25.8 56
n.a. 15.87 51
0.21 18.7 55
n.a. 17.2 49

H Me 0.21 20.1 55

H iPr 0.20 20.7 55

H SiH; 0.39 5.8 55

Bu H na’ 30.4 56

Bu  Me na? 29.4 56

Bu  Et na’ 27.9 56

tBu SiMe;  0.30 8.7 55

SiH; H na’ 184 56

tBu iPr 0.169 33.7 52,53
na’ 28.4 56
0.19 23.4 55

The authors supplied several values for various levels of theory. The MCSCF values
with zero-point vibrational correction are given here. The reader is referred to the cited
literature for detailed information.

“Although no LUMO occupation numbers were given, the authors supplied the number
of effectively unpaired electrons from CAS(2,2)/6-31G* computations. For comparison,
these values are not given. The reader is referred to the cited literature for detailed
information.

coworkers published their milestone paper on 3-1, the groups
of Schoeller,”’ Head-Gordon,”?~>* Cramer,”® and Hu"® inde-
pendently reported numerous quantum chemical calculations,
whose specific details fall by far out of the scope of this chapter.
Selected results such as calculated geometries, singlet-triplet
splittings (AEs_t), and LUMO occupation numbers (if avail-
able) are compiled in the Tables 5 and 6. It is worth noting that
Cramer et al. suggested an alternative bonding picture for B,P,
heterocycles such as 3-1. They described the orbital mixing as
equivalent to an aromatic m-system. Also in this picture, the
HOMO is dominated by a cross-ring B-B n-bonding interac-
tion, while the LUMO is B-B n*-antibonding.

As can be seen from the LUMO occupation numbers and the
AEg_r values given in the Tables 5 and 6, the biradicaloid char-
acter of the 1,3-dibora-2,4-diphosphoniocyclobutane-1,3-diyls
is not very large; certainly less than most other organic

Table 6 LUMO occupation numbers and AEg 7 values for some
calculated heteroatom-substituted model compounds of the general
formula (X)2(BR).. Details concerning the level of theory can be found in
the literature citations

R X LUMO occ. no [e”] —AFs_r (kcal mol™) Ref.
H NH, 0.437 13.1 52,53
H NH, n.a. 7.6 51

H  AsH, n.a. 17.0° 51

H SH 0.316 n.a. 52,53
H OH 0.533 n.a. 52,53

The authors supplied values for various levels of theory. The MCSCF values with ZPE
correction are given here. The reader is referred to the cited literature for detailed
information.

biradicals but more than normal closed-shell molecules. The
origin of the comparably low biradicaloid character was attrib-
uted to transannular through-space interactions between the
two boron atoms as well as through-bond neighboring group
interactions. Upon modifying the ring constituents, the origi-
nally small gap between HOMO and LUMO for ‘classical’
organic singlet biradicals such as cyclobutanediyls is increased
by stabilizing the HOMO. The basic principles have already
been discussed in the Introduction. Nevertheless, due to
the strong influence of neighboring groups (constituents or
substituents) several derivatives were calculated, expecting
substantial changes of the overall electronic structure in de-
pendence of the ligands employed. Indeed, as briefly men-
tioned by Head-Gordon et al., substitution of isopropyl with
the more electropositive SiMe; groups at phosphorus should
increase the LUMO occupation number to 0.30 e™ (instead of
0.17 e~ for 3-1). Cramer et al. calculated for this alkyl to silyl
replacement a substantial decrease of the singlet-triplet gap
((AEs_r (tBuB),[(Me;Si),P],)=—8.7 kcal mol™!, cf. (AEs_y
(tBuB),(iPr,P),) =—23.4 kcal molfl). In addition, time-
dependent density functional theory (TD-DFT) calculations
at the B3LYP/6-3114-G(d,p) level predicted a UV/Vis absorp-
tion of =704 nm, that is at much longer wavelength than
found for 3-1 (Anx=446 nm). Most revealingly, the ring ge-
ometry changes substantially upon silyl substitution. In par-
ticular, the transannular boron-boron distance was predicted
to be considerably shorter. Hence, perhaps contrary to an
initial guess, the biradicaloid character is ‘increased’ for the
species with ‘minimum’ transannular B---B distance, that is,
between the centers formally assigned as carrying the unpaired
spins in the simple biradicaloid resonance picture. The same
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Scheme 13 Equilibrium between the para-phenylene-bridged, planar tetrara
3-14 and 3-15.

conclusion was drawn by Head-Gordon and coworkers. They
found the closely related nitrogen derivative (HB),(H,N), to
have a larger biradicaloid character with a shorter B-B distance
of 203.8 pm (cf. 260 pm for (HB),(H,P),). In principle,
this was confirmed by Schoeller et al. by performing a close
analysis of the hetero-substituted (HB),(H,X), systems
(XH,=NH,, PH,, and AsH,). Their calculations predicted for
the nitrogen derivative a much smaller singlet-triplet energy
gap. Furthermore, electronegative substituents should increase
AEs_1, which is in line with the prediction that electropositive
P-silyl substituents should increase the biradical character. In
addition, Hu et al. found a singlet-triplet energy gap of AEs_
r=—18.4 kcal mol ™! for B-silyl-substituted systems (CAS(2,2)/
6-31G*). Overall, it seems clear that the electronic interactions
with neighboring groups (or substituents) markedly control
the extent of biradicaloid character.

The formation and properties of catenated singlet biradicals
have been investigated, in particular in view of applications
as antiferromagnetic low-spin polymers.>” To this end, para-
phenyl bridged tetraradicaloid 3-14 has been synthesized fea-
turing a bis(planar) structure in the solid state (Scheme 13).>®

NMR and UV/Vis investigations in solution revealed the deep
purple, open structure 3-14 to predominate at low temperature,
whereas at room temperature the bis(bicyclic) system 3-14a is
the major product. Interestingly, since the energy difference be-
tween the planar form and the bicyclicisomer of substituted B, P,
derivatives only amounts to a few kcal mol™", no dynamic be-
havior was observed for the meta-phenylene-bridged derivative
(3-15). The latter shows the bis(bicyclic) structure in the solid
state. This was confirmed by quantum chemical calculations,
which predicted the para-tetraradicaloid 3-14 to be

dicaloid 3-14 and its bis(bicyclic) form 3-14a; molecular structures of

2.2 kcal mol™! more stable than the meta-tetraradicaloid 3-15.
The energy benefit for the ring closure of 3-14 (16.8 kcal mol ')
is 2.1 kcal mol ™" smaller than for 3-15.

To explain the differences between the para-phenylene and
meta-phenylene-bridged tetraradicaloids, a weak ‘communica-
tion” mechanism between both biradical sites was postulated,
considering that the para-phenylene linker favors the biradica-
loid form. To further explore this hypothesis, the bicyclo[1.1.0]
butane 3-16 has been synthesized (Scheme 14).° Compound
3-16 is related to 3-14 and 3-15 by formally removing the
second B,P, ring. Since no suitable single crystals of 3-16 for
X-ray analysis could be obtained, the naphtyl-substituted de-
rivative 3-17 was isolated (Scheme 14). Its solid-state structure
showed that the preferred conformation is the bicyclo[1.1.0]
butane structure, which a priori supports the hypothesis that
the presence of a second B,P, moiety in the para-position of
the phenylene linker is needed to favor the bis(biradicaloid)
form. On the other hand, this effect may solely be due to the
o-donor properties of the second electron-rich B,P, unit, and
does not necessarily involve a communication between them.
The essential point is that the phenylene linker must be copla-
nar to the boron-phosphorus heterocycles. To shed some
more light on this hypothesis, a steric restriction was intro-
duced by substituting the ortho-positions of the linker with one
(3-18) or two (3-19) methyl groups (Scheme 14). When one
methyl substituent is introduced to the linker, one of the B,P,
units in 3-18 can be coplanar with the phenylene linker, while
the other cannot. Therefore, no communication of the biradi-
cal units can take place, but the o-donor effect of the second
B,P, moiety can be tested. In this case, 3-18 also adopts a
bicyclo[1.1.0]butane structure, which strongly suggests that
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Scheme 14 Schematic drawing of 3-16 and molecular structures of compounds 3-17-3-19.

communication between the two biradicaloid units through
the coplanar para-phenylene ring is essential for the formation
of the tetraradicaloid form. Furthermore, the 2,5-dimethyl-
substituted derivative 3-19 adopts a bis(bicyclo[1.1.0|butane)
structure, which shows that the o-donor effect of the second
heterocycle is not enough to favor the formation of the planar
bis(biradical) form.

In order to shed some light on the most relevant aspects of
the nature of these molecules, including geometries, energies,
and the communication between biradicaloid substructures, a
very recent theoretical study has approached these tetraradica-
loid molecules from various electronic structure perspectives.®®
In general, this study supports the hypothesis that the commu-
nication between B,P, units is favored for the para isomer,”®>°
although it is rather weak. A structural analysis of both planar
and bicyclic conformations of compounds 3-1, 3-14, 3-15, and
3-16 and their hydrogen-substituted analogs 3-1H, 3-14H,
3-15H, and 3-16H, was performed. Regarding the relative sta-
bility of the different isomers it was shown that for both the
alkyl and H-substituted molecules the planar isomers are desta-
bilized with respect to the corresponding bicyclic forms. How-
ever, the energy difference between both isomers is significantly
smaller for the alkyl-substituted 3-14, with a difference of only
0.1 kcal mol™, which is in very good agreement with the exper-
imentally observed equilibrium in solution (Scheme 13). Thus,
this result further supports the argument that substituents on the
phosphorus and boron atoms are of critical importance on the
relative stability of the planar versus bicyclic geometry, as previ-
ously discussed.'” Furthermore, electronic structure calculations
have confirmed the ground state to be a singlet (S=0).

Similar to the experimental approach of Bertrand and co-
workers,”” this theoretical study was also based on the assump-
tion that coplanarity of the B,P, units and the phenylene linker
is required for the communication between the two biradical
fragments. Calculations were performed in order to determine

Table 7 Computed effective unpaired electrons

3-14H 3-15H 3-14 3-15
PP? 0.77 0.77 0.75 0.76
pp® 0.90 0.92 0.87 0.91
CASSCF 0.79 0.77 0.77 0.76
RAS-2SF 0.89 0.88 0.88 0.88
“Two pairs.
YFive pairs.

the importance of n-delocalization on the stabilization of the
planar para isomer. The energetic cost of twisting the phenyl
ring by 90° with (1) and without (2) the second B,P, unit in
para position has been compared. The delocalization energy
(Ep) was defined as the energy difference between the two
cases mentioned above (ED:Elwm(a)— 2E[wm(b)). This value
should give in turn an estimate of the communication between
the two biradical sites via the n-system. This analysis showed
that the delocalization energy (Ep) for 3-14H (1.6 kcal mol™})
coincides with the total energy difference between the para and
meta isomers (1.8 kcal mol™'), thus indicating that the com-
munication through the n-system is indeed the main driving
force for the stabilization of the para planar isomer. However,
when the fully substituted system was analyzed, Ep accounts for
only one-third of the energy difference between both isomers,
suggesting that there are other electronic and steric factors in-
volved in the stabilization of the planar para form.

Orbital occupation numbers were computed by perfect
pairing (PP), complete active space self-consistent field
(CASSCF), and restricted active space double spin-flip (RAS-
2SF) methods. Calculations employing the Head-Gordon
expression®’ revealed that the radical character of 3-14H and
3-15H is quite low, since less than one unpaired electron is
present in the planar molecules (Table 7). Furthermore, it was
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shown that alkyl substitution does not significantly modify the
orbital occupation numbers. It was surmised that the surpris-
ing stability of the tetraradicaloid species can be rationalized in
terms of their moderate radical character.

