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As you work your way through a number of reaction mechanisms, you will
find that mechanistic patterns offer a way to organize organic reactions in a
way that complements the organization based on functional groups.

This chapter includes examples of aliphatic nucleophilic substitution at
both sp? and sp? centers, aromatic nucleophilic substitution, E2 elimina-
tion, nucleophilic addition to carbonyl compounds, 1,4-addition to «,f-
unsaturated carbonyl compounds, and rearrangements promoted by base.

I. NUCLEOPHILIC SUBSTITUTION

The classification within this section is based on the structural (rather than
the mechanistic) relationship between the starting materials and products.
Mechanistically, all of the reactions considered in this section involve nucle-
ophilic substitution as the first step, except for aromatic substitution via
the aryne mechanism, which involves elimination followed by nucleophilic
addition.

A. The S\ 2 Reaction

The Sy 2 reaction is a concerted bimolecular nucleophilic substitution at
carbon. It involves an electrophilic carbon, a leaving group, and a nucle-
ophile. The partial positive charge on the electrophilic carbon is due to the
electron-withdrawing effect of the electronegative leaving group. This partial
positive charge can be augmented by the presence of other electron-
withdrawing groups attached to the electrophilic carbon, and the presence of
such groups enhances reaction at the electrophilic center. For example,
a-halocarbonyl groups react much faster than simple alkyl halides (see
Examples 3.3 and 3.21).
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1. Nucleophilic Substitution 107

The Sy2 reaction occurs only at sp>-hybridized carbons. The relative
reactivities of carbons in the Sy2 reaction are CH, > 1° > 2° > 3°, due to
steric effects. Methyl, 1° carbons, and 1° and 2° carbons that also are allylic,
benzylic, or a to a carbonyl group are especially reactive.

Example 3.1. The Sy 2 reaction: A concerted process.

The electrons of the nucleophile interact with carbon at the same time that
the leaving group takes both of the electrons in the bond between carbon and
the leaving group. This particular example involves both a good leaving group
and a good nucleophile.

_/—\ [‘ _
CN  PhCH,-~0SO,CF, — PhCH,CN + ~0SO,CF,

Leaving Groups

Nucleophiles are discussed in Chapter 1, Section 9. Table 3.1 lists typical
leaving groups and gives a qualitative assessment of their effectiveness.
Usually, the less basic the substituent, the more easily it will act as a leaving
group. This is because both basicity and leaving group ability are related to
the stability of the anion involved. Frequently, these are both related to
charge dispersal in the anion, with greater charge dispersal being associated
with greater stability of the ion. In looking at Table 3.1, we see that the best
leaving groups are those for which resonance, inductive effects, or size results
in distribution of any negative charge.

Relative leaving group abilities also depend upon the solvent and the
nature of the nucleophile. For example, negatively charged leaving groups
will be stabilized by interactions with protic solvents, so that protic solvents
will increase the rate of bond breaking for these groups. Although these
effects are important in modifying reaction conditions and yields, they rarely
are large enough to completely change the mechanism by which a reaction
proceeds, and we will not consider them here in detail.

Hydride (H™) rarely acts as a leaving group. Exceptions are the Cannizzaro Hint 3.1
reaction and hydride abstraction by carbocations.

Copyright © 1999. Elsevier Science & Technology. All rights reserved.
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TABLE 3.1 Leaving Group Abilities

Excellent
0]
N,, “0OSO,CF, (triflate), ~ O—|S|A©—NOZ (nosylate = Nos),
y)
0] O
“0— g O-Br (brosylate = Bs), ~O —QO CH; (tosylate = Tos or Ts),
i i
"~ 0S0,CH; (mesylate = Ms)
Good Fair
I7,Br ,Cl, SR, OH,, NH;, “OCOCH; (acetate = OAc)
Poor Very Poor
F~, "OH, "OR “NH,, "NHR, "NR,, R, H™, Ar”

derivatives (see Sections 1.B and 3), reactions with a poor leaving group like
OH™ or RNH™ are encountered more frequently. Hydroxide may act as a
leaving group, but only when there is considerable driving force for the
reaction, as in certain elimination reactions where the double bond formed is
stabilized by resonance (see Ex. 3.10).

