Nucleophilic Substitution

Introduction

Nucleophilic substitution at tetravalent (sp*) carbon is a fundamental reaction of
broad synthetic utility and has been the subject of detailed mechanistic study. An
interpretation that laid the basis for current understanding was developed in England by
C. K. Ingold and E. D. Hughes in the 1930s.! Organic chemists have continued to study
substitution reactions; much detailed information about these reactions is available
and a broad mechanistic interpretation of nucleophilic substitution has been developed
from the accumulated data. At the same time, the area of nucleophilic substitution also
illustrates the fact that while a broad conceptual framework can outline the general
features to be expected for a given system, finer details reveal distinctive aspects that
are characteristic of specific systems. As the chapter unfolds, the reader will come to
appreciate both the breadth of the general concepts and the special characteristics of
some of the individual systems.

4.1. Mechanisms for Nucleophilic Substitution

Nucleophilic substitution reactions may involve several different combinations of
charged and uncharged species as reactants. The equations in Scheme 4.1 illustrate the
four most common charge types. The most common reactants are neutral halides or
sulfonates, as illustrated in Parts A and B of the scheme. These compounds can react
with either neutral or anionic nucleophiles. When the nucleophile is the solvent, as in
Entries 2 and 3, the reaction is called a solvolysis. Reactions with anionic nucleophiles,
as in Entries 4 to 6, are used to introduce a variety of substituents such as cyanide
and azide. Entries 7 and 10 show reactions that involve sulfonium ions, in which a
neutral sulfide is the leaving group. Entry 8 involves generation of the diphenylmethyl
diazonium ion by protonation of diphenyldiazomethane. In this reaction, the leaving

L. C.K. Ingold, Structure and Mechanism in Organic Chemistry, 2nd Edition, Cornell University Press,
Ithaca, NY, 1969.
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group is molecular nitrogen. Alkyl diazonium ions can also be generated by nitrosation
of primary amines (see Section 4.1.5). Entry 9 is a reaction of an oxonium ion. These
ions are much more reactive than sulfonium ions and are usually generated by some
in situ process.

The reactions illustrated in Scheme 4.1 show the relationship of reactants and
products in nucleophilic substitution reactions, but say nothing about mechanism. In

Scheme 4.1. Representative Nucleophilic Substitution Reactions

A. Neutral reactant + neutral nucleophile  R-X + Y: — RY* + X
or
RX + Y-H — R-Y + HX
acetone
12 CHiCHl  +  (n—C4Hg)sP: (n—C4Hg)sP*CoHsl™
100%
C,H;OH
ob  CgHsC(CHj3).Cl — CeHsC(CH3),0CHs  +  HCI
H,0 9
3¢ CH3CHCH,CH; =~  CH3CHCH,CH; p—HO3SCgH,CH;
| acetone |
OTs OH 77%

B. Neutral reactant + anionic nucleophile R-X + Y7 — R-Y + X~

4d CHsclHCEN+ Nal 2%890€  CHaCHO=N + NaBr
Br I 96%
5e @\CHQOTS + LiBr acetone @\CHQBr 94%
ethanol
6 CH3C|:H(CH2)50H3 +  NaSCsHs CHsC|H(CH2)50H3
OTs SCqHs

C. Cationic reactant and neutral nuclophile R—x* + Y: R-Y* + X

tonitri
71 CAHCHS'(CH,  + (HoN),C=s 2CZ0NEE [CGH5(|3H—S—C(NH2)2]+
CHs CHs

C,Hs0H

8" (CeHs):C=N* =N~ + TsOH — (CgHs),CH-N*=N (CgHs),CHOC,Hs + Ny

R-Y + X

D. Cationic reactant and anionic nucleophile R—X* + Y:

9 (CoHs)30*BF, + Na*~0,CC(CHs)s (CH3)3CCO,CoHs  +  O(CyHs),
90%

A Nal
100 CHp=CHCH,CH,S*(CHa)CHs = CHy=CHCH,CH,l + CH3SCeHs
DMF

52%
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order to develop an understanding of the mechanisms of such reactions, we begin by
reviewing the limiting cases as defined by Hughes and Ingold, namely the ionization
mechanism (Sy 1, substitution-nucleophilic-unimolecular) and the direct displacement
mechanism (S 2, substitution-nucleophilic-bimolecular). We will find that in addition
to these limiting cases, there are related mechanisms that have aspects of both ionization
and direct displacement.

4.1.1. Substitution by the Ionization (S,1) Mechanism

The ionization mechanism for nucleophilic substitution proceeds by rate-
determining heterolytic dissociation of the reactant to a tricoordinate carbocation®
and the leaving group. This dissociation is followed by rapid combination of the
electrophilic carbocation with a Lewis base (nucleophile) present in the medium. A
potential energy diagram representing this process for a neutral reactant and anionic
nucleophile is shown in Figure 4.1.

The ionization mechanism has several distinguishing features. The ionization
step is rate determining and the reaction exhibits first-order kinetics, with the rate
of decomposition of the reactant being independent of the concentration and identity
of the nucleophile. The symbol assigned to this mechanism is Sy 1, for substitution,
nucleophilic, unimolecular:

kq
X — + —
R-X slow R* + X
ko
Rt + Y- R-Y
fast
rate = k{R-X]

Potential energy

RY, (X:)~

Reaction coordinate

Fig. 4.1. Reaction energy profile for nucleophilic substitution by the
ionization (Sy 1) mechanism.

2 Tricoordinate carbocations were originally called carbonium ions. The terms methyl cation, butyl cation,
etc., are used to describe the corresponding tricoordinate cations. Chemical Abstracts uses as specific
names methylium, ethylium, 1-methylethylium, and 1,1-dimethylethylium to describe the methyl, ethyl,
2-propyl, and t-butyl cations, respectively. We use carbocation as a generic term for carbon cations.
The term carbonium ion is now used for pentavalent positively charged carbon species.
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As the rate-determining step is endothermic with a late TS, application of Hammond’s
postulate (Section 3.3.2.2) indicates that the TS should resemble the product of the
first step, the carbocation intermediate. Ionization is facilitated by factors that lower
the energy of the carbocation or raise the energy of the reactant. The rate of ionization
depends primarily on reactant structure, including the identity of the leaving group, and
the solvent’s ionizing power. The most important electronic effects are stabilization
of the carbocation by electron release, the ability of the leaving group to accept the
electron pair from the covalent bond that is broken, and the capacity of the solvent to
stabilize the charge separation that develops in the TS. Steric effects are also significant
because of the change in coordination that occurs on ionization. The substituents
are spread apart as ionization proceeds, so steric compression in the reactant favors
ionization. On the other hand, geometrical constraints that preclude planarity of the
carbocation are unfavorable and increase the energy required for ionization.