Although the number of unpaired electrons is almost iden-
tical for the para and meta isomers, their electron distribution
in the corresponding frontier orbitals is different. Conse-
quently, the para isomer shows a clear preference for the
n-bonding interactions between the two molecular ends,
while such interactions through the phenylene linker are
hardly distinguishable for the meta isomer. Furthermore, in
order to decide whether 3-14 and 3-15 can be considered as
tetraradicaloids, their extent of open-shell singlet character has
been assessed, considering that both species exhibit singlet
ground states. For a system featuring four unpaired electrons,
an open-shell singlet can be obtained by coupling two singlet
or two triplet units. The combination of two singlets can be
interpreted as communication between two singlet biradical
sites, while the combination of two triplets would correspond
to the excitation of the two biradical units. This difference
could help to discern between two extreme situations: two
interacting biradicals (two sets of two strongly correlated elec-
trons) and a true tetraradical (four strongly correlated elec-
trons). The t; couple cluster amplitude, computed by the
perfect quadruples (PQ) extension of PP, defines the weight
corresponding to the simultaneous excitation of four electrons
and can be correlated to the tetraradical character. The magni-
tude of the t, amplitude from the doubly occupied HOMO — 1
and HOMO to the LUMO and LUMO +1 indicated a small
interaction between the two B,P, units, and both methods
used (CASSCF and RAS-2SF) predicted the coupling to be
larger for the 3-14H para isomer. This result was expected to
be fully transferable for the iPr- and tBu-substituted derivatives.

The low-lying excited states of the tetraradical systems were
analyzed in order to characterize them, in a way similar to that
used to characterize biradicals, based on their singlet-triplet
splitting. RAS-2SF methods have been used to compute the
singlet ground state and the low-lying singlet, three triplets,
and the quintet state for 3-14/3-14H and 3-15/3-15H. Only
small differences were found between the excitation energies
for the alkyl- and H-substituted molecules, where the introduc-
tion of the alkyl substituents leads to a slight reduction (0.4-
1.2 kcal mol™!) of the excitation energies (Table 8).

The computed vertical excitation energies for the para
(3-14/3-14H) and meta (3-15/3-15H) P,B, dimers have been
rationalized by taking into account only the magnetic cou-
plings due to the interaction between nearest neighbors. To
this end, the short-range interaction (o) between the boron

Table 8 Vertical excitation energies (kcal mol~") of 3-14H/3-14 and
3-15H/3-15 low-lying singlet, triplet, and quintet states computed by
RAS-2SF/6-31G(d)

sym 3-14H 3-14 sym 3-15H 3-15

S g 42.4 414 A, 491 479
T 3B, 21.0 20.5 34, 234 23.0
T, Ay 25.1 24.7 3B, 241 23.6
Ts 3B, 45.7 446 3B, 48.6 475
0, *A1q 50.5 49.4 %A, 4756 465

atoms in the same B,P, unit and a long-range interaction ()
through the phenylene ring were analyzed. While the o inter-
action relates to the singlet-triplet gap of the B,P, core, the
magnitude of A is a direct measure of the communication
between both cores. In the case where two noninteracting
B,P, units and an antiferromagnetic interaction (c<0) are
considered, the most stable state has singlet spin multiplicity,
with two triplet states at ¢ and three higher states (singlet,
triplet, and quintet) at 2c energy separations. When the long-
range interaction is considered, the degenerate states split in
accordance to the sign of A. Hence, the larger the communica-
tion between biradicaloid sites, the larger the separation be-
tween the states. The magnitude of o was found to be more
than 3 times larger than A for the para isomers 3-14/3-14H and
almost 20 times larger for the meta isomers 3-15/3-15H. In
both cases, this result indicates the interaction of two singlet
subunits, rather than two triplet moieties. Hence, it was reason-
ably concluded that o is responsible for having a singlet ground
state (as the small t, amplitudes already suggested). On the
other hand, A indicated antiferro- and ferromagnetic couplings
for the para- and meta-phenylene linkers, respectively, and its
magnitude is more than two times larger for the para isomer.

In an effort to further expand the number of stable B,P,
biradicals, Bertrand and coworkers investigated theoretically
(CAS(10,10)/6-311++g**) the nature of the parent system
(H,BPH), (3-20), in which the roles played by the phosphorus
and boron moieties are inverted (Scheme 15).%? The results
suggested that the occupation of both the HOMO and the
LUMO in this system is very close to 1, and therefore would
exhibit a considerably enhanced biradicaloid character. How-
ever, these calculations also suggest that the four-membered
planar biradical derivative is not the most favored isomer, but
it should be possible to isolate the corresponding bicyclo
[1.1.0]butanes, which readily form by ring closure.

In order to isolate such compounds, 1,2-dipotassium-1,2-
dialkyldiphosphanes were treated with two equivalents of a
chlorodi(alkyl)borane, leading to 1,2-diboryl-1,2-diphosphanes
3-21-3-23, whose valence isomerization would afford the de-
sired biradicaloid derivatives (Scheme 15). The steric bulk of the
substituents is a determining factor in the formation of the
1,2-diboryl-1,2-diphosphanes, as demonstrated by the isolation
of 3-24. The latter exhibits a three-membered-ring, when bulky
tBu substituents were present. By decreasing the size of the sub-
stituents it was possible to isolate 1,2-diboryl-1,2-diphosphanes
3-21-3-23 as extremely air-sensitive compounds.

Interestingly, along the series 3-21 —3-22 — 3-23, the P-B
distances are lengthened and a pyramidalization of the phos-
phorus centers is observed as well. Both observations suggest a
decreasing interaction between the phosphorus and boron in
the o position, so that they should be more nucleophilic and
electrophilic, respectively. Thus, the desired 1,3-interactions,
which would lead to the formation of the corresponding 2,4-
diborata-1,3-diphosphonio-[1.1.0]bicyclobutanes and its bi-
radical valence isomers, was expected to be favored. However,
all attempts to thermally or photochemically induce the de-
sired rearrangements were unsuccessful. By further decreasing
the size of the substituents, the 2,4-diborata-1,3-diphosphonio
[1.1.0]bicyclobutane 3-25 was isolated, which exhibits a
cis butterfly structure, with bridging phosphorus atoms
(6(*'P)=—106 ppm) and tetracoordinated boron centers
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Scheme 15 Syntheses of 1,2-diboryl-1,2-diphosphanes 3-21-3-23, the three-membered-ring 3-24, and the 2,4-diborata-1,3-diphosphonio-[1.1.0]

bicyclobutane 3-25. Molecular structures are given for the products.

(6(*'B)=37 ppm). Analysis of the '*C NMR spectra at low
temperature allowed the determination of a free energy of
activation for the inversion of this bicyclo[1.1.0]butane of
11.6 kcal mol™". This low value suggests that 3-25 might be-
have as a biradical under thermal or photochemical excitation.
Despite the fact that 3-25 undergoes a fragmentation into a
phosphinodiborane 3-26 and phenylphosphinidene upon ir-
radiation with UV light, evidence of its biradical behavior was
obtained by the spontaneous formation of a mixture of the cis
and trans isomers of the four-membered heterocycle 3-27,
upon reaction with two equivalents of BusSnH at room tem-
perature (Scheme 16).

1.15.3.2 Reactivity of B,P, Biradicals

In certain cases, B,P, biradicals tend to isomerize. It was
shown that under photolytic conditions, the 1,3-diborata-2,4-
diphosphoniabicyclo[1.1.0]butanes 3-6 and 3-8 undergo ring-
opening reactions accompanied by a 1,2-shift, which afford
cyclobutenes 3-28 and 3-29, respectively (Scheme 17).*® The
four-membered ring 3-28 could only be characterized at low
temperature, since it rapidly rearranges into the acyclic deriva-
tive 3-30. The latter consists of an allylic 2rt-electron structure,
with the internal phosphorus atom in a planar coordination

environment and the terminal P-center in a pyramidal one.
The analogous compound 3-29 is formed quantitatively at
room temperature as a single regioisomer, in which the 1,2-
migration selectively involves a phenyl ring rather than an iso-
propyl group (Scheme 17). Compound 3-29 comprises a planar
four-membered ring, whose short P2-B1 bond length of 1.795
(8)A and planar environment around P2 indicate the presence
of a P"=B" double bond as shown for 3-28 in Scheme 17.

The chemical behavior of 3-1 has been extensively studied.
Scheme 18 summarizes and compares the most relevant find-
ings.®*** Compound 3-1 readily reacts with mild oxidizing
reagents such as chloroform yielding cis-3-31 and trans-3-31
in a ratio of 3:1. The B,P, heterocycle remains perfectly planar
for trans-3-31 and is only slightly folded for cis-3-31. Through-
space and through-bond B---B interactions are cancelled and
the P-B bonds are significantly elongated to 205-207 pm
(cf. 189 pm for 3-1).

Typical reagents for radical-type reactivity such as Me;SnH
can be readily added to 3-1. The trans-1,3-adduct 3-32 was
isolated in 73% yield featuring two signals in the ''B NMR
spectrum (0=-—3.8 and —10 ppm). As the trans geometry was
unambiguously confirmed by single-crystal X-ray structure
analysis, it is likely that a stepwise rather than a concerted
mechanism is favorable for this reaction. The treatment of
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Scheme 17 Photochemical isomerizations of 3-6 and 3-8. Molecular structures are given for the products.

3-1 with BrCCl; afforded further evidence for its radical-type
behavior. Besides small amounts of the trans-1,3-dibromo ad-
duct, a novel B-spirocyclic compound (3-33) was isolated
(Scheme 18). The B,P, four-membered ring structure remains
intact; one B atom is attached to a Br substituent and the
second is incorporated in the BC, ring. Although the detailed
mechanism for the formation of 3-33 is not known, a stepwise

reaction was anticipated: (1) Br® abstraction from BrCCl; to
afford the radical pair [1Br]®*[CCl;]® and (2) H atom transfer
from one tBu substituent to give 3-33 and HCCls.
Furthermore, it was shown that both elemental selenium
and diphenyl diselenide (PhSeSePh) cleanly react with 3-1 to
furnish in 70% isolated yield an asterane-like structure (3-34,
Scheme 18).°> Compound 3-1 also reacts readily with

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:26:31.



Copyright © 2013. Elsevier. All rights reserved.

Main Group Biradicaloids 433

g ’CI
A, 3P
= ‘--h
F-e
Cl
e t ¢ ] Cl f
trans-3-31 . * - L __Sn
IH P < ‘i,-t
[ e - L \ [ | "=
.~ B B —& P g -
Y Py } (Prn il
\ Py oW P IL “H
(" | |
' LS e ¢ 3-32
cis-3-31 trans only
CDCl, MesSnH
'-\__.s
) t-Bu
H
': . :\ i-Pr. of A %‘ ? »
/ HOTf B i-Pr L —& -
<t — Np g AL
B Tl =,
‘I;B«P Ig-.\S ® i—Pr/ \B'/ Nipr \
< .
3-36 ?. 8 585
trans only ¢ = »: > ek
Se or
AC'S PhSe%
Br
. vel
R P
S T - W %
- "g b B *-——“‘-
o ¢

3-33

HX (X~ =Cl", OTf; with OTf =[O3SCF;] =triflate) at low
temperatures.®* ''B NMR spectra indicate the presence of two
nonequivalent, anionic, tetracoordinate boron centers (3-35:
0=5.6, —15.0 ppm; 3-36: 6=6.2, —17.9 ppm), one of which is
bonded to a proton, as indicated by the observed broad signals
in the '"H NMR spectra. When the unsymmetrically substituted
compound 3-16 was reacted with HCl and HOTf, the forma-
tion of the analogous addition products was observed, as
corroborated by their ''B° NMR spectra (3-37: §=6.7,
—18.4 ppm; 3-38: =4.9, —18.3 ppm) (Scheme 19). Close
analysis of the conformation of these products strongly sug-
gested that steric factors rather than electronic properties of the
boron centers determine the regio- and stereoselectivity of the
addition reactions. In particular, the formation of derivative
3-36 proceeds with an unusual tBu to iBu isomerization,
which, according to DFT calculations, involves a carbocationic
c-borane adduct as a key intermediate.