PROBLEM 3.1

Explain why the following mechanistic step in the equilibrium between
a protonated and an unprotonated alcohol is a poor one.

Example 3.2. The S, 2 reaction of an alcohol requires prior protonation.

The alcohol oxygen is protonated before substitution takes place. Thus, the
leaving group is a water molecule, a fair leaving group, rather than the
hydroxide ion, a poor leaving group.

Miller, A., Solomon, P. H., & Savin, K. (1999). Writing reaction mechanisms in organic chemistry. ProQuest Ebook Central <a

onclick=window.open('http://ebookcentral.proquest.com’,'_blank') href="http://ebookcentral.proquest.com'’ target="_blank' style="cursor: pointer;’>http://ebookcentral.proquest.com</a>

Created from inflibnet-ebooks on 2021-02-10 22:14:38.



1. Nucleophilic Substitution 109

H

.0 |
O/_\ O+ B
T H-er ANy T

H
~Jor.  — _Br+HO
/

H
Br

A poorer mechanistic option would show hydroxide as the leaving group:

~Lon — __Br+oH
7

Br

Stereochemistry

The Sy2 reaction always produces 100% inversion of configuration at the
electrophilic carbon. Thus, as shown in Example 3.3, the nucleophile ap-
proaches the electrophilic carbon on the side opposite the leaving group
(there is a 180° angle between the line of approach of the nucleophile and the
bond to the leaving group).

Example 3.3. Stereochemistry of the Sy 2 reaction.

Copyright © 1999. Elsevier Science & Technology. All rights reserved.
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PROBLEM 3.2

Consider the following synthesis, which involves alkylation of the pheno-
lic oxygen (attachment of the benzyl group onto the oxygen).

OH 31(1742;03—’ OCH,Ph

PhCH ,Br PhCH, 0

HO,C  NO, NO,

¢
Propose a more reasonable mechanism for the alkylation than that shown in

the following step. Formation of the product would involve deprotonation of
the positively charged oxygen.

Ph
"/\ [\ CHZ
OH PhCH,—Br — O\+ + Br~
H
HO,C  NO, HO,C  NO,

Pena, M. R;; Stille, J. K. J. Am. Chem. Soc. 1989, 111, 5417-5424.

PROBLEM 3.3

Pick out the electrophile, nucleophile, and leaving group in each of
the following reactions and write a mechanism for the formation
of products.

l|>h Ilit

EtOH + _

a. P + CH,CH,Br —— Ph—P—Ph Br
ph” Ph e I|>h

cl-
. f
b. H,NCH,CH,CH,CH(CH,)Cl + CO,>~ — H,N

CO,H O 0
2 Y cw,

Et,0

C. + CH2N2 OTC) + N2

wo- OH OH
d O 4 o) AN
PN
Ph H H Ph
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1. Nucleophilic Substitution i1

Neighboring Group Participation

On occasion, a molecule undergoing nucleophilic substitution may contain a
nucleophilic group that participates in the reaction. This is known as the
neighboring group effect and usually is revealed by retention of stereochemistry
in the nucleophilic substitution reaction or by an increase in the rate of the
reaction.

Example 3.4. Neighboring group participation in the hydrolysis of ethyl 2-
chloroethyl sulfide.
cl H,0, dioxane

NN

NN S

S
The hydrolysis of the chlorosulfide proceeds to give the expected product.
However, the reaction is 10,000 times faster than the reaction of the corre-
sponding ether, CICH,CH,OCH,CH,. This rate enhancement has been
credited to the ready formation of a cyclic sulfonium ion due to intramolecu-
lar displacement of chloride by sulfur, followed by rapid nucleophilic reaction
of water with the intermediate sulfonium ion.

/\S/\(/iCl — /\SQ+CI_
N *
OH
P TAN — N~V
ST S
H,0

Other groups that exhibit this behavior include thiol, sulfide, alkoxy (RO™7),
ester, halogen, and phenyl.

Copyright © 1999. Elsevier Science & Technology. All rights reserved.
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112 Chapter 3 Reactions of Nucleophiles and Bases

PROBLEM 3.4
continued CHBr2
0]

O
b Na,CO,
' DMSO
80°C |

Wenkert, E.; Arrhenius, T. S.; Bookser, B.; Guo, M.; Mancini, P. J. Org. Chem. 1990, 55,
1185-1193.