The ionization process is very sensitive to solvent effects, which are dependent
on the charge type of the reactants. These relationships follow the general pattern
for solvent effects discussed in Section 3.8.1. Ionization of a neutral substrate results
in charge separation, and solvent polarity has a greater effect at the TS than for the
reactants. Polar solvents lower the energy of the TS more than solvents of lower
polarity. In contrast, ionization of cationic substrates, such as trialkylsulfonium ions,
leads to dispersal of charge in the TS and reaction rates are moderately retarded by
more polar solvents because the reactants are more strongly solvated than the TS.
These relationships are illustrated in Figure 4.2.

Stereochemical information can add detail to the mechanistic picture of the S, 1
substitution reaction. The ionization step results in formation of a carbocation intermed-
iate that is planar because of its sp* hybridization. If the carbocation is sufficiently
long-lived under the reaction conditions to diffuse away from the leaving group, it
becomes symmetrically solvated and gives racemic product. If this condition is not
met, the solvation is dissymmetric and product can be obtained with net retention or
inversion of configuration, even though an achiral carbocation is formed. The extent
of inversion or retention depends on the specific reaction. It is frequently observed
that there is net inversion of configuration. The stereochemistry can be interpreted in
terms of three different stages of the ionization process. The contact ion pair represents

Fig. 4.2. Solid line: polar solvent; dashed line: nonpolar solvent. (a) Solvent effects on R-X —
R* 4 X~. Polar solvents increase the rate by stabilization of the R%*---X?~ transition state. (b)
Solvent effect on R—X* — R* 4 X. Polar solvents decrease the rate because stabilization of R-->*--X
transition state is less than for the more polar reactant.



a very close association between the cation and anion formed in the ionization step.
The solvent-separated ion pair retains an association between the two ions, but with
intervening solvent molecules. Only at the dissociation stage are the ions independent
and the carbocation symmetrically solvated. The tendency toward net inversion is
believed to be due to electrostatic shielding of one face of the carbocation by the anion
in the ion pair. The importance of ion pairs is discussed further in Sections 4.1.3 and
4.14.

ionization dissociation
R-X ——— R¥X~ =———= R*|X™ = R* + X
contact solvent-
ion pair separated
ion pair

According to the ionization mechanism, if the same carbocation can be generated
from more than one precursor, its subsequent reactions should be independent of its
origin. But, as in the case of stereochemistry, this expectation must be tempered by
the fact that ionization initially produces an ion pair. If the subsequent reaction takes
place from this ion pair, rather than from the completely dissociated and symmetrically
solvated ion, the leaving group can influence the outcome of the reaction.

4.1.2. Substitution by the Direct Displacement (Sy2) Mechanism

The direct displacement mechanism is concerted and proceeds through a single
rate-determining TS. According to this mechanism, the reactant is attacked by a
nucleophile from the side opposite the leaving group, with bond making occurring
simultaneously with bond breaking between the carbon atom and the leaving group. The
TS has trigonal bipyramidal geometry with a pentacoordinate carbon. These reactions
exhibit second-order kinetics with terms for both the reactant and nucleophile:

rate = k[R-X][Nu :]

The mechanistic designation is Sy2 for substitution, nucleophilic, bimolecular.
A reaction energy diagram for direct displacement is given in Figure 4.3. A symmetric
diagram such as the one in the figure would correspond, for example, to exchange of
iodide by an S,2 mechanism.

- + CHgl = CH3*l + [

The frontier molecular orbital approach provides a description of the bonding
interactions that occur in the S, 2 process. The frontier orbitals are a filled nonbonding
orbital on the nucleophile Y: and the o* antibonding orbital associated with the
carbon undergoing substitution and the leaving group X. This antibonding orbital has
a large lobe on carbon directed away from the C—X bond.® Back-side approach by
the nucleophile is favored because the strongest initial interaction is between the filled
orbital on the nucleophile and the antibonding o* orbital. As the transition state is
approached, the orbital at the substitution site has p character. The MO picture predicts
that the reaction will proceed with inversion of configuration, because the development

3. L. Salem, Chem. Brit., 5, 449 (1969); L. Salem, Electrons in Chemical Reactions: First Principles,
Wiley, New York, 1982, pp. 164-165.
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Potential energy

Y:_>;X Y‘§<X:_

Reaction coordinate

Fig. 4.3. Reaction energy profile for nucleophilic substitution by the direct
displacement (Sy2) mechanism.

of the TS is accompanied by rehybridization of the carbon to the trigonal bipyramidal
geometry. As the reaction proceeds on to product, sp® hybridization is reestablished
in the product with inversion of configuration.

N\ \/ /
oY CoacXa — oY@OCllQCDXQ — oYTPCE + (OX°

Front-side approach is disfavored because the density of the o* orbital is less in the
region between the carbon and the leaving group and, as there is a nodal surface
between the atoms, a front-side approach would involve both a bonding and an
antibonding interaction with the o* orbital.

COCaoX@
0

Y

0

The direct displacement (S,2) mechanism has both kinetic and stereochemical
consequences. S, 2 reactions exhibit second-order kinetics—first order in both reactant
and nucleophile. Because the nucleophile is intimately involved in the rate-determining
step, not only does the rate depend on its concentration, but the nature of the nucleophile
is very important in determining the rate of the reaction. This is in sharp contrast to
the ionization mechanism, in which the identity and concentration of the nucleophile
do not affect the rate of the reaction.

k
RX + y:= —> R-Y + X

rate = —d[R-X] = —d[Y:] = k[R-X][Y:]
dt dt

Owing to the fact that the degree of coordination increases at the reacting carbon
atom, the rates of S, 2 reactions are very sensitive to the steric bulk of the substituents.