When silver salts AgX (X=Cl, OTf) are used as oxidizing
agents for the starting material 3-13, the bis(chloride) and bis-
(triflate) salts 3-39 and 3-40 are formed.®® The reactions pro-
ceed readily at room temperature, as visually indicated by the
discoloring of the reaction mixture and the formation of a
silver mirror. Determination of the solid-state structure of the

s €
Scheme 18 Reactivity of the 1,3-dibora-2,4-diphosphoniocyclobutane-1,3-diyl (3-1). Molecular structures are given for the products.

bis(triflate) adduct 3-40 showed that the B,P, core is only
slightly deviated from planarity and that the two covalently
bound OTf groups are in trans relationship. As expected, both
the P-B (3-13: 189 pm, 3-40: 202-205 pm) and the B-B (3-13:
257 pm, 3-40: 288 pm) distances are longer in the product. CV
studies revealed an electrochemically irreversible oxidation
process centered at E%, ;= —0.41 V (vs. Fc/Fc"). DFT calculations
showed that, upon removal of one electron, the 1,3-diborata-
2,4-diphosphonio-cyclobutane-1,3-diyl moiety retains its planar
geometry, but the B-B and P-B bonds are significantly length-
ened, as should be expected for the decreased through-space and
through-bond interactions between both boron centers. The
singly occupied molecular orbital (SOMO) of the hypothetical
radical cation [3-13]*" (Scheme 20) is very similar to the
HOMO of 3-13, and has been formally associated with a one-
electron B-B n-bonding interaction.

1.15.3.3 Isoelectronic Al,P, Systems

During their studies on subvalent aluminum compounds,
Schnockel, Klopper, and coworkers have recently investigated
in a combined theoretical and experimental study four-
membered heterocycles of the general formula Al,R4, which
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Scheme 20 Oxidation reactions of 3-13 yielding the bis(chloride) and bis(triflate) salts 3-39 and 3-40. DFT calculated SOMO of the hypothetical
radical cation [3-13]®* (left). Molecular structure of compound 3-40. /Pr groups have been omitted for clarity (right).

are isoelectronic to the 1,3-dibora-2,4-diphosphoniocyclobu-
tane-1,3-diyls (cf. 3-1).°° Both the planar (3-41) and the bicy-
clic (3-41a) form of [Al,(PtBu,)4] have been obtained from the
reaction of AlIX (X=Cl, Br) solutions with LiPtBu, (Figure 2).
Both can be viewed as intermediates of the formation of Al-Al
o-bonds starting from {AIR?} units. It was found that differ-
ences in the reaction conditions determine which of both iso-
mers is obtained. Most revealingly, very different Al-Al distances
have been observed for 3-41 (350.8 pm) and 3-41a (258.7 pm)
by X-ray crystallographic studies on green and yellow single
crystals, respectively. In addition to extensive experimental

investigations, detailed quantum chemical calculations have
been performed. Highly energetic [AIR?]® species should di-
merize under formation of the triplet biradical intermediate
[RAI(u-R*)AIR] (3-41) with a long Al--Al separation
(d(Al-+-Al)cac. = 346.2 pm) with the unpaired electron residing
in Al-centered, p-type SOMOs. These triplet molecules 3-41
can formally undergo a spin-flip procedure (singlet state
of 3-41, d(Al---Al)cyc = 305.1 pm) and a subsequent ring-
closing reaction leads to bicyclic molecule [RAIR?AIR] (3-41a,
d(Al---Al) a1 =261.8 pm) as thermodynamically stable species
(o-bond formation). The quantum chemical predictions have
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Figure 2 Molecular structures of biradicaloid 3-41 (left) and bicyclic 3-41a.

been supported by a complex reaction mechanism, considering
known intermediates that have been structurally characterized in
the Schnockel group. It was concluded that both isomers origi-
nate from the reaction of AlX and AlX; species in donor-rich
solutions. At low donor (L) concentration, [Al,X4L,] affords the
bicyclic species 3-41a, while at high donor concentration the
biradicaloid molecule 3-41 is obtained via [AlsX;Ls]. Although
the triplet state of 3-41 could not be confirmed by EPR studies
due to high reactivity and sensitivity of this species, several
findings support a triplet assignment. For instance, the observed
green color of crystals of 3-41 (yellow for 4-31a) was confirmed
by the TD-DFT calculations. A close analysis of the X-ray structure
data revealed 3-41 to form a columnar packing in the solid state.
Obviously, the sterically demanding PtBu, substituents prevent
any intermolecular interaction between individual [Al,(PtBu,),]
molecules (e.g., formation of dimers as observed for other
derivatives) and only permit weak intermolecular interactions
within the columns. It was also suggested that upon formation of
3-41 this reactive species is immediately stabilized by the crystal-
lization process and that this process seems to circumvent a spin-
flip and the thermodynamically favored formation of 3-41a. As
emphasized by the authors, ‘this unprecedented discovery was
only possible owing to the particularly mild reaction conditions
present in metastable AIX/AIR solutions’.®®*%

In this context, it is also important to mention that for a
gallium compound reported by Uhl and coworkers, that is
(MesSi);CGa(H)(n-PPh,),Ga(H)C(SiMes)5 (3-42a), the Ga-H
bond formation was attributed to hydrogen abstraction from
the solvent by radical intermediates.®” Hence, it may be possible
that the conceivable biradicaloid (Me;Si);CGa(u-PPh,),GaC
(SiMe3)5 (3-42) has been formed in the reaction of the diiodo-
substituted digallane(4), (Me;Si);CGa(I)-Ga(I)C(SiMes)s, with
LiPPh,.
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tBu ®AI tBu
~p” \g)/
Bu“\\‘@\Al/ gy
‘@
PtBu,

t
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1.15.4 Group 14 Element Systems

1.15.4.1 Bicyclo[1.1.0]butanes E;Rg and Related
Compounds

Strained, bicyclic structures of group 14 element compounds
have been subject of increased interest, because they were
identified as suitable candidates for the synthesis of stable
biradicaloids. For the heavier congeners of bicyclo[1.1.0]bu-
tanes,®® several quantum chemical calculations® predicted the
phenomenon of bond-stretch isomerism. For such systems,
two distinct minima on the potential energy surface (PES)
exist, which mainly differ by the length of one bond. The
general topic of bond-stretch isomerism has been addressed
by several review articles.”®

For both isomers, the central bond (E,-E,) is formed from
almost pure p-orbitals (Scheme 21). For the long-bond (LB)
isomer 4-LB they are slightly polarized by s-orbital contribu-
tion furnishing a less effective orbital overlap and consequently
aweak E-E bond (inverse o-bond). The unpolarized p-orbitals
of the short-bond (SB) isomer 4-SB form an E-E bond with
slightly larger m-character, although the individual orbitals are
rotated by about 40° from the ideal alignment (cf. ~30° for
4-SB). Comprehensive calculations by Koch et al. for the SB
and LB tetrasilabicyclo[1.1.0]butanes (SiyRs, with R=H, Me,
Ph, 2,6-dimethylphenyl)”' revealed that the relative energies of
4-LB and 4-SB strongly depend on the substituent R due to a
competition between ring strain’? and steric effects. Small
groups R favor the formation of 4-LB (larger angle ®) while
steric repulsion (larger angle ©) provides the same isomer to be
unstable for bulkier aryl substituents. Hence, ‘true’ bond-
stretch isomerism can only be discussed for selected ligands
of suitable size because both isomers 4-SB and 4-LB do not co-
exist for very small and for sterically demanding substituents.
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Scheme 21 Bicyclo[1.1.0]butane derivatives containing group 14 elements; the angles @ and ® within these scaffolds. Ar=2,6-Et,C¢Ha;

=SitBuMe,, R?=SitBu,Me.

In contrast, the germanium bicyclic structure is more flexible
than the corresponding silicon isomer.”> The difference in
strain energy between four-membered and three-membered
rings, which decides the preferred geometry for small groups
R, is much more pronounced for the germanium rings com-
pared to their silicon counterparts. Hence, the LB structure
4-LB is clearly favored over 4-SB. For the calculated germanium
analogs, Ge4Rg, 4-SB revealed to be no minimum on the PES,
indicating that apparently only the LB isomer exists. Atoms-in-
molecules (AIM) calculations on the LB germanium and sili-
con isomers showed no bond-critical point (bcp; a saddle
point in the total electron density indicating the existence of
a bond between two atoms in a molecule)”® between the
bridgehead atoms and only one ring critical point. Therefore,
the structure can be described as a singlet biradicaloid confirm-
ing Schleyer’s original description from 1987 for the model
compound SigHg.%%?

Although the quantum chemical calculations predicted
such interesting phenomena for some isomers of the E4Rg4
PES,”® synthetically accessible and structurally characterized

tetrasilabicyclo[1.1.0]butanes are very rare (Scheme 21). The
sterically encumbered derivative 4-1 reported by Masamune”®
has a normal Si,-Si;, bond length of 237.3 pm and an interflap
angle @ of 121°, suggesting its classification as SB isomer 4-SB.
However, the physical and chemical properties of 4-1 indicate
the energetically close relationship to the biradicaloid form.
Crystals of 4-1 are thermochromic and the ring-inversion bar-
rier for 4-1 was estimated by NMR methods to be low
(Ea~ 15 kcal molfl). Furthermore, the central Si,-Si, bond is
very reactive since degassed water or Cl, is readily added fur-
nishing the corresponding cyclotetrasilane products. Wiberg
et al. also reported the synthesis of the isomeric bicyclo
[1.1.0]tetrasilanes, but without a detailed analysis of their
molecular structures.””

The silyl-substituted derivative 4-3, which was generated by
photolysis from the tetrasilacyclobutene derivative 4-2, has
been published by Kira and coworkers.”® In the photostation-
ary state at 288 K, 91% conversion was reached, as determined
by UV/Vis spectroscopy. Compound 4-3 was initially charac-
terized by '"H NMR spectroscopy and by product analysis of its
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hydrolysis. At that time, no further spectroscopic data such as
29Si or '3C NMR spectra could obtained because 4-3 thermally
rearranges quantitatively to the cyclobutene in the dark
(k2ss=5.67 x 107> s '). Both the thermal and photochemical
isomerizations were confirmed using substituent-labeling
experiments to proceed via 1,2-silyl-migration rather than skel-
etal isomerization.”” In a recent study, Iwamoto, Kira et al.
achieved the isolation of 4-3 at low temperature via an alter-
native synthetic route (Wurtz-type coupling reaction of
1,3-dibromocyclotetrasilane with potassium graphite) and
characterized its unique structural features in the solid state
and in solution.®° The cyclotetrasilane 4-3 was found to adopt
the SB structure (4-SB) due to the steric effects of bulky ¢Bu-
Me,Si groups at the bridgehead silicon atoms (d(Si,-Sip) =
236.7 pm; interflap angle ¢ =129.25°). The 2°Si resonances for
the ring silicon nudlei of 4-3 appearing at —145.1 ppm (Sip) and
—90.6 ppm (bridge Si atoms) suggest that 4-3 adopts the SB
structure also in solution. Kinetic NMR studies revealed 4-3 to
undergo a facile ring flipping in solution. The AG* of this dy-
namic process was estimated to be 14.3 kcal mol ™" at 333 K (cf.
15 kcal mol ™" for 4-1). As mentioned by Kira in a footnote,® a
planar bicyclotetrasilane, hexa-tert-butylbicyclo[1.1.0]tetrasi-
lane, has been isolated.®’ The skeletal structure of this
cyclotetrasilane-1,3-diyl is similar to that assigned as the transi-
tion state for the flipping of 4-3. To the best of our knowledge,
however, no further data have been reported yet for this species.®?
Recently, Kira et al. were also able to isolate a compound
(4-4)®* featuring a long central Si,-Si, bond of 241.2 pm,
which is considerably longer than Si-Si bonds of known dis-
iliranes (227-233 pm). The 1,3-disilabicyclo[1.1.0]butane 4-4
was obtained as air- and moisture-sensitive bright-yellow crys-
tals in 70% isolated yield by using a formal double sila-
Peterson reaction. X-ray crystal structure analysis, quantum
chemical calculations, as well as >C and *°Si NMR spectro-
scopic investigation predicted this LB isomer to be stable in the
solid state and in solution. Interestingly, 4-4 shows no ring-
flipping tendency as evidenced by '*C NMR spectroscopy. A
distinct band maximum at 420 nm in the UV/Vis spectrum
could be assigned to a ¢ — o* transition of the Si,-Si, bond.
The biradicaloid behavior of the Si-Si bond in 4-4 was con-
firmed by its reactions with alkyl halides, phenylacetylene, and
ketones.®* The analogous germanium compound, 1,3-diger-
mabicyclo[1.1.0]butane 4-5, was synthesized and character-
ized as LB isomer consisting of a long Ge,-Gey, distance of
258.3 pm and a UV/Vis absorption maximum at 440 nm.%*
Structurally related 1,2,3-trisilabicyclo[1.1.0]butanes con-
sisting of a bicyclic Si5E core structure (E=S, Se, Te, Scheme 21)
have been reported recently by Sekiguchi and coworkers.®®