B. Nucleophilic Substitution at Aliphatic sp? Carbon
(Carbonyl Groups)

The familiar substitution reactions of derivatives of carboxylic acids with
basic reagents illustrate nucleophilic substitution at aliphatic sp? carbons.
(Substitution reactions of carboxylic acids, and their derivatives, with acidic
reagents are covered in Chapter 4.) The mechanisms of these reactions
involve two steps: (1) addition of the nucleophile to the carbonyl group and
(2) elimination of some other group attached to that carbon. Common
examples include the basic hydrolysis and aminolysis of acid chlorides, anhy-
drides, esters, and amides.

Example 3.5. Mechanism for hydrolysis of an ester in base.

Unlike the one-step Sy2 reaction, the hydrolysis of esters in' base is a
two-step process. The net result is substitution, but the first step is nucle-
ophilic addition to the carbonyl group, during which the carbonyl carbon
becomes sp>-hybridized. The second step is an elimination, in which the
carbonyl group is regenerated as the carbon rehybridizes to sp?.

QO O) O
J\ — CH3~»—OCH3 — J\ + OCH,
O

CH; \OCH3 - cH, “OH
H

“OH
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1. Nucleophilic Substitution 113

This is followed by removal of a proton from the acid, by the methoxide ion,
to yield methanol and the carboxylate ion:

“OCH,

0 J 0
JJ\O;\/H —_— J]\ + HOCH,

CH; CH; ~O-

Another possible mechanism for this hydrolysis is an Sy 2 reaction at the alkyl
carbon of the ester:

AN
_CH;  "OH — /l\ + CH,OH
CH; O)) CH, ©O-

This single-step mechanism appears reasonable, because carboxylate is a fair
leaving group and hydroxide is a very good nucleophile. However, labeling
studies rule out this mechanism under common reaction conditions. The
two-step mechanism must be favored because the higher mobility of the
o electrons of the carbonyl group makes the carbonyl carbon especially
electrophilic.

Direct nucleophilic substitution at an sp>-hybridized center is not likely under Hint 3.2
common reaction conditions. Thus, nucleophilic substitution reactions at such

centers usually are broken into two steps. (For exceptions to this hint, see Dietze,

P.; Jencks, W. P. J. Am. Chem. Soc. 1989, |11, 5880-5886, and references cited

therein.

There are several reasons why direct substitutions occur at sp*-hybridized
centers less readily than at sp® centers. First, because there is more s
character in the bond to the leaving group, this bond is stronger than the
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114 Chapter 3 Reactions of Nucleophiles and Bases

corresponding bond to an sp>-hybridized carbon. Second, the greater mobility
of the = electrons at an sp? center increases the likelihood that the
interaction will cause electron displacement. Third, because of the planar
configuration of the substituents around an sp® center, there is strong steric
interference to the approach of a nucleophile to the side opposite the leaving
group. On the other hand, in the addition of a nucleophile to the carbonyl
group, the nucleophile approaches perpendicular to the plane of the sp*
orbitals so that there is maximum overlap with the 7 electron system. This
means that the relatively unhindered addition step occurs in preference to
direct substitution.

“OH addition
CH,—O

=Y

CH; OH (substitution)
~OH (addition)

Thus, the mechanism for basic hydrolysis of an ester would nor be written as
follows:

@)

0]
HO~
\Jj\ /CH3 — JL + OCH,
CH; ( O CH, OH

PROBLEM 3.5 Consider the mechanism shown for the following transformation. Pro-
pose a more reasonable alternative.

Copyright © 1999. Elsevier Science & Technology. All rights reserved.
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PROBLEM 3.5

CO Me continued
CO M
[oH ©
X i
ob
R CO,Me
=N
Co — Product
o H/ \H

Write step-by-step mechanisms for the following transformations: PROBLEM 3.6

a. CH,—N N—{ + CH,(CO,E), O,

OH
CH,—N N—</
OH
Gueremy, C.; Audiay, F.; Renault, C.; Benavides, J.; Uzan, A.; Le Fur, J. Med. Chem. 1986, 29,
1394-1398.
R
CO Me -
b. Y 1 THF
20,0 Hzo 0" o
Li
62 mmol 25 mmol