The optimum reactant from a steric point of view is CH;—X, because it provides the
minimum hindrance to approach of the nucleophile. Each replacement of hydrogen
by an alkyl group decreases the rate of reaction. As in the case of the ionization
mechanism, the better the leaving group is able to accommodate an electron pair,
the faster the reaction. Leaving group ability is determined primarily by the C—X
bond strength and secondarily by the relative stability of the anion (see Section 4.2.3).
However, since the nucleophile assists in the departure of the leaving group, the leaving
group effect on rate is less pronounced than in the ionization mechanism.

Two of the key observable characteristics of Sy1 and Sy2 mechanisms are
kinetics and stereochemistry. These features provide important evidence for ascer-
taining whether a particular reaction follows an ionization (S, 1) or direct displacement
(Sy2) mechanism. Both kinds of observations have limits, however. Many nucleophilic
substitutions are carried out under conditions in which the nucleophile is present in
large excess. When this is the case, the concentration of the nucleophile is essentially
constant during the reaction and the observed kinetics become pseudo first order.
This is true, for example, when the solvent is the nucleophile (solvolysis). In this
case, the kinetics of the reaction provides no evidence as to whether the Sy 1 or S,2
mechanism is operating. Stereochemistry also sometimes fails to provide a clear-cut
distinction between the two limiting mechanisms. Many substitutions proceed with
partial inversion of configuration rather than the complete racemization or inversion
implied by the limiting mechanisms. Some reactions exhibit inversion of configu-
ration, but other features of the reaction suggest that an ionization mechanism must
operate. Other systems exhibit “borderline” behavior that makes it difficult to distin-
guish between the ionization and direct displacement mechanism. The reactants most
likely to exhibit borderline behavior are secondary alkyl and primary and secondary
benzylic systems. In the next section, we examine the characteristics of these borderline
systems in more detail.

4.1.3. Detailed Mechanistic Description and Borderline Mechanisms

The ionization and direct displacement mechanisms can be viewed as the limits of
a mechanistic continuum. At the S, 1 limit, there is no covalent interaction between the
reactant and the nucleophile in the TS for cleavage of the bond to the leaving group.
At the S, 2 limit, the bond-formation to the nucleophile is concerted with the bond-
breaking step. In between these two limiting cases lies the borderline area in which the
degree of covalent interaction with the nucleophile is intermediate between the two
limiting cases. The concept of ion pairs was introduced by Saul Winstein, who proposed
that there are two distinct types of ion pairs involved in substitution reactions.* The
role of ion pairs is a crucial factor in detailed interpretation of nucleophilic substitution
mechanisms.’

Winstein concluded that two intermediates preceding the dissociated carbocation
were required to reconcile data on kinetics and stereochemistry of solvolysis reactions.
The process of ionization initially generates a carbocation and counterion in immediate

4. S. Winstein, E. Clippinger, A. H. Fainberg, R. Heck, and G. C. Robinson, J. Am. Chem. Soc., 78, 328
(1956); S. Winstein, B. Appel, R. Baker, and A. Diaz, Chem. Soc. Spec. Publ., No. 19, 109 (1965).

3. J. M. Harris, Prog. Phys. Org. Chem., 11, 89 (1984); D. J. Raber, J. M. Harris, and P. v. R. Schleyer, in
Ion Pairs, M. Szwarc, ed., John Wiley & Sons, New York, 1974, Chap. 3; T. W. Bentley and P. v. R.
Schleyer, Adv. Phys. Org. Chem., 14, 1 (1977); J. P. Richard, Adv. Carbocation Chem., 1, 121 (1989);
P. E. Dietze, Adv. Carbocation Chem., 2, 179 (1995).
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proximity to one another. This species, called a contact ion pair (or intimate ion pair),
can proceed to a solvent-separated ion pair in which one or more solvent molecules
are inserted between the carbocation and leaving group, but in which the ions are
kept together by the electrostatic attraction. The “free carbocation,” characterized by
symmetrical solvation, is formed by diffusion from the anion, a process known as
dissociation.

ionization dissociation
R-X =——— R‘¥X~ =———= R*|X~ = R* + X
contact solvent-
ion pair separated
ion pair

Attack by a nucleophile or the solvent can occur at each stage. Nucleophilic attack
on the contact ion pair is expected to occur with inversion of configuration, since the
leaving group will shield the front side of the carbocation. At the solvent-separated ion
pair stage, the nucleophile can approach from either face, particularly in the case where
the solvent is the nucleophile. However, the anionic leaving group may shield the front
side and favor attack by external nucleophiles from the back side. Reactions through
dissociated carbocations should occur with complete racemization. According to this
interpretation, the identity and stereochemistry of the reaction products are determined
by the extent to which reaction with the nucleophile occurs on the un-ionized reactant,
the contact ion pair, the solvent-separated ion pair, or the dissociated carbocation.

Many specific experiments support this general scheme. For example, in
80% aqueous acetone, the rate constant for racemization of p-chlorobenzhydryl
p-nitrobenzoate and the rate of exchange of the 30 in the carbonyl oxygen can be
compared with the rate of racemization.® At 100°C, k. /k,,. = 2.3.

180
| I Koy | I
p—CICGH4—(|3—o—C—CGH4N02 — p—CICGH4—(|3—1BQ—C—CGH4N02
CeHs CeHs
T T
k,
p—CICGH4—(|3—O—C—CGH4N02 e, p—CICGH4—c|;—o—C—C6H4N02
CeHs CeHs
optically active racemic

If it is assumed that ionization results in complete randomization of the 'O label in
the carboxylate ion, k., is a measure of the rate of ionization with ion pair return and
k.. 1s a measure of the extent of racemization associated with ionization. The fact
that the rate of isotopic exchange exceeds that of racemization indicates that ion pair
collapse occurs with predominant retention of configuration. This is called internal
return. When a better nucleophile is added to the system (0.14 M NaNs), k., is found
to be unchanged, but no racemization of reactant is observed. Instead, the intermediate
that can racemize is captured by azide ion and converted to substitution product with
inversion of configuration. This must mean that the contact ion pair returns to the

6 H. L. Goering and J. F. Levy, J. Am. Chem. Soc., 86, 120 (1964).



reactant more rapidly than it is captured by azide ion, whereas the solvent-separated
ion pair is captured by azide ion faster than it returns to the racemic reactant.