Me Me ?‘Mes
S|-—.___ —— I\ Me;Si ‘_,,-"
/ Ph"‘“Sl'f-C-——S _Ph
C SiMe;
SlMe3
Me,Si SiMey
4-10 4-11

They have employed a novel approach for the preparation of
these scaffolds by using [1+2] cycloaddition reactions of a
chalcogen E (S, Se, Te) to the Si=Si bond of a cyclotrisilene.
Thus, 2-thia-, 2-selena-, and 2-tellura-1,3,4-trisilabicyclo[1.1.0]
butanes 4-6-4-8 were prepared in good yields isolated in the
form of yellow-orange crystals. The compounds exhibit folded
structures in solution and the solid state. The interflap angles in
both 4-7 and 4-8 are acute (¢ =110.34° and 109.4°). The short
bridging Si-Si bonds of 226.2 and 227.7 pm are close to the
upper limit of the Si=Si double-bond range and much shorter
as compared to those observed for the other bicyclo[1.1.0]
butane derivatives discussed so far. Interestingly, the bicyclo
[1.1.0]butanes 4-6 and 4-7 were transformed into cyclobutene
species upon photochemical irradiation.

A similarly short bridging Si-Si bond (226.64 pm) has been
reported by Sekiguchi for the trisilabicyclo[1.1.0]butane 4-9,
also consisting of a butterfly-type skeleton (Scheme 21).5” The
authors stated that “in the framework of the well-established
in bicyclo[1.1.0]butane chemistry ‘short- and long-bond iso-
mers’ concept, one should definitely recognize 4-9 as the ‘very
short bond isomer,” representing an opposite extreme to 1,3-
disilabicyclo[1.1.0]butane with the very long bridging Si-Si
bond” (cf. 4-4).

Closely related dimetalla derivatives featuring considerably
long central carbon-carbon bonds®® were reported for the
2,4-disilabicyclo[1.1.0]butane 4-10 (dc_c=178.1 pm)®° and
the disilabenzvalene 4-11 (dc_c=168.0 pm).”° Furthermore,
West and Driess’' reported on 1,3-diphospha-2,4-disilabicyclo
[1.1.0]butanes (4-12) and the corresponding As compounds
4-13 (Scheme 22). Both group 15 element bicycles contain
unusually long P-P and As-As bonds. The P,Si, butterfly-like
compounds of the type 4-12 also tend to undergo a ring
inversion via an unusual silanediyl fragmentation in the tran-
sition state. However, the ring-inversion barrier for the model
compound (H,Si),P, was predicted to be relatively high
(51.0 kcal mol™! (MP2)).”? Based on calculated orbital occu-
pation numbers (CAS-MCSCF/6-31G*) and singlet-triplet
gaps (AEs_r=—88.4 kcal mol™') it was suggested that the birad-
ical character of these molecules is fairly low. The elongation of
the P-P bond was attributed to ring strain and coulomb repul-
sion between the two P atoms.

1.15.4.2 Heavy [1.1.1]Propellanes of Group 14

By analogy to these [1.1.0]bicyclobutanes, the central bond
between the bridgehead atoms of heavy [1.1.1]propellanes of
group 14 is significantly elongated. [1.1.1]Propellane mole-
cules (International Union of Pure and Applied Chemistry

Alr A|\r I\llles l\l/les
SI_‘_""‘-P""_H |\ Si-_h____‘_As____p-Si\

\f tBu/ \Ai

4-12 4-13

Scheme 22 Related bicyclobutanes consisting of long central carbon—carbon bonds (4-10 and 4-11); 1,3-diphospha- (4-12) and 1,3-diarsa-
2,4-disilabicyclo[1.1.0]butanes (4-13) with unusually long E-E bonds; Ar=2,4,6-Me3CeH, (Mes) or 2,4,6-/Pr3CeH, (Tip).
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(IUPAC) nomenclature: tricyclo[1.1.1.0"*|pentane) intrigue
chemists for a number of reasons, not at least because their
core structures resemble the ‘eponymous macroscopic propel-
lers.””? The intrinsic [1.1.1] scaffolds of these five-atom clusters
belong to the so-called ‘nonclassical’ structures, showing
inverted tetrahedral bridgehead atoms (umbrella-like configu-
ration,’* i.e., all substituents point in the same hemisphere of
space).” In particular, the question about the interaction
between the bridgehead atoms in propellanes has been exten-
sively discussed in the literature.”’® All efforts are mainly directed
toward the clarification of fundamental aspects of the nature of
the interaction between the inverted bridgehead atoms.

Even the well-known all-carbon propellanes, CsRs,”” have
attracted renewed interest, from both experimentalists and
theoreticians. The bond strength of the all-carbon [1.1.1]pro-
pellane was estimated to be ~60 kcal mol~".”® Natural bond
orbital analysis predicted the occupancy for the central bond-
ing orbital to be 1.83 (0.15 for the antibonding orbital), indic-
ative of some biradicaloid character.”® Detailed information
about electronically excited states of the parent carbon propel-
lane has been obtained by electron energy loss spectroscopy
(EELS).'® The first excited singlet is located at 7.26 eV and
corresponds roughly to an HOMO-LUMO excitation. The
equilibrium geometry of the excited singlet state is similar to
that of the ground state. However, the equilibrium geometry is
very different for the lowest triplet state, observed by EELS at
4.70 eV (peak maximum). The central C-C bond is greatly
stretched in the excited triplet state. Experimental investiga-
tions on the electron density in an all-carbon [1.1.1]propellane
derivative as well quantum chemical calculations performed by
Luger and co-workers revealed the existence of a bonding path
between both bridgehead carbon atoms.'°! The authors found
significant electron density at the bcp from which a bond order
of 0.71 was deduced. However, the corresponding experimen-
tally observed Laplacian at the bep is positive (even larger than
the calculated one)'%? suggesting that a central C-C bond does
indeed exist, but not of usual covalent type.'°* A valence bond
(VB) study by Shaik, Hiberty, and coworkers also found the
existence of a so-called charge-shift bond, in which the reso-
nance energy between covalent and ionic forms plays a major
role.'

Heavy analogs of all-carbon propellanes, for example,
group 14 clusters of the general formula EsRs (E=Si, Ge, Sn),
have continuously attracted considerable interest in the last
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few decades, not at least because they are often fundamentally
different from their carbon counterparts and have remained a
challenge for both experimentalists and theoreticians for a long
time.'® These molecules have frequently been described as
singlet biradicaloids due to their considerably stretched bond
between the ‘naked’'°® bridgeheads Ey,.

Before entering a further discussion about experimental
findings on heavy [1.1.1]propellanes of group 14, some
results from quantum chemical calculations are summarized
(Scheme 23, Table 9). Quantum chemical calculations of
Schleyer and Janoschek on the parent compound SisHs sug-
gested substantial singlet biradical character and that “it would
be misleading to represent the structure by drawing a line
between the bridgehead atoms”.'°” Schoeller et al. also pre-
dicted a long Siy-Si,, separation for the Sis derivative.'®
Nagase has presented evidences, which support the existence
of an inverted chemical bond. The biradical character of the tin
derivative was found to be very small and comparable to that
of the carbon homolog.'® Gordon and coworkers''®!!'!
pointed out that the similarity of the Ep---E, distances in 4-I
and 4-1I (for M=Ge and Sn, Scheme 23) and doubted the
existence of a bridgehead bond in heavy [1.1.1]propellanes.
They also found the E,---E, distances to decrease upon des-
cending the group 14. For the tin derivative, there is only a little
difference Ad in the Ey,--E}, interaction in 4-I and 4-II (Table 9).
The natural orbital occupation numbers given by Gordon et al.
suggest fairly small biradical character in the ground-state
[1.1.1]propellanes (with M=C, Si, Ge, Sn) showing a maxi-
mum of 14% for the silicon derivative, which is in accordance
with Schleyer's'®” earlier assumption. Other evidence against
significant E,---E, bonding is corroborated by the similarity of
the distances in the singlet and triplet states of the parent
systems EsHg (4-1, Scheme 23) and that no bcp has been
located between the bridgeheads.

Hetero[1.1.1]propellanes have also been targeted by theory
(4-111, Scheme 23). Inagaki et al.''*''? expected electroposi-
tive groups to increase the central C-C separation within
C,(EH,)3 (E=Si, Ge, Sn, Pb). Theoretical work of Nagase, '’
Gordon, %! and Ottosson'** predicted the substitution of
the EH, groups by suitable groups L to stabilize the central
bond and to shorten it. Electronegative groups L lead to signif-
icantly shortened Ej---E},, distances for both E,L; (4-III) and
E,L;H, (4-1V). For L=0, the metal-metal distances are much
shorter than singly bonded systems such as H3E-EHj. It was

4-11 4-lv

Scheme 23 [1.1.1]Propellanes EsHg (4-1) and bicyclo[1.1.1]pentanes EsHg (4-11) of group 14; hetero[1.1.1]propellanes E,L3 (4-111) and corresponding
bicyclo[1.1.1]pentanes H,E,L3 (4-1V); d; =distance between the central atoms E,; d> =distance between the central atoms E, and the peripheral

atoms E or L. See also Table 10.
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Table 9 Selected structural parameters for calculated group 14 [1.1.1]propellanes, bicyclopropanes, and their derivatives

E cf. Scheme 23 E5H5 E5H3 Ad E203 HgEgOg Ad E283 HQEQSg Ad Eg(cHg)g HgEg(CHg)g Ad
(4_/ 110,107 (4_” 110 (4_”1 111,109 (4_"/ 111 (4_”1 111 (4_”/ 111 (4_”1 114 (4_"/ 114

C d4 162.5 188.3 25.8 1511 162.2 111 164.0 202.0 38.0 159.6 187.5 279
dp 152.3 1565.5 140.8 142.7 179.2 184.6 151.7 155.0

Si d4 279.3 292.5 13.2 207.6 206.0 -1.6 236.3 237.3 1.0 229.1 229.3 0.2
dp 235.8 236.8 170.7 170.0 218.0 218.1 192.3 191.0

Ge dy 2991 305.3 6.2 225.0 2225 -25 - - - 247.0 2471 0.1
dp 248.8 247.7 180.6 179.5 - - 202.8 200.7

Sn d4 346.9 350.9 4.0 257.7 254.6 -3.1 - - - 280.2 278.5 -1.7
dp 285.7 284.0 198.5 197.1 - - 223.0 220.2

Values in pm (see also Scheme 23); Ad=d,(bicyclopentane) — d4(propellane) (pm); details concerning the level of theory can be found in the literature citations.

Copyright © 2013. Elsevier. All rights reserved.

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?doclD=1330977.

Created from inflibnet-ebooks on 2021-02-09 22:26:31.

spiojeaipeaig dnoay urepy

6ey



Copyright © 2013. Elsevier. All rights reserved.