Ramage, R.; Griffiths, G. J.; Shutt, F. E.; Sweeney, J. N. A. J. Chem. Soc., Perkin Trans. I 1984,
1539-1545,
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PROBLEM 3.6 given in part a:
continued

Hf—\‘ OCH
RNH)\NHZ - RNH/lkNHz
O O
CO,Et P bR —
Et0”) RNH™ “NH, RNH” KH,
0] O O 0]
Y LYY
NYN‘\I/_I\H N N« NH
RNH ~ OCH, RNH

C. Nucleophilic Substitution at Aromatic Carbons

There are two mechanisms for nucleophilic aromatic substitution. Both
occur in two important steps. In one mechanism, an addition is followed by
an elimination. In the other mechanism, an elimination is followed by an
addition.

Addition - Elimination Mechanism

The addition—elimination mechanism generally requires a ring activated by
electron-withdrawing groups. These groups are especially effective at stabiliz-
ing the negative charge in the ring when they are located at positions ortho
and /or para to the eventual leaving group.

Copyright © 1999. Elsevier Science & Technology. All rights reserved.
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Example 3.6. Relative reactivity in the addition—elimination mechanism.

:NH(CH,),

X / NH(CH,),
O,N NO, ﬁj/Noz
H “"OH
<l
CH,—N—CH, N(CH )2
Oo,N NO,
basw
workup

When X = halogen, the observed relative reactivities of the starting materi-
als are F > Cl > Br > I. This indicates that the first step is rate-determining
because the greater the electron-withdrawing power of the halogen (see
Table 1.2), the more it increases the electrophilicity of the aromatic ring,
making it more reactive to nucleophiles. If the second step were rate-
determining, the relative reactivities would be reversed, because the relative
abilities of the leaving groups are I"> Br™> Cl™> F~.

By drawing the appropriate resonance forms, show that the negative = PROBLEM 3.7
charge in the intermediate anion in Example 3.6 is stabilized by exten-
sive electron delocalization.
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118 Chapter 3 Reactions of Nucleophiles and Bases

PROBLEM 3.8  Write a step-by-step mechanism for the following transformation:

0O
HaC F COOH Py
3
3 \N/ -2HBr + | D_BU>
NH F Z
O
F COOH
N N
]
N A
H,c”

Braish, T. F.; Fox, D. E. J. Org. Chem. 1990, 55, 1684—1687. [This is the last step in the synthesis
of danofloxicin, an antibacterial. Pyr (or Py) is a common acronym for pyridine; DBU is
1,8-diazabicyclo[5.4.0lundec-7-ene. A good reference for the translation of acronyms is Daub,
G. H,; Leon, A. A,; Silverman, 1. R.; Daub, G. W.; Walker, S. B. Aldrichim. Acta 1984, 17,
13-23.]

Elimination - Addition (Aryne) Mechanism

In reactions that proceed by the elimination—addition mechanism (often
called the aryne mechanism), the bases used commonly are stronger than
those used in reactions proceeding by the addition—elimination mechanism.
Also, in this reaction, the aromatic ring does not need to be activated by
electron-withdrawing substituents, although a reasonable leaving group (usu-
ally a halide) must be present.

Example 3.7. An elimination—-addition mechanism—aryne intermediate.

Br NH,
NH,

_
liquid NH
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The following mechanism can be written for this reaction:

C'Br {"NH,
©E> — 5 —
H

“NH,

NH, NH,
T -

\»I+K§H2

The intermediate with a triple bond is called benzyne. For substituted
aromatic compounds, this type of intermediate is called an aryne. In benzyne,
the ends of the triple bond are equivalent, and either can react with a
nucleophile.

The triple bond in an aryne is not a normal triple bond. The six-membered

ring does not allow the normal linear configuration of two sp-hybridized
carbon atoms and their substituents. Thus, the carbons remain sp-hy-
bridized, and the triple bond contains the o bond, the = bond, and a third
bond formed by overlap of the sp’-hybridized orbitals that formerly bonded
with the bromine and hydrogen atoms. This third bond is in the plane of the
benzene ring and contains two electrons.
The rate-determining step can be either proton removal or departure of the
leaving group, depending on the acidity of the proton and the ability of the
leaving group. In many cases, the relative rates are so close that the reaction
cannot be distinguished from a concerted process.
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