Kox _ _ Krac
Ar,CHO,CAr' =——= [Ar,CH* "O,CAr'l =— [Ar,CH*//~O,CAr'l =—— Ar,CHO,CAr
¥ Ng
Ar,CHN,

Several other cases have been studied in which isotopic labeling reveals that the
bond between the leaving group and carbon is able to break without net substitution.
A particularly significant case involves secondary alkyl sulfonates, which frequently
exhibit borderline behavior. During solvolysis of isopropyl benzenesulfonate in trifluo-
roacetic acid (TFA), it has been found that exchange among the sulfonate oxygens
occurs at about one-fifth the rate of solvolysis,” which implies that about one-fifth of
the ion pairs recombine rather than react with the nucleophile. A similar experiment
in acetic acid indicated about 75% internal return.

180
I CF4CO,H
(CHg),CH-0-S—CgH; ———  (CH3),CHO,CCFg
[ CF,CO,Na
180
k=36x10"*s"
k=8x10"*s"
180

18

[
(CHS)QCH—O-ﬁ—CsHS
o}

A study of the exchange reaction of benzyl tosylates during solvolysis in
several solvents showed that with electron-releasing group (ERG) substituents, e.g.,
p-methylbenzyl tosylate, the degree of exchange is quite high, implying reversible
formation of a primary benzyl carbocation. For an electron-withdrawing group (EWG),
such as m-Cl, the amount of exchange was negligible, indicating that reaction occurred
only by displacement involving the solvent. When an EWG is present, the carbocation
is too unstable to be formed by ionization. This study also demonstrated that there
was no exchange with added “external” tosylate anion, proving that isotopic exchange
occurred only at the ion pair stage.?

X @CHZOSOZCGH4CH3

exchange occurs when X = ERG/ \ ROH
X @ CH,* ~03SCeH,4CHs &“ ~
ROH X CHOSO,CgH,CH3

N

7- C. Paradisi and J. F. Bunnett, J. Am. Chem. Soc., 107, 8223 (1985).
8- Y. Tsuji, S. H. Kim, Y. Saek, K. Yatsugi, M. Fuji, and Y. Tsuno, Tetrahedron Lett., 36, 1465 (1995).
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The ion pair return phenomenon can also be demonstrated by comparing the rate
of racemization of reactant with the rate of product formation. For a number of systems,
including l-arylethyl tosylates,” the rate of decrease of optical rotation is greater than
the rate of product formation, which indicates the existence of an intermediate that can
re-form racemic reactant. The solvent-separated ion pair is the most likely intermediate
to play this role.

Nu:~
ArCHCHg ——  ArCHCH, || "058CeH,CHy —— ACHCHs
0S0,C¢H,CH; Nu
racemization substitution

Racemization, however, does not always accompany isotopic scrambling. In
the case of 2-butyl 4-bromobenzenesulfonate, isotopic scrambling occurs in trifluo-
roethanol solution without any racemization. Isotopic scrambling probably involves
a contact ion pair in which the sulfonate can rotate with respect to the carbocation
without migrating to its other face. The unlikely alternative is a concerted mechanism,
which avoids a carbocation intermediate but requires a front-side displacement.”

+ CHZCH,CHCH,
CHaCH,CHCH; . CH3CH,CHCH; |
| ) o 9 o]
o* NI |
[ S—0 0=8=0*"
| Ar Ar
Ar ion pair mechanism for exchange
CH3CH,CHCHj4 CH3CH,CHCHj4
& '
0\840 —_— |
o- [ *0=8=0
I
Ar Ar

concerted mechanism for exchange

The idea that ion pairs are key participants in nucleophilic substitution is widely
accepted. The energy barriers separating the contact, solvent-separated, and dissociated
ions are thought to be quite small. The reaction energy profile in Figure 4.4 depicts
the three ion pair species as being roughly equivalent in energy and separated by small
barriers.

The gradation from S,1 to S,2 mechanisms can be summarized in terms
of the shape of the potential energy diagrams for the reactions, as illustrated in
Figure 4.5. Curves A and C represent the S, 1 and S,2 limiting mechanisms. The
gradation from the Sy1 to the S,2 mechanism involves greater and greater nucle-
ophilic participation by the solvent or nucleophile at the transition state.!! An ion pair
with strong nucleophilic participation represents a mechanistic variation between the

% A.D. Allen, V. M. Kanagasabapathy, and T. T. Tidwell, J. Am. Chem. Soc., 107, 4513 (1985).
10- P, E. Dietze and M. Wojciechowski, J. Am. Chem. Soc., 112, 5240 (1990).
' T, W. Bentley and P. v. R. Schleyer, Adv. Phys. Org. Chem., 14, 1 (1977).
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intimate ~ solvent- dissociated

ion pair  separated ions
ion pair

R-Y, X~

Fig. 4.4. Schematic relationship between reactants, ion pairs, and products in substi-
tution proceeding through ion pairs.

Syl and S, 2 processes. This mechanism is represented by curve B and designated
Sy2(intermediate). It pictures a carbocation-like TS, but one that nevertheless requires
back-side nucleophilic participation and therefore exhibits second-order kinetics.

R

Nu:‘@@\ff\@@ X

H R

Jencks'? emphasized that the gradation from the Sy1 to the S,2 mechanism is
related to the stability and lifetime of the carbocation intermediate, as illustrated in
Figure 4.6. In the S, 1(lim) mechanism, the carbocation intermediate has a significant
lifetime and is equilibrated with solvent prior to capture by a nucleophile. The reaction

[H—O---R---XJ*

TERMEDIATE

Energy

Reaction Coordinate (e.g. R-X distance)

Fig. 4.5. Reaction energy profiles for substitution mechanisms.
A is the Syl mechanism. B is the Sy2 mechanism with
an intermediate ion pair or pentacoordinate species. C is the
classical Sy2 mechanism. Reproduced from T. W. Bentley and
P. v. R. Schleyer, Adv. Phys. Org. Chem., 14, 1 (1977), by
permission of Academic Press.