440 Main Group Biradicaloids

" ¢ L.: ¢ -L L;: 2.
L“:h -‘—:.&_ Lk ¢ of
; =4 [
(a) li” i (b) é

(c)

Figure 3 Molecular structures of SnsDepg ((a), 4-14), Sns(2,6-(/Pr0),CeHs)s ((b), 4-15), and Geo{Sn(Cl)(2,6-Mes,CeHs)}s ((C), 4-16).

surmised that the unusually short bridgehead distances in both
E,O5 (or E;S3, 4-IIT) and E,O3H, (or HE,Ss, 4-IV) do not
result in significant bonding interaction. Despite the short
Ep---E} distances, these compounds possess a considerable de-
gree of biradicaloid character (cf. comparable discussion for
the B,P, biradicaloids in Section 1.15.3).

As can be seen from this short selection, numerous quantum
chemical calculations''® have been performed on these species.
However, synthetically accessible and structurally characterized
species are very rare. Breakthrough discoveries have been pub-
lished in the early 1990s by Sita and coworkers.''®''” They
succeeded in isolating the very first heavy [1.1.1]propellane of
group 14, that is, the pentastanna[1.1.1]|propellane SnsDeps
(4-14, Dep=2,6-Et,CcH3, Figure 3) by thermolysis of a cyclo-
tristannane.''® Sita et al. also reported a further derivative and an
optimized synthetic route to 4-14,""° which was further im-
proved by Breher and coworkers in later studies.'*® The best
synthetic way to obtain 4-14 is to react the tristannane SnsDep
under reducing conditions (elemental lithium) with SnCl, as
additional Sn-source. X-ray structural investigations on single
crystals of 4-14 revealed a large Sny--Sn, separation of
336.7 pm (~20% longer than a regular Sn-Sn single bond,
Figure 3). Although the cluster core is sufficiently shielded and
kinetically stabilized by the Dep substituents, the bridgehead tin
atoms are still accessible for reagents (see below).

Only a few further heavy [1.1.1]propellanes have been
synthesized and structurally characterized in the following
years (Figure 3). Drost et al. reported on the synthesis of the
pentastanna derivative Sns(2,6-(iPrO),CsHs)s (4-15)"*' and
Power and coworkers were able to isolate and characterize
the heteronuclear propellane Ge,{Sn(Cl)(2,6-Mes,CsHs)}3
(4-16)."*” Remarkably, the distance between the bridgehead
germanium atoms in 4-16 (336.3 pm) is similar to those of the
tin atoms in 4-14. This was explained by the electronegative CI
substituents (small C-Sn-ClI angle of 103.8°).

The homonuclear germanium (4-17, orange crystals)'>* and
silicon (4-18, yellow crystals)'** propellanes have only been
isolated and characterized recently (Scheme 25). The penta-
germa|1l.1.1]propellane 4-17 was prepared from Mes,GeCl,
using a freshly prepared lithium naphthalenide solution in the
presence of GeCl,-dioxane. This additional germanium source
and/or oxidation reagent is crucial for a successful synthesis of
4-17. The synthesis of the very sensitive silicon propellane (4-18)
was shown to be very similar (Mes,SiCl, and Si,Cl as starting
materials, Scheme 25). The separation of 263.6(1) pm between

the two bridgehead silicon atoms in 4-18 is ca. 30 pm (13%)
longer than usually observed for a regular Si-Si single bond.
A similar bond stretch was observed for the GesMes derivative
4-17 (d(Geyp--Ge,) =286.9(2) pm). NMR investigations on 4-18
revealed two resonances in the 2°Si NMR spectrum at § =25.5
and —273.2 ppm for the bridging (Sip,;) and bridgehead (Sip)
atoms, respectively (dca.a =34 and —270 ppm, BP86/def2-triple
zeta valence polarization (TZVP)).'*> The Raman spectrum of
4-18 shows totally symmetric normal modes at v=479, 370, and
340 cm ™' (Veaca=455, 349, and 312 cm™'). However, the
extraction of the contribution of the restoring Siy--Si, bond
forces for the totally symmetric Raman bands could not be
achieved in the desired accuracy, because too many internal
coordinates are involved in each of these modes.

It is important to note that the silicon propellane 4-18
remained elusive until this recent study. Targeted by theory
already more than two decades ago,'°” Masamune designated
this molecule in a 1991 review article as a ‘synthetic chal-
lenge.”*?® Unsurprisingly, only some closely related silicon
clusters'®” containing ligand-free silicon atoms have been
reported so far.'*® Related germanium and tin clusters'?’
have been reported and reviewed previously.'*° Selected exam-
ples are presented in Scheme 24. The silicon cluster 4-19 bears
a Si, dumbbell (Si-Si=229(1)pm) with ‘inverted tetra-
hedrally’ coordinated Si atoms within its molecular core. The
corresponding Ge (4-20) (also Sn) clusters consist of two
ligand-free group 14 element atoms. While for the Si com-
pound 4-21 another bonding model has been established
(‘dismutational aromaticity’),'?*“'3! the germanium clusters of
the general structure 4-22 (R'=CH(SiMe3), or 2,6-Mes,C¢H;)
have been indicated to possibly possess some biradical charac-
ter.'*? In a very recent study, a Ge,4 polyhedron, [(THF),Li|s
Ge14[Si(SiMes)s]s (4-23), has been described. Quantum chem-
ical calculations indicated that three singlet biradicaloid entities
(see bicyclic substructures within 4-23 in Scheme 24) formally
combine to yield the singlet hexaradicaloid.'*

The family of heavy [1.1.1]propellanes of group 14 has
been extended in recent studies. Two heteronuclear clusters of
the general formula E,{SiMes, }; (E=Ge and Sn) have been
synthesized and characterized in order to relate the E,---E,
separation in heavy [1.1.1]propellanes with their electronic
properties and reactivities.'>* These compounds consist of
two ligand-free Ge (4-24) and Sn atoms (4-25), respectively
(Scheme 25). As expected, the formal substitution of the bridg-
ing ER? entities in SnsDep; (4-14) and GesMesg (4-17) with
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Scheme 24 Selected group 14 element clusters containing two ligand-free (or missing, 4-22) cluster constituents; Tip=2,4,6-/Pr3CgH>; R'=CH
(SiMes), or 2,6-Mes,CgHs; R2=N(SiMes), or 2,6-(iPr0),CeHs; R® = Si(SiMes)s.

the smaller SiMes, groups results in a decrease of the Ej---Ej,
separation in Ge,{SiMes,}3 (Ad=10 pm) and Sn,{SiMes,}3
(Ad=27 pm), respectively. "H NMR spectroscopic monitoring
of the crude reaction products showed that the heteronuclear
[1.1.1]propellanes with two heavier group 14 elements Ge
(4-24) or Sn (4-25) in the bridgehead positions and three Si
atoms within the flanking units are formed in 10-15% yield.
It is important to note that no other [1.1.1]propellanes with
different connectivities within the molecular cores are formed
under these conditions. The dihalides GeCl,-dioxane and SnCl,
are therefore selective sources for the bridgehead positions. The
298i NMR chemical shifts of =66 (4-24) and 98 (4-25) ppm
differ only slightly. The latter shows nonresolved satellites due
to a one-bond coupling to the *'/'°$n isotopes (/=324 Hz).
The '?Sn NMR chemical shift for the bridgehead tin atoms in 4-
25 of §=—1348 ppm compares very well to other tin propel-
lanes known from the literature. The comparably large coupling
of 3464 Hz (absolute value) between the bridgehead tin atoms
in 4-25 was revealed to be somewhat smaller than for the
pentastanna|1.1.1]propellanes (8145 and 3973 Hz) known
from Sita and Drost, respectively (Figure 3).

DFT calculations (B3LYP/def2-TZVP) on these systems
(slightly modified model compounds) predicted in each case
the following order of the frontier MOs (Figure 4): (1)
HOMO —1: E,-E, bonding orbital of a; symmetry; (2)
HOMO: degenerate set of E,~E},; cluster bonding orbitals of e
symmetry; and (3) LUMO: Eg--E, antibonding orbital of a,
symmetry.

It was found that the relative LUMO energy of the calcu-
lated EsDmpg clusters (Dmp=2,6-Me,CsH,) decreases upon

descending the group 14. Parallel to this, the HOMO-LUMO
gap becomes significantly smaller in magnitude. Indeed, these
findings were experimentally observable. Electrochemical in-
vestigations using CV studies on SnsDeps (4-14)"%° as well as
EsMesg (4-17, 4-18)'?*'? revealed in each case two quasi-
reversible reduction events furnishing the radical anions
[EsR¢]®~ and dianions [EsR¢]*>~ (Table 10). Since the LUMO
is being filled (Figure 4), these reduction processes lead to a
successive decrease of the E,---E,, interaction (the E,---E, dis-
tances are considerably longer in the reduced form, e.g.,
dcaic. =290.6 pm for GesDmpg— 328.9 pm for [GesDmpg]®~,
BP86/def2-TZVP). The radical anions [EsRs]®*~ have been
characterized by EPR spectroscopy (e.g., for [GesMess]®™
([4-17]®7): g1 =1.980 and gj; = 1.999, with hyperfine couplings
to two equivalent germanium atoms (I(">Ge)=9/2, 7.73% n.a.)
of A, <20 MHz and A; =41 MHz). Furthermore, and as
expected from the calculated LUMO energies, the reduction
events are anodically shifted upon descending the group 14.
Most notably, the stronger Ey,---Ej, interactions in the hetero-
nuclear propellanes 4-24 and 4-25 as compared to the homo-
nuclear counterparts 4-17 and 4-14 were confirmed by these
electrochemical studies. Due to the energetically destabilized
LUMOs in 4-24 and 4-25 (stronger E--E, interactions), both
reduction events are in each case slightly more cathodically
shifted. As expected, the differences are much more pronounced
for the tin-containing propellanes due to the larger difference in
the Ey---E,, separation.

A close analysis of the experimental UV/Vis spectra (in
conjunction with quantum chemical calculations, TD-DFT cal-
culations) was found to be very helpful for an interpretation of
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Scheme 25 Synthesis of the pentagerma- (4-17) and pentasila[1.1.1]propellane (4-18) as well as the heteronuclear [1.1.1]propellanes 4-24 and 4-25.

the bonding in these molecules. Of particular interest are the
electronic A, excitations from the HOMO-1 (E,--E, bonding)
to the LUMO (E,-+-E, antibonding, Figure 4). The vertical
excitation energies (or A values from UV/Vis studies) directly
correspond to the strength of the interaction between the
bridgehead atoms.

In a recent comprehensive study, a linear relationship
between the 'A, excitation wavelengths and the E,---E,, dis-
tances was found.'** The corresponding vertical *A, excita-
tions, however, showed some peculiarities without linear
relationships. For instance, the heteronuclear clusters 4-24
and 4-25 showed unusually high excitation wavelengths
(low excitation energies), although the E;---E;, distances are
much shorter and the first singlet 'A, excitation wavelengths
are lower than those of its homonuclear analogs 4-17 and
4-14. Usually, the A, transitions (directly related to AEs_.y)
are not visible in the UV/Vis spectrum. However, the experi-
mental spectra of a series of compounds, in particular those
containing heavy tin atoms, showed characteristic absorp-
tions at theoretically confirmed wavelengths, which belong
to these triplet excitations (e.g., 546.8 nm for SisMes;, (4-18);
549 nm for Sn,SizMes; (4-25)).

Copyright © 2013. Elsevier. All rights reserved.

It was surmised that two important factors oppositionally
contribute to the A, excitations and, as a consequence, the
ease to reach the excited triplet A, state of heavy propellanes.
Note that - perhaps contrary to an initial guess - the biradical
character of [1.1.1]propellanes (and other systems as well, see
above and Section 1.15.3) is not necessarily increased by
solely stretching the Ey--E, bond! Higher 3A, wavelengths
and thus lower AEs_.1 energies are obtained either by elongat-
ing the E,,---E}, distances or by arranging the involved orbitals in
close spatial proximity (in this case HOMO —1(a,) and LUMO
(a2)). While the bond stretch leads to a smaller energy gap
between the involved orbitals, a close proximity of the latter
furnishes larger exchange interactions and an extra stabiliza-
tion of the 3A, state.

Interestingly, LUMO occupation numbers (calculations
at the (6,4)CASSCF/def2-TZVP//B3LYP/def2-TZVP level) were
found to be almost invariant and fairly small (ca. 0.1 e”) for
a whole series of [1.1.1]propellane model compounds
EsMeg. 23124134 Comparable occupation numbers have been
reported previously.''® Clearly, the inherent singlet ground
state of [1.1.1]propellanes points toward noticeable E,,---E}, in-
teractions but it appears that the Ey---E,, interactions in these
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Figure 4 DFT-calculated frontier orbitals of the model compound GesDmpg (Dmp =2,6-Me,CeHs; Turbomole, RI-DFT, BP86, def2-TZVP, D3

symmetry). The energy scale (vertical axis) is only qualitative.

Table 10 Reduction potentials of heavy [1.1.1]propellanes versus
the Fc/Fe™ couple; process 1: EsRg+e~ — [EsRg]®~; process 2:
[EsRe]® ™ +€~ — [EsRe]*~

E%y2(1) (V) E12(2) (V)
SisMesg (4-18) —2.88 -3.12
GeoSisMesg (4-24) -2.29 —2.68
GesMess (4-17) 218 _261
SnySiaMesg (4-25) 213 277
SneDeps (4-14) 196 048

species are perturbed to such a particular extent that highly
correlated quantum chemical methods provide evidence for
some biradicaloid character of their ground state.

Of fundamental interest in this research area is the question
to what extent the reactivities of these heavy [1.1.1]propellanes
are affected by the stretched bond. Note that the Siy--Si;, bond
strength in SisMess (4-18) was recently estimated to amount
to ~174 kJ mol~},'?* that is, considerably weaker than in nor-
mal disilanes (ca. 306-332 kJj mol™'). The bond lengthening
by 30 pm (13% compared to a regular Si-Si single bond) thus
furnishes a ca. 50% weaker bond. It was further noticed that a
comparably elongated Si-Si bond was found for the sterically
encumbered disilane tBusSi-SitBus,'>® which was shown to be
a convenient source for very reactive supersilyl radicals
(tBusSi®, heating to ca. 50 °C)."*” Hence, one should a priori
expect a radical-type reactivity for heavy [1.1.1]propellanes. It
was also speculated that such radical-type reactivity could be
influenced by light due to the facile accessibility of the excited

singlet and triplet A, states in the UV/Vis region (see above).
Furthermore, it was surmised that a closed-shell reactivity
should also be feasible, in particular when nucleophiles are
reacted with heavy [1.1.1]propellanes. In each case, either
homolytic or heterolytic addition reactions of substrates to
the bridgehead atoms strongly depend on the amount of in-
teraction between the bridgehead atoms, the bond strengths
within the substrates and the resulting products, and steric
effects.

First experimental results on the reactivity of the pentas-
tanna|1.1.1]|propellane 4-14 were published by the Sita group.
They studied sequential addition reactions of Mel and MelLi.
Addition of MelLi to 4-14 quantitatively produces the ad-
duct 4-26, which can subsequently be reacted with Mel in a
salt metathesis reaction to afford the 1,3-dimethyl-bicyclo
[1.1.1]pentastannane 4-28."3% The latter can alternatively be
synthesized by treating the l-iodo-3-methylbicyclo[1.1.1]pen-
tastannane derivative 4-27 with MeLi (Scheme 26)."** Photol-
ysis of 4-28 furnishes 4-14 in 45% yield.

The reactivities of other [1.1.1]propellanes toward a series
of simple substrates were reported later (NMR tube scale
reactions).'?*'?*13% Interestingly, both closed-shell and
radical-type reactivities were observed for all heavy [1.1.1]pro-
pellanes.'®® It was shown that the overall reactivity strongly
depends on the nature of the bridgehead atoms. SisMesg
(4-18) showed the highest reactivity. Compound 4-18 imme-
diately forms the water adduct HO-Si(SiMes;)sSi-H (4-29) by
exposing solutions to traces of H,O; all other [1.1.1]propellanes,
however, are stable against degassed water. Phenol also reacts
only with 4-18 (gentle heating), while thiophenol can readily be
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Scheme 26 Reactivity studies on 4-14 performed by Sita et al. (Ar=Dep =2,6-Et,CgH3).

added across the bridge of 4-17, 4-18, and 4-24. The tin-
containing clusters 4-14 and 4-25, however, only gave decom-
position products. Alongside this closed-shell behavior, particu-
larly interesting radical-type reactivities were observed. First
evidences came from addition reactions of Me;SnH, which is a
typical reagent for radical-type reactivity. The latter reacts quan-
titatively with 4-17, 4-18, and 4-24 furnishing the 1,3-
disubstituted bicyclo[1.1.1]pentane derivatives.'>® Further evi-
dence for biradicaloid reactivity of SisMess (4-18) came from
studies using 9,10-dihydroanthracene, which gave the dihydro-
gen adduct 4-33 in low yield after prolonged reaction times. The
general reactivity of SisMes; is depicted in Scheme 27.

It was also found that addition reactions are not limited to
substituents with small steric demand. While the homologs
4-17, 4-18, 4-24, and 4-25 did not either show any reaction
with [FeCp(CO)s,], or lead to any isolable product in the case of
[RuCp(CO),],, the tin propellane 4-14 quantitatively afforded the
first transition metal-terminated bicyclo[1.1.1]pentastannanes,
[{MCp(CO),},{p-SnsDeps}] (M=Fe (4-34), Ru=(4-35)) in 68
and 66% isolated yield, respectively (Scheme 28)." > Interestingly,
the reactions only proceed in the presence of daylight. Currently,
it is not clear whether this enhanced reactivity is due to excited
states of triplet A, state of 4-14 or the photochemistry of the M—-M
bonded bimetallic transition metal precursors.

Copyright © 2013. Elsevier. All rights reserved.

The products have been characterized in detail using various
methods. X-ray structure analyses revealed a significant elonga-
tion of the central Sny,---Sny, distances by ca. 20 pm as compared
to the starting material 4-14. ''?Sn NMR spectroscopy proved to
be a powerful tool in this case to determine the connectivity
between the metal atoms in these clusters. Both compounds
were analyzed in detail showing in each case the expected
1195n-11Sn and '*°Sn-"""Sn couplings between the bridgehead
(Snp) and bridging (Sny,,) tin atoms. Of particular interest in this
case was a comparison of the J(Sny:--Sny,) coupling constant of
4-14 with those observed for 4-34 and 4-35. Since both bridge-
head atoms are bonded to the metal fragments and, accordingly,
the formal bonding interaction between them is eliminated,
couplings may still arise either through the bridging SnDep,
units or via ‘through-space interactions’’*° due to the close
spatial proximity of the bridgeheads. In addition, indeed, com-
parably large '7/11°Sn coupling constants were observed for
both systems (2908 (4-34) and 3896 (4-35)Hz; cf. 8145 Hz
for 4-14). Similar effects have already been reported for 1,3-
disubstituted all-carbon bicyclo[1.1.1]pentanes.””¢

Electrochemical studies revealed the reduction chemistry of
4-34 and 4-35 in tetrahydrofuran (THF) solutions to be very
interesting. A detailed preparative and electrochemical study,
including the isolation and characterization of reduction

Comprehensive Inorganic Chemistry Il : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.

Created from inflibnet-ebooks on 2021-02-09 22:26:31.



Main Group Biradicaloids 445

R R
.
Si
H—Si_  Si—OH
o
k =
Siv s
Ry I R
R R
H,0
%
" \S‘ ,R ‘ R\ _.-R
i | ,
Si
\-h ‘,"\-‘]
H—Si a, Sil_H H,Anthracen /"’“\.):K‘/“\ oo H—Sk' Si— oPh
¥ ’fff; - | | ) ' H
S | | ; S
R -—'Sll fl ~R  -Anthracen /\- & 5 _Si S
A vl 8 S‘k\\ Roomo
P \
e €& :
L i "-' o
<R
UL ;-
&
"‘hSH
/MeSSnH
R\ ’R R‘. _/R
Si /S|
H—Si.. _Si—SnMe, H_Si" Si— SPh
g ’I#E ) J';&El
i i Si Si
R "SII SII R R F ™R
R R R R

Scheme 27 Reactivity of 4-18 toward selected simple substrates (R =Mes).

products, elucidated a complex mechanism consisting of a
cascade of bond-breaking and bond-making processes. The
chemically reversible redox cycle consisting of electrochemical
irreversible couples is shown in Figure 5. The corresponding
equations are listed below (eqns [1]-[6]):

1
4-34+e — 436+ [FeCp(CO),],, Epc=-1.90V [1]

%[FeCp(CO)Z}Z +e  — [FeCp(CO),] ", Epe=-224V [2]

4-36+2e” —[4-14]" + [FeCp(CO),] , Epe=-2.93V [3]
[4-14]* + [FeCp(CO),] —4-36+2e", Epy~—2.75V  [4]

[FeCp(CO)ZTH%[FeCp(CO)ZLJre’, Ep=-1.61V [5]

1 1
4-36—-4-144434 +¢ ", Epu=-1.0V [6]

Copyright © 2013. Elsevier. All rights reserved.

The first electrochemically irreversible reduction event at
Epc=—1.90V (eqn [1]) has been assigned to the splitting of
one Sn-Fe bond, which results in the formation of the
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anionic cluster [{CpFe(CO),}{SnsDeps}|~ (4-36, also iso-
lated and characterized) and ‘[FeCp(CO),]®." At this poten-
tial, the resulting fragment ‘[FeCp(CO),|® immediately
dimerizes to form a half of an equivalent of [FeCp(CO),],.
The second reduction process in the CV of 4-34
(Epc=—2.24 V) has been assigned to the reductive splitting
of [FeCp(CO),], into two anionic [FeCp(CO),|~ fragments
(overall a one-electron process, eqn [2]). It is reasonable to
assume that the most negative reduction process at
Ep.=—2.93V again leads to a splitting of the Fe-Sn bond in
[{CpFe(CO),}{SnsDeps}]~ (4-36) the formation of [4-
34]*7, and to a reduction of the resulting ‘[FeCp(CO),]*’
fragment at this potential (eqn [3], two-electron process).
The broad oxidation peak around E,,,~—2.75V in the return
sweep has been assigned to the re-formation of 4-36 (eqn [4];
reverse of eqn [3]). The oxidation event at E,,=—1.61V
belongs to the re-oxidation of [FeCp(CO),| ™ as known from
the literature (eqn [5]). The most positive oxidation event at
Epa=—1.0V corresponds to a very interesting disproportion-
ation reaction (eqn [6]), further supported by the reaction of
the anionic cluster 4-36 with one equivalent of [Fc][PF] (with
[PF]” =[AI{OC(CF;s)s}4] ). By summing up all equations
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Scheme 28 Synthesis of the metal-terminated bicyclo[1.1.1]pentastannanes 4-34 and 4-35 (Ar=Dep) (top); molecular structure of 4-35 (bottom).
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Figure 5 Proposed cascade of bond-breaking and bond-making processes during the chemically reversible but electrochemically irreversible redox
cycle of 4-34; the numbers correspond to the equations given above (potentials vs. the Fc/Fc™ couple). The figure was reproduced with permission of

ACS (copyright 2010, Organometallics 29 (2010) 6028).

and assumptions, the authors were able to propose the mech-
anism depicted in Figure 5. The complicated, though very
appealing, reduction chemistry of 4-34 in THF consists of a
cascade of bond-breaking and bond-making processes, fully
in accord with the chemically reversible redox cycle of 4-34
consisting of electrochemical irreversible couples.