12-'W. P. Jencks, Acc. Chem. Res., 13, 161 (1980).
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R S S & & & 0§ &
R---X  Nu---R R---X Nu---R---X  Nu---R---X
& & &
Nu---R---X

(a) (b) (©) (d)

Sy1 (lim) uncoupled coupled Sn2 (lim)

decreasing R + stability >

Fig. 4.6. Reaction energy profiles showing decreasing carbocation stability in change from S, 1(lim)
to Sy2(lim) mechanisms.

is clearly stepwise and the energy minimum in which the carbocation intermediate
resides is evident. As the stability of the carbocation decreases, its lifetime becomes
shorter. The barrier to capture by a nucleophile becomes less and eventually disap-
pears. This is described as the “uncoupled” mechanism. Ionization proceeds without
nucleophilic participation but the carbocation does not exist as a free intermediate.
Such reactions exhibit S, 1 kinetics, since there is no nucleophilic participation in the
ionization. At still lesser carbocation stability, the lifetime of the ion pair is so short
that it always returns to the reactant unless a nucleophile is present to capture it as it
is formed. This type of reaction exhibits second-order kinetics, since the nucleophile
must be present for reaction to occur. Jencks describes this as the “coupled” substi-
tution process. Finally, when the stability of the (potential) carbocation is so low that it
cannot form, the direct displacement mechanism [S,2(lim)] operates. The continuum
corresponds to decreasing carbocation character at the TS proceeding from S, 1(lim)
to Sy2(lim) mechanisms. The degree of positive charge decreases from a full positive
charge at a S, 1(lim) to the possibility of net negative charge on carbon at the S, 2(lim).

The reaction of azide ion with substituted 1-phenylethyl chlorides is an example
of a coupled displacement. Although it exhibits second-order kinetics, the reaction has
a substantially positive p value, indicative of an electron deficiency at the TS.'* The
physical description of this type of activated complex is called the “exploded” S,2
TS.

C|:H3 ) _Nl\‘J ! CH,
I e R o
CH
H 5 Cr 3 A

For many secondary sulfonates, nucleophilic substitution seems to be best explained
by a coupled mechanism, with a high degree of carbocation character at the TS. The
bonds to both the nucleophile and the leaving group are relatively weak, and the carbon
has a substantial positive charge. However, the carbocation per se has no lifetime,
because bond rupture and formation occur concurrently.'

13- J. P. Richard and W. P. Jencks, J. Am. Chem. Soc., 106, 1383 (1984).
14 B. L. Knier and W. P. Jencks, J. Am. Chem. Soc., 102, 6789 (1980); M. R. Skoog and W. P. Jencks, J.
Am. Chem. Soc., 106, 7597 (1984).
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Fig. 4.7. Two-dimensional reaction energy diagram showing concerted, ion pair interme-
diate, and stepwise mechanisms for nucleophilic substitution.

Figure 4.7 summarizes these ideas using a two-dimensional energy diagram."

The S,2(lim) mechanism corresponds to the concerted pathway through the middle
of the diagram. It is favored by high-energy carbocation intermediates that require
nucleophilic participation. The S, 1(lim) mechanism is the path along the edge of the
diagram corresponding to separate bond-breaking and bond-forming steps. An ion pair
intermediate mechanism implies a true intermediate, with the nucleophile present in
the TS, but at which bond formation has not progressed. The “exploded transition
state” mechanism describes a very similar structure, but one that is a transition state,
not an intermediate. '®

The importance of solvent participation in the borderline mechanisms should
be noted. Solvent participation is minimized by high electronegativity and hardness,
which reduce the Lewis basicity and polarizability of the solvent molecules. Trifluo-
roacetic acid and polyfluoro alcohols are among the least nucleophilic of the solvents
commonly used in solvolysis studies.!” These solvents are used to define the charac-
teristics of reactions proceeding with little nucleophilic solvent participation. Solvent
nucleophilicity increases with the electron-donating capacity of the molecule. The order
trifluoroacetic acid (TFA) < trifluoroethanol (TFE) < acetic acid < water < ethanol
gives a qualitative indication of the trend in solvent nucleophilicity. More is said about
solvent nucleophilicity in Section 4.2.1.

13- R. A. More O’Ferrall, J. Chem. Soc. B, 274 (1970).

16. For discussion of the borderline mechanisms, see J. P. Richard, Adv. Carbocation Chem., 1, 121 (1989);
P. E. Dietze, Adv. Carbocation Chem., 2, 179 (1995).

17- T. W. Bentley, C. T. Bowen, D. H. Morten, and P. v. R. Schleyer, J. Am. Chem. Soc., 103, 5466 (1981).
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Reactant structure also influences the degree of nucleophilic solvent participation.
Solvation is minimized by steric hindrance and the 2-adamantyl system is regarded as
being a secondary reactant that cannot accommodate significant back-side nucleophilic
participation.

The 2-adamantyl system is used as a model reactant for defining the characteristics
of ionization without solvent participation. The degree of nucleophilic participation
in other reactions can then be estimated by comparison with the 2-adamantyl system. '8

4.1.4. Relationship between Stereochemistry and Mechanism of Substitution

Studies of the stereochemistry are a powerful tool for investigation of nucleophilic
substitution reactions. Direct displacement reactions by the S,2(lim) mechanism are
expected to result in complete inversion of configuration. The stereochemical outcome
of the ionization mechanism is less predictable, because it depends on whether reaction
occurs via an ion pair intermediate or through a completely dissociated ion. Borderline
mechanisms may also show variable stereochemistry, depending upon the lifetime of
the intermediates and the extent of ion pair recombination.

Scheme 4.2 presents data on some representative nucleophilic substitution
processes. Entry 1 shows the use of 1-butyl-1-d,p-bromobenzenesulfonate (Bs,
brosylate) to demonstrate that primary systems react with inversion, even under
solvolysis conditions in formic acid. The observation of inversion indicates a concerted
mechanism, even in this weakly nucleophilic solvent. The primary benzyl system in

Scheme 4.2. Stereochemistry of Nucleophilic Substitution Reactions

Conditions

Reactant? Product Sterechemistry
16 CHaCH,CH,CHDOBs gg‘f)%z'* CHgCH,CH,CHDOLCH  99:+6% inv.
CH4CO,H
2¢ CgHsCHDOTSs o500 - CeHsCHDO,CCH, 82+ 1% inv.
3¢ CH3CH(CH,)sCH3 Et,N*-O,CCHj CH4CH(CH,)sCH, 100% inv.
Cl)Ts acetone, 56°C |
0,CCHj
49 CH3(|3H(CH2)SCH3 75 % aq. dioxane CH3C|>H(CH2)50H3 77% inv.
OTs 65°C OH
75 % aq. dioxane CH3CH(CH,)5CH4 100% inv.
0.06 M NaNj, 65°C OH  22%
CHsCliH(CHz)sCHs 100% inv.
Ny 78%
(Continued)

18- F. L. Schadt, T. W. Bentley, and P. v. R. Schleyer, J. Am. Chem. Soc., 98, 7667 (1976).