The biradicaloid nature of heavy propellanes was further
demonstrated by the addition of the disulfide FcS-SFc

(Fc=ferrocenyl) to the bridgehead atoms of the heteronuclear
propellanes 4-24 and 4-25. The disulfide undergoes ho-
molytic S-S bond cleavage affording the 1,3-disubstituted
bicyclo[1.1.1]pentane derivatives 4-37 and 4-38 depicted in
Scheme 29. X-ray structure analyses of the products revealed
that the addition of the FcS® fragments to the bridgehead atoms
has only a limited geometric impact: the nonbonded Sn-Sn
distance in 4-38, for instance, is only slightly longer than
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Scheme 29 Synthesis of the symmetrical bicyclo[1.1.1]pentane derivatives 4-37 and 4-38 (top); molecular structure of compound 4-37 (bottom).

Sny,-+-Sny, in 4-25. Note that for other substrates even ‘shorter’
distances have been detected for the corresponding bicyclo
[1.1.1]pentane derivatives as compared to the [1.1.1]propel-
lane parent systems.'*" Again, similar effects are known from
1,3-disubstituted all-carbon bicyclo[1.1.1]pentanes.””® Most
importantly, it was shown that addition reaction of FcSSFc to
the heavy [1.1.1]propellanes can be drastically enhanced by
daylight in the lab (NMR spectroscopic monitoring of the
conversion).

1.15.4.3 Other Tin- or Germanium-Centered Biradicaloids

The first 1,3-diaza-2,4-distannacyclobutanediyl was communi-
cated by Cox and Lappert.'*? Colorless, diamagnetic (EPR
investigations for T=4-298 K) crystals of (ClSn),(NSiMe;s),
(4-39) were isolated in moderate yield in an unusual (and
unexpected) reaction of dimeric [Sn(Cl)N(SiMes),], with
AgOCN (Scheme 30). The authors attribute the driving force
of the reaction to the oxophilicity of silicon.

An X-ray structure analysis on single crystals of 4-39 revealed
a planar centrosymmetric four-membered Sn,N, heterocycle
with the nitrogen atoms slightly pyramidalized and the chlo-
rine substituents arranged in a trans fashion. The transannular
Sn---Sn separation of 339.8 pm was found to be relatively
long. Interestingly, secondary intermolecular (Sn---Cl), contacts
(329 pm) between two neighboring Sn,N, rings were found in
the solid state (confirmed by cross-polarization-magic angle

spinning (CP-MAS) ''°Sn NMR spectroscopy). Furthermore,
quantum chemical calculations predicted the singlet state to be
favored by 57-76 kj mol™' (—AEs.), depending on whether
scalar relativistic effects were considered. Despite this relatively
small singlet-triplet gap, Cox and Lappert suggested that the
most appropriate description of 4-39 is a 6m-electron four-center
system (pseudo-aromatic). Furthermore, a VB structure was pro-
posed, which is in close relationship to the one proposed above
for the Niecke-type biradicals (cf. Scheme 3).

A similar structural motif has been found recently by
Clyburne and coworkers.'*> The carboxylate coordination
within the 1,3-diaza-2,4-distannacyclobutanediyl (4-40) was
found to be terminal monodentate (Scheme 30). The nitrogen
atoms in 4-40 are almost trigonal planar and the tin atoms
show trigonal pyramidal geometry. The Sn---Sn separation of
338.96 pm in 4-40 suggested no transannular bonding. DFT
calculations (B3LYP/LANL2DZ) on a model compound of
4-40, namely [HCO,Sn(p-NSiMes)],, have provided some in-
sight into the bonding of 4-40, which shows some parallels to
4-39. The singlet was found to be more stable by 54 kJ mol ™"
than the triplet, which is consistent with the value of
76 kJ mol ™! reported by Lappert for compound 4-39. The au-
thors stated that “it is tempting to suggest that a standard four-
centered six-m electron system is at play in 4-40, but this clearly
oversimplifies the situation given the well-recognized poor
5p-n 2p-n overlap that would be required between the tin
and nitrogen atoms”.'*® Other substituent effects have also
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Scheme 30 Synthesis of 1,3-diaza-2,4-distannacyclobutanediyls 4-39 (top) and 4-40 (bottom) Ar* =2,6-Mes,CgHs.

been discussed in order to account for the planarity of the Sn,N,
heterocycle. Furthermore, it was also pointed out that the
HOMO of 4-40 is located primarily on the N atoms (cf.
Niecke-type biradicals (Scheme 3), where the HOMO is also
primarily based on the more electronegative carbon instead of
the phosphorus atoms).

The multiply bonded Ar'GeGeAr (4-41) species'** also
merit attention in the context of main group biradicaloids.
The unusual structures of the heavy REER entities, showing
trans-bent (C,y) structures in the solid state, with increased
deviation from linearity and decreased bonding interaction
upon descending the group 14, have dramatic influences on
their reactivities.’*”> For instance, in 2005, it was shown by
the Power group that the Ge and Sn alkyne analogs Ar'EEAr
(4-V; Ar'=C4Hs-2,6(CsHs-2,6-iPr,),) react with H, under
ambient conditions to give the hydrogenated products shown
in Scheme 31.'*° Computational studies predicted the initial
step of these reactions to involve a synergic interaction of the
frontier orbitals of Ar'SnSnAr’ with H,.'*” Comparable orbital
interactions have been proposed for the reversibly ethylene
activation of Ar'SnSnAr,'*® However, it was also discussed
that the H, activation by Ar'GeGeAr' might also originate in
part from the singlet biradical character of the ground state (see
resonance structure in Scheme 31), 149-151 which has also been
predicted for multiply bonded group 13 compounds.'*? In
contrast, investigations of Tokitoh and coworkers'”> on a
closely related digermyne (BbtGeGeBbt) (4-42, Bbt=2,6-bis
|bis(trimethylsilyl )methyl|-4-[tris(trimethylsilyl)methyl|phe-
nyl) showed no biradical behavior in the reactions with H,O,
Et3SiH, and 2,3-dimethyl-1,3-butadiene.

Nonetheless, Power and coworkers'>* used the triply
bonded species as starting materials for various exciting com-
pounds. For instance, the Ge,N, heterocyclic compound,
namely (Ar'Ge),(n-NSiMes), (4-43), consisting of large aryl
substituents attached to germanium, has been prepared
(Scheme 31). Air- and moisture-sensitive, dark-violet crystals

4

of 4-43 were isolated in high yield upon treatment of
Ar'GeGeAr' (4-41) with MesSiN;. In the solid state, 4-43
adopts a perfectly planar Ge,N, core featuring trigonal-planar
coordinated nitrogen (£°=359.97(8)°) and pyramidal germa-
nium (X°=322.10(7)°) constituents. The bulky aryl substitu-
ents are situated in a trans fashion. The Ge---Ge separation of
275.5 pm is about 30 pm longer than a normal Ge-Ge single
bond. Compound 4-43 is EPR silent between 77 and 300 K.
The calculated HOMO mainly corresponds to a nonbonding
combination centered on the germanium atoms with weak
Ge-C (and minor nitrogen) components. The singlet-triplet
separation was calculated to be AEg_p=—17.5 kcal mol™'. The
HOMO-LUMO gap of 58.0 kcal mol ™! directly corresponds to
the energy difference (54.9 kcal mol™"), which was extracted
from UV/Vis experiments (Ayn.x=521 nm) of 4-43. Solutions
of 4-43 in several solvents (benzene, toluene, and cyclohexane)
gradually faded to pale yellow over time and it was speculated
that hydrogen abstraction from the solvent was the cause.
Compound 4-43 readily adds of H, to give a product that has
been tentatively identified as Ar'(H)Ge(p-NSiMes),Ge(H)Ar
(4-45). In a further study, Power et al. reacted Ar'GeGeAr
(4-41) with various other azides, which afforded an unex-
pected variety of products (a germanium amide, two imido
derivatives, and a germanium(IV) ketimide), none of which
resembles 4-43. The results indicated that several different
processes involving unusual intermediates, for example, a Ge
(IT) imido diradicaloid, Ge(IV) aminyl radical, C-S bond
cleavage, N-H and N=C bond formation, and intra-CH-r
(arene) and n(N)C-n(arene) interactions probably occur.'>®
A closely related, unsymmetric oxo/imido-bridged
germanium-centered singlet biradicaloid (4-44) has been
obtained by treatment of 4-41 with the nitrosoarene
ONCgH,-2-CH; (Scheme 31)'°°. The purple-black species
Ar'Ge(p-O)(n-NCgH,-2-CH3)GeAr' (4-44) was characterized
by spectroscopy and X-ray crystallography. DFT calculations
have also been performed. The structure of 4-44 has a planar
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GeNGeO core arrangement (d(Ge---Ge)=272.8 pm) and the
structural parameters are directly related to those observed for
4-43. Typical diamagnetic 'H and '>C NMR spectra indicated a
singlet ground state of 4-44, which was found to be extremely
air- and moisture-sensitive and, when exposed to the atmo-
sphere, rapidly changes to a white powder that was shown to
be a bisoxo-bridged germanium amide hydride. DFT calcula-
tions at the UB3LYP/6-31G* level on the model compound
MeGe(p-NH)(pn-O)GeMe (4-46) revealed that the HOMO
is very similar to the one observed for 4-43, for example,
mainly located on the Ge atoms (calculated HOMO-LUMO
gap=55.3 kcal mol ™!, cf. 51.6 kcal mol™" from UV/Vis).
Note that the reaction of 4-41 with the closely related
ONCgHs also gave Ar'Ge(p-O)(p-NPh)GeAr (4-47) as de-
duced from UV/Vis studies. However, the main reaction product
was identified to be an inorganic bicyclo[2.2.0]hexane, namely
Ar' Ge(n1,m1:11,-PhNO),GeAr (4-48, Scheme 32).'>” By using
the related starting material 3,5-iPr,-Ar*GeGeAr*-3,5-iPr,
(3,5-iPry-Ar* = CgH-2,6-(CgH,-2,4,6-iPr3),-3,5-iPr,) (4-49) the
analogous bicycle 4-50 was obtained. The compounds 4-48
and 4-50 feature different Ge---Ge bond distances (247.31 pm
for 4-48; and 254.03 pm for 4-50) and represent two of the
three possible conformational isomeric structures of the

bicyclic biradicaloid system. Most importantly, both struc-
tures differ in the orientation of phenyl substituents: in 4-48
one Ph group is axial and the other is equatorial (a,e), whereas
in 4-50 both Ph groups are in equatorial positions (e,e;
denoted as Ph* and Ph® in Scheme 32). DFT calculations
revealed that within the e,e isomer the n* orbitals of the
flanking NO entities are orientated in such a way that they
can interact with the antibonding orbital of the Ge-Ge bond.
This leads to multicenter bonding along the OGeN ridges,
which is antibonding with respect to the Ge-Ge vector,
hence lengthening the Ge-Ge bond. In the case of the
a,a, the above-mentioned interaction becomes unfavorable
and hence a shorter Ge-Ge bond and a narrower C-Ge-Ge
angle are expected.

1.15.5 Conclusion

More than two decades have passed since the first reports on
the successful synthesis of main group biradicaloids appeared
in the late 1980s and 1990s. Since then, several contributions
to this stimulating research area have impressively extended
the spectrum of these exciting molecules. This range includes
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Scheme 32 Synthesis of the bicyclo[2.2.0]hexanes 4-48 and 4-50; Ar' =

Ph? and Ph®=axial and equatorial phenyl substituents.

fascinating electronic properties as well as closed-shell and
radical-type reactivities. All these aspects can mainly be attrib-
uted to the inclusion of heavier main group elements into the
biradicaloid scaffolds providing the essential electronic and
structural flexibilities. The recent discoveries in this area will
clearly draw more attention to this and other classes of main
group biradicaloids. These types of molecules are poised to
be further developed and extended to other systems, including
those not recognized as such yet, and spectacular results are
likely to occur. The catenation of biradicaloids is becoming
better established and, given the importance of this field, fur-
ther developments can be expected here. Although many ques-
tions regarding fundamental and applied aspects have to be
answered and some classes of biradicaloids are still in its
infancy, further perspectives and interesting advancements for
these molecules are now emerging. Further findings will be
awaited with excitement. For related chapters in this Compre-
hensive, we refer to Chapters 1.13 and 1.14.