Scheme 4.2. (Continued)

. CHj3 < CH; OR

CH30H, DTBP, 25°C 78% inv.
C,HsOH, DTBP, 40°C 55% inv.
HCO,H, DTBP, 0°C 42% inv.
CF3;CH,0H, 13% ret.
DTBP, 25°C

+-BuOH, 20% H,0, 25°C 49% inv.
dioxane, 20% H,0, 25°C  98% inv.

6' C6H5?HCH3 K*-0,CCHj, CSHS?HCHS 15% inv.
CH5;CO,H, 50°C
cl erme 0,CCHj
Et,N*-O,CCHj CGH5(|3HCH3 65% inv.
50% acetone 0,CCH,
f ?H3 CHg
+
! C6Hscl;CZH5 K"O:CCH CeHsCCoH5 5+2% inv.
OPNB CH3CO,H, 23°C I
0,CH,CHj
CHg
NaN, in CH,OH, 65°C CGH5(|302H5 56+ 1% inv.
N3
CHs3
CeHsCCoHs 14% inv.
OCH,
CHs3
90% aq, acetone C5H5(|:C2H5 38% ret.
OH

a. Abbreviations: OBs = p-bromobenzenesulfonate; OTs = p-toluenesulfonate; OPMB = p-nitrobenzoate; DTBP =
2,6-di-t-butylpyridine.

. A. Streitwieser, Jr., J. Am. Chem. Soc., 77, 1117 (1955).

. A. Streitwieser, Jr., T. D. Walsh, and J. R. Wolfe, J. Am. Chem. Soc., 87, 3682 (1965).

. H. Weiner and R. A. Sneen, J. Am. Chem. Soc., 87, 287 (1965).

. P. Muller and J. C. Rosier, J. Chem. Soc., Perkin Trans., 2, 2232 (2000).
J. Steigman and L. P. Hammett, J. Am. Chem. Soc., 59, 2536 (1937).

. L. H. Sommer and F. A. Carey, J. Org. Chem., 32, 800 (1967).

. H. L. Goering and S. Chang, Tetrahedron Lett. 3607 (1965).

DG thO A0 o

Entry 2 exhibits high, but not complete, inversion for acetolysis, which is attributed
to competing racemization of the reactant by ionization and internal return. Entry 3
shows that reaction of a secondary 2-octyl system with the moderately good nucle-
ophile acetate ion occurs with complete inversion. The results cited in Entry 4 serve to
illustrate the importance of solvation of ion pair intermediates in reactions of secondary
tosylates. The data show that partial racemization occurs in aqueous dioxane but that
an added nucleophile (azide ion) results in complete inversion in the products resulting
from reaction with both azide ion and water. The alcohol of retained configuration
is attributed to an intermediate oxonium ion resulting from reaction of the ion pair
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with the dioxane solvent, which would react with water to give product of retained
configuration. When azide ion is present, dioxane does not effectively compete for the
ion pair intermediate and all of the alcohol arises from the inversion mechanism. '

CH, CHj, CHs CHs
| ! N3—Or | |
R—C—OTs —= R—C+ | -OTs R—C—N; or R—G—OH
I [ H20 b
H H H inversion  H
N o N
O O _
) R—C—0+ 0 — R—C—OH
| —/ |
H H
inversion net retention

Entry 5 shows data for a tertiary chloride in several solvents. The results range
from nearly complete inversion in aqueous dioxane to slight net retention in TFE.
These results indicate that the tertiary carbocation formed does not achieve symmetrical
solvation but, instead, the stereochemistry is controlled by the immediate solvation
shell. Stabilization of a carbocation intermediate by benzylic conjugation, as in the
1-phenylethyl system shown in Entry 6, leads to substitution with extensive racem-
ization. A thorough analysis of the data concerning stereochemical, kinetic, and isotope
effects on solvolysis reactions of 1-phenylethyl chloride in several solvent systems has
been carried out.?’ The system was analyzed in terms of the fate of the contact ion pair
and solvent-separated ion pair intermediates. From this analysis, it was estimated that
for every 100 molecules of 1-phenylethyl chloride that undergo ionization, 80 return
to starting material of retained configuration, 7 return to inverted starting material, and
13 go on to the solvent-separated ion pair in 97:3 TFE-H,0. A change to a more nucle-
ophilic solvent mix (60% ethanol-water) increased the portion that solvolyzes to 28%.

13
R—Cl —— R*CIF —
80

R*| cr R*+CI-

\S\OH

6 1 SOH
Cl—R =— CI"R* =—— CI|| R* —— ROS+SOR

The results in Entry 7 show that even for the tertiary benzylic substrate
2-phenyl-2-butyl p-nitrobenzoate, the expectation of complete racemization is not
realized. In moderately nucleophilic media, such as potassium acetate in acetic acid,
this ideal is almost achieved, with just a slight excess of inversion. The presence of
the better nucleophile azide ion, however, leads to product with a significant (56%)
degree of inversion. This result is attributed to nucleophilic attack on an ion pair
prior to symmetrical solvation. More surprising is the observation of net retention of
configuration in the hydrolysis of 2-phenyl-2-butyl p-nitrobenzoate in 90% aqueous
acetone. It is possible that this is the result of preferential solvent collapse from the
front side at the solvent-separated ion pair stage. The bulky tertiary system may hinder
solvation from the rear side. It is also possible that hydrogen bonding between a water

19- H. Weiner and R. A. Sneen, J. Am. Chem. Soc., 87, 292 (1965).
20-v. J. Shiner, Jr., S. R. Hartshorn, and P. C. Vogel, J. Org. Chem., 38, 3604 (1973).



molecule and the anion of the ion pair facilitates capture of a water molecule from the
front side of the ion pair.

H
CH
?Hs /CHSO /a [
Ph—C—OPNB —~ h—ct ./ H ooa — Ph—C—OH + HOCAr
H
CaHs G /770 CHs
“H retention

This selection of stereochemical results points out the relative rarity of the
idealized S, 1(lim) stereochemistry of complete racemization. On the other hand, the
predicted inversion of the S,2 mechanism is consistently observed, and inversion also
characterizes the ion pair mechanisms with nucleophile participation. Occasionally net
retention is observed. The most likely cause of retention is a double-displacement
mechanism, such as proposed for Entry 4, or selective front-side solvation, as in
Entry 7c.

4.1.5. Substitution Reactions of Alkyldiazonium Ions

One of the most reactive leaving groups that is easily available for study is
molecular nitrogen in alkyl diazonium ions. These intermediates are generated by
diazotization of primary amines. Alkyl diazonium ions rapidly decompose to a carbo-
cation and molecular nitrogen. Nucleophilic substitution reactions that occur under
diazotization conditions often differ significantly in stereochemistry, as compared with
halide or sulfonate solvolysis. Recall the structural description of the alkyl diazonium
ions in Section 1.4.3. The nitrogen is a very reactive leaving group and is only weakly
bonded to the reacting carbon.

HONO H+
R—NH, — R—NH—N=0 — R—N=N—OH — R— N =N + H,0

R" + N,

In contrast to an ionization process from a neutral substrate, which initially
generates a contact ion pair, deamination reactions generate a cation that does not have
a closely associated anion. Furthermore, since the leaving group is very reactive, nucle-
ophilic participation is not needed for bond cleavage. The leaving group, molecular
nitrogen, is quite hard, and has no electrostatic attraction to the carbocation. As a result,
the carbocations generated by diazonium ion decomposition frequently exhibit rather
different behavior from those generated from halides or sulfonates under solvolytic
conditions.?!

Table 4.1 shows the stereochemistry of substitution for five representative
systems. Displacement at the primary 1-butyl system occurs mainly by inversion
(Entry 1). However, there is also extensive formation of a rearranged product,
2-butanol (not shown in the table). Similarly, the 2-butyl diazonium ion gives 28%
inversion in the unrearranged product, but the main product is ¢-butanol (Entry 2).
These results indicate competition between concerted rearrangement and dissociation.
Several secondary diazonium ions were observed to give alcohol with predominant

2l C. J. Collins, Acc. Chem. Res., 4, 315 (1971); A. Streitwieser, Jr., J. Org. Chem., 22, 861 (1957);
E. H. White, K. W. Field, W. H. Hendrickson, P. Dzadzic, D. F. Roswell, S. Paik, and R. W. Mullen,
J. Am. Chem. Soc., 114, 8023 (1992).
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Table 4.1. Stereochemistry of Deamination in Acetic Acid

Amine Stereochemistry
1a CH3CH,CH,CHDNH, 69% inv
ob CH3(|)HCHQCH3 28% inv

NH,
3¢ PhCHchz?HCHa 65% ret

NH,

49 CsHs_ClHCHchs 10% ret

NH,
5e CGH5—(|DCH2CH3 24% ret

NH,

a. D Brosch and W. Kirmse, J. Org. Chem., 56, 908 (1991).

b. K Banert, M. Bunse, T. Engberts, K.-R. Gassen, A. W. Kurminto, and W. Kirmse, Recl.
Trav. Chim. Pas-Bas, 105, 272 (1986).

c. N. Ileby, M. Kuzma, L. R. Heggvik, K. Sorbye, and A. Fiksdahl, Tetrahedron: Asymmetry,
8, 2193 (1997).

d. R. Huisgen and C. Ruchardt, Justus Liebigs Ann. Chem., 601, 21 (1956).

e. E. H. White and J. E. Stuber, J. Am. Chem. Soc., 85, 2168 (1963).

retention when the reaction was done in acetic acid?? (Entry 3). However, the acetate
esters formed in these reactions is largely racemic. Small net retention was seen
in the deamination of 1-phenylpropylamine (Entry 4). The tertiary benzylic amine,
2-phenyl-2-butylamine, reacts with 24% net retention (Entry 5). These results indicate
that the composition of the product is determined by collapse of the solvent shell.
Considerable solvent dependence has been observed in deamination reactions.* Water
favors formation of a carbocation with extensive racemization, whereas less polar
solvents, including acetic acid, lead to more extensive inversion as the result of solvent
participation.

An analysis of the stereochemistry of deamination has also been done using
4-t-butylcyclohexylamines and the conformationally rigid 2-decalylamines. The results
are summarized in Table 4.2.

NH,

[T, [T~

trans,cis trans,trans

In solvent systems containing low concentrations of water in acetic acid, dioxane,
or sulfolane, the alcohol is formed by capture of water with net retention of config-
uration. This result has been explained as involving a solvent-separated ion pair that

22 N. Ileby, M. Kuzma, L. R. Heggvik, K. Sorbye, and A. Fiksdahl, Tetrahedron: Asymmetry, 8, 2193
(1997).

2. W. Kirmse and R. Siegfried, J. Am. Chem. Soc., 105, 950 (1983); K. Banert, M. Bunse, T. Engbert,
K.-R. Gassen, A. W. Kurinanto, and W. Kirmse, Recl. Trav. Chim. Pays-Bas, 105, 272 (1986).



Table 4.2. Product Stereochemistry for Deamination of Stereoisomeric Amines

Product composition®

Alcohol Ester
Retention Inversion Retention Inversion
Cis-4-t-Butylcyclohexylamine (axial)® 33 8 25 33
Trans-4-t-Butylcyclohexylamine (equatorial)® 43 2 43 12
Trans,trans-2-Decalylamine (axial)® 26 2 32 40
Trans,cis-2-Decalylamine (equatorial ) 18 1 55 26

a. Composition of the total of alcohol and acetate ester. Considerable alkene is also formed.
b. H. Maskill and M. C. Whiting, J. Chem. Soc., Perkin Trans. 2, 1462 (1976).
c. T. Cohen, A. D. Botelho, and E. Jamnkowski, J. Org. Chem., 45, 2839 (1980).

arises by concerted proton transfer and nitrogen elimination.>* The water molecule
formed in the elimination step is captured preferentially from the front side, leading
to net retention of configuration for the alcohol. For the ester product, the extent of
retention and inversion is more balanced, although it varies among the four systems.