1.15.6 Notes Added in the Proof

During the production of this chapter, some interesting results
have been published, which are concisely summarized as fol-
lows (without any claim to completeness):

Both spectroscopic and stability studies, as well as the inves-
tigation of the electronic nature of 1,3-diphosphacyclobutane-
2,4-diyls remain an area of current interest. The stability
of Yoshifuji-type unsymmetrical biradicals 2-III (cf. Section
1.15.2; R'=tBu, R*=CH,Ph (2-8), CH,OMe (6-1), and
CH,C=CH (6-2)) has been investigated both experimentally
and computationally. The latest studies suggest that the nature
of the substituents on the phosphorus atoms has a significant
effect on the air stability of the P-heterocyclic biradicals. While
the cyclic biradical structure is effectively stabilized by the
presence of a benzyl or an electron-withdrawing methoxy-
methyl group, the propargyl-substituted analog shows remark-
able instability in air. This difference is supported by DFT
calculations (B3LYP/6-311 G(d)) of model compounds

Copyright © 2013. Elsevier. All rights reserved.
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(R'=Me, R’=CH,OMe (6-1a), and CH,C=CH (6-2a)),
which show that the LUMO energy of the latter is considerably
lowered, thus facilitating the reaction with water to destroy the
cyclic biradical skeleton.>®

In an effort to understand the electronic nature of 1,3-
diphosphacyclobutane-2,4-diyls and its heavier analogs,
Schoeller and co-workers employed DFT and wave-depending
quantum chemical methods.'® Calculations performed on the
model compounds (XHYH), (6-I) (X=N, P; Y=C, Si, Ge)
show that the corresponding singlet-triplet energy separations
(-AEs_y) are in the range of 10-20 kcal mol™, confirming their
biradicaloid nature. Furthermore, an investigation of the influ-
ence of the substituents on the phosphorus atoms in 1,3-
diphosphacyclobutane-2,4-diyls at the BP86-D/TZVP level of
theory has been performed. The results highlight the strong
effect of the pyramidalization of the P atoms on the AEs_r,
which concomitantly reflects on the biradicaloid nature of the
species. The biradical nature is fostered by c-attracting sub-
stituents, which cause a strong pyramidalization force at the
phosphorus center, thus decreasing the singlet-triplet separa-
tion and inhibiting possible cyclic n-delocalization.

Sekiguchi and co-workers have recently succeeded in the
isolation of the unprecedented and elusive 1,3-diaza-2,4-
disilacyclobutanediyl  (RSi),(NAr), (6-3) (R=iPtSi|[CH
(SiMes),],, Ar=3,5-Me,CcH3) obtained from the reaction of
the disilyne RSi=SiR and cis-3,3',5,5-tetramethylazoben-
zene.'®® The solid-state structure of 6-3 exhibits a planar
centrosymmetric Si,N, ring in which no Si-Si bonding inter-
action is observed (263.8 pm). Spectroscopic studies suggest a
singlet ground state for 6-3 and the singlet-triplet energy gap of
—~AEg 1=12.8 kcal mol™! calculated for the model compound
6-3a (R=SiMes, Ar=Ph) supported this hypothesis. However,
when 6-3 was reacted with MeOH and CCl,, it exhibited both
closed-shell and radical-type reactivity, respectively, in agree-
ment with the observations for other singlet biradicaloid mol-
ecules containing stretched Si-Si interactions (cf. 4-18 in
Section 1.15.4.2).'9%124

The study of localized singlet carbon-centered biradical
species and the proper description of their electronic nature
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has remained a matter of high importance, in particular due to
the crucial role they play as key intermediates in chemical
reactions involving homolytic cleavage and formation of cova-
lent chemical bonds. A recent review elaborates on the concept
that the ground-state spin-preference in 1,3-diradicals is a re-
sult of the balance of ‘through space’ (TS) and ‘through bond’
(TB) interactions between the two radical p orbitals, since these
interactions have a contribution in determining the corre-
sponding singlet-triplet energy gap (AEs_r). Further substitu-
ent and heteroatom effects on the spin preference and the most
stable electronic configuration of the singlet state were also
analyzed. Additionally, a summary on the synthesis and char-
acterization of long-lived carbon-centered biradicals and their
intra- and intermolecular reactivity is presented.'®!

Schulz and co-workers have reported the unprecedented
neutral all-pnictogen heterocycles P,(NR), (R=Hyp (6-4),
Ter (6-5); Hyp=Si(SiMes);, Ter=CsH;-2,6-(CcH,-2,4,6-
Mejs),), which are formally aromatic and exhibit an unusual
biradicaloid bond situation.'®®> Both 6-4 and 6-5 were
obtained from the reduction of (PCl),(NR), with the mild
reducing agent (Cp,TiCl),, but it was recognized that steric
shielding plays an important role in stabilizing the biradicaloid
species: While 6-5 can be isolated in large quantities and is
stable up to 224°C, 6-4 decomposes readily in solution. In
addition to its steric effect, the substituent has an effect on
the biradical character, as observed for 6-4, where it is in-
creased by pushing electron density to the P,N, ring when
compared to 6-5 (Zq(N,P,)=-1.22¢ (6-4), -0.41e (6-5)).
Both NMR spectroscopic data (5(*'P) =289.8 ppm) and quan-
tum chemical calculations (NICS(0)=-6 ppm) indicate that
6-5 exhibits an aromatic character, where 6 m electrons are
delocalized in the four-membered heterocycle. This delocali-
zation stabilizes the biradicaloid and prevents the formation
of a bicycle by hindering a transannular TS interaction (P---P
261.9 pm) in the planar N,P, ring, which lies in a sterically
protected pocket formed by the four mesityl rings of the Ter
substituents. Computational studies (UB3LYP/6-311+ G(d,p)//
6-31 G(d,p)) yielded a AEg_r value of —22.6 kcal mol™", while
UHF and CASSCF(2,2)/6-31 G(d) calculations indicate a
HOMO occupation of 1.7, which is consistent with the calcula-
tions for Niecke’s biradicaloids.>"**

Another system exhibiting singlet biradicaloid character
with extensive electronic delocalization is the novel 2,4-
diimino-1,3-disilacyclobutanediyl (RSi),(CNAr), (6-6)
(R=PhC(NtBu),, Ar=2,6-iPr,CsHs), in which the amidinate
ligand aids the stabilization of this main-group analog of 2,4-
dimethylene-1,3-cyclobutanediyl.'®® Compound 6-6 was iso-
lated in 26% yield from the reaction of three equivalents of
RSi=SiR with two equivalents of ArN=C=NAr. Compound
6-6 is EPR silent both at room temperature and at -100 °C,
indicating a singlet ground state. Its solid-state structure con-
tains a planar Si,C, four-membered ring in which no Si...Si
bonding interaction is observed (255.3(1) pm). The -AEs_t
calculated at the B3PW91/6-31 G(d) level amounts to
30.1 kcal mol™', supporting the experimental observation
that the ground state is a singlet. DFT calculations (B3PW91/
6-311+G(d,p)) on the model compound (RSi),(CNH), (6-
6a) revealed that the biradical (2.028 electrons) are distributed
among the Si-N o* orbitals and the exocyclic C=N n* or-
bitals. Such delocalization is also supported by the value of

nucleus-independent chemical shift (NICS(0)=-14.57 ppm).
Finally, the biradicaloid character of 6-6a was illustrated by
CASSCF(4,6) calculations, which indicate HOMO/LUMO
occupations of 1.86/0.13.

With regard to the theoretical description of the electronic
structure and energetics of biradical(oid)s, Lopez and co-
workers reported that PNOF (Piris natural orbital functional)
is a suitable method to describe them accurately, since it offers
a correct treatment of near-degeneracy effects.'®* NOF theory
describes the electronic structure of a molecule in terms of the
natural orbitals and their occupation numbers. The perfor-
mance of the restricted functional PNOF4 in the description
of biradical(oid)s was evaluated by analyzing a series of mol-
ecules with various degrees of biradical character.

A quantum chemical study (B3LYP/aug-cc-pVDZ/aug-cc-
pVTZ) on 2-chalcogen-trisilabicyclo[1.1.0]butane compounds
SisER,R’; (R=H, CHj, SiHs, tBu, SiMes; R'=SiH;; E=S, Se)
was done in order to investigate the factors controlling the
bond-stretch isomerism phenomenon.'®® Besides the known
short-bond (6-7a) and long-bond isomers (6-7b) for SizE
R,R’,, a further conformer 6-7c containing a significantly elon-
gated central bond (Si---Si=310-330 pm) and exhibiting an
anti arrangement of the bridgehead substituents was found.
This report suggests that while the planar 6-7c isomer provides
the most favorable ligand arrangement for bulky groups, it
features the weakest Si---Si interaction and therefore lies higher
(5-11 kcal mol™") in energy than the corresponding most sta-
ble short- or long-bond isomers. Additionally, the heavier
analogs Si,GeSR,R’; (6-8), SiGe,SR,R’, (6-9), and GesSR,R’,
(6-10) (R=SiH3, R'=H, CHjs, SiHs, tBu, SiMe;) were also
investigated. For Ge-containing 6-9 and 6-10, the increased
Ge:---Ge distance allows a favorable arrangement of the bridge-
head substituents in the long-bond isomer, thus decreasing the
destabilization caused by steric repulsion. The elongated bridg-
ing bonds in 6-9 and 6-10 lead to planar isomers comparable
in energy (AE<S5 kcal mol™') to the most stable long-bond
isomers when bulky bridgehead substituents are employed.
Therefore, it has been suggested that such 2-thia-trimetallabi-
cyclo[1.1.0]butanes would be promising synthetic targets.

A new main group cluster compound of the formula Sn,Si
{Si(SiMes);5}4{SiMes}, (6-11) has been reported by Schnepf
and co-workers."®° It was found that the steric demand of the
bulky silyl ligands forces two threefold-coordinated tin atoms
in an almost planar arrangement (d=382pm). Quantum
chemical calculations on the model compound 6-11a showed
a strong dependence of the bonding situation (biradical vs.
biradicaloid vs. closed-shell species) with varying arrangement
of the attached ligands. Relatively sharp transitions have been
detected for certain conformations.

The chemistry of [1.1.1]propellanes of group 14 (cf.
Section 1.15.4.2) is further developing. In a recent study,
Scheschkewitz and co-workers reported on another silicon
propellane, namely SicTipg (6-12),'” which shows the typical
propellane core structure (distance between the bridgehead
atoms, d(Si...Si)=270,76 pm) with two flanking Si(Tip), en-
tities replaced by {Si(Tip)},SiTip, moieties. All experimental
results nicely correspond to those obtained for 4-18 (cf.
Section 1.15.4.2). The reactivity of 5-11 has been investigated
by treating the starting material with Br, and I,, in each case
furnishing the 1,5-dihalogenated derivatives. Compound 6-12
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has been designated as global minimum on the SigH; potential
energy surface and thus the thermodynamic counterpart of
benzene in the case of silicon.

In a recent study, the first alkynyl-functionalized bicyclo
[1.1.1]pentanes of heavy group 14 elements, including a linked
member of this new family, have been reported.'®® The novel
compounds were synthesized by using the heteronuclear trisi-
ladistanna[1.1.1]propellane 4-25 as starting material (cf.
Section 1.15.4.2). NMR investigations revealed that the title
compounds show significant ‘through cage’ communication
effects, which can most likely be attributed to ‘back-lobe-
to-back-lobe’'® interactions. For the alkynyl-bridged [1,1']-
bis(bicyclo[1.1.1]pentane) 6-13, quantum chemical calcula-
tions predicted some conjugation along the rod-like scaffold.
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