CH3CO,H  HO,CCH, CHsCO,H  HO,CCH,4 CH3COH  HO,CCHg
R_N=N\_.‘\OH R* N=N H20 R—OH + R—OZCCH3
CHCO,HH  H—0,CCH,4 CHiCOH  -0,CCH, CHsCOH  HO,CCH,

R = trans-2-decalyl

It is clear from the data in Table 4.2 that the two pairs of stereoisomeric cyclic
amines do not form the same intermediate. The collapse of the ions to product is
evidently so fast that there is not time for relaxation of the initially formed intermediates
to reach a common structure. Generally speaking, we can expect similar behavior for
all alkyl diazonium ion decompositions. The low activation energy for dissociation and
the neutral and hard character of the leaving group result in a carbocation that is free
of direct interaction with the leaving group. Product composition and stereochemistry
is determined by the details of the collapse of the solvent shell.

4.2. Structural and Solvation Effects on Reactivity

4.2.1. Characteristics of Nucleophilicity

The term nucleophilicity refers to the capacity of a Lewis base to participate in
a nucleophilic substitution reaction and is contrasted with basicity, which is defined
by the position of an equilibrium reaction with a proton donor, usually water. Nucle-
ophilicity is used to describe trends in the rates of substitution reactions that are
attributable to properties of the nucleophile. The relative nucleophilicity of a given
species may be different toward various reactants and there is not an absolute scale of
nucleophilicity. Nevertheless, we can gain some impression of the structural features

24 (a) H. Maskill and M. C. Whiting, J. Chem. Soc., Perkin Trans. 2, 1462 (1976); (b) T. Cohen,
A. D. Botelhjo, and E. Jankowksi, J. Org. Chem., 45, 2839 (1970).
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that govern nucleophilicity and the relationship between nucleophilicity and basicity.?
As we will see in Section 4.4.3, there is often competition between displacement
(nucleophilicity) and elimination (proton removal, basicity). We want to understand
how the structure of the reactant and nucleophile (base) affect this competition.

The factors that influence nucleophilicity are best assessed in the context of the
limiting S, 2 mechanism, since it is here that the properties of the nucleophile are most
important. The rate of an S,2 reaction is directly related to the effectiveness of the
nucleophile in displacing the leaving group. In contrast, relative nucleophilicity has no
effect on the rate of an S, 1 reaction. Several properties can influence nucleophilicity.
Those considered to be most significant are: (1) the solvation energy of the nucleophile;
(2) the strength of the bond being formed to carbon; (3) the electronegativity of the
attacking atom; (4) the polarizability of the attacking atom; and (5) the steric bulk of
the nucleophile.? Let us consider each how each of these factors affect nucleophilicity.

1. Strong solvation lowers the energy of an anionic nucleophile relative to the TS,
in which the charge is more diffuse, and results in an increased E,. Viewed
from another perspective, the solvation shell must be disrupted to attain the
TS and this desolvation contributes to the activation energy.

2. Because the S, 2 process is concerted, the strength of the partially formed new
bond is reflected in the TS. A stronger bond between the nucleophilic atom
and carbon results in a more stable TS and a reduced activation energy.

3. A more electronegative atom binds its electrons more tightly than a less
electronegative one. The S, 2 process requires donation of electron density to
an antibonding orbital of the reactant, and high electronegativity is unfavorable.

4. Polarizability describes the ease of distortion of the electron density of the
nucleophile. Again, because the S,2 process requires bond formation by an
electron pair from the nucleophile, the more easily distorted the attacking atom,
the better its nucleophilicity.

5. A sterically congested nucleophile is less reactive than a less hindered one
because of nonbonded repulsions that develop in the TS. The trigonal bipyra-
midal geometry of the S,2 transition state is sterically more demanding than
the tetrahedral reactant so steric interactions increase as the TS is approached.

Empirical measures of nucleophilicity are obtained by comparing relative rates
of reaction of a standard reactant with various nucleophiles. One measure of nucle-
ophilicity is the nucleophilic constant (n), originally defined by Swain and Scott.?”
Taking methanolysis of methyl iodide as the standard reaction, they defined n as

Moy, = log(knucl/kCH3OH) in CH;0H, 25°C

Table 4.3 lists the nucleophilic constants for a number of species according to this
definition.

It is apparent from Table 4.3 that nucleophilicity toward methyl iodide does not
correlate directly with aqueous basicity. Azide ion, phenoxide ion, and bromide are all

25- For general reviews of nucleophilicity see R. F. Hudson, in Chemical Reactivity and Reaction Paths,
G. Klopman, ed., John Wiley & Sons, New York, 1974, Chap. 5; J. M. Harris and S. P. McManus, eds.,
Nucleophilicity, Vol. 215, Advances in Chemistry Series, American Chemical Society, Washington,
DC, 1987.

2. A. Streitwieser, Jr., Solvolytic Displacement Reactions, McGraw-Hill, New York, 1962; J. F. Bunnett,
Annu. Rev. Phys. Chem., 14, 271 (1963).

?7- C. G. Swain and C. B. Scott, J. Am. Chem. Soc., 75, 141 (1953).



Table 4.3. Nucleophilicity Constants for Various Nucleophiles®

Nucleophile ey Conjugate acid pK,
CH;0H 0.0 -1.7
NO3 1.5 -1.3
F~ 2.7 3.45
CH;CO; 43 4.8
Cl™ 44 -5.7
(CH;),S 53
NH;4 5.5 9.25
Ny 5.8 4.74
C¢HsO™ 5.8 9.89
Br~ 5.8 =7.7
CH;0~ 6.3 15.7
HO™ 6.5 15.7
NH,OH 6.6 5.8
NH,NH, 6.6 7.9
(CH;CH,);N 6.7 10.7
CN™ 6.7 9.3
(CH;CH,);As 7.1
I~ 7.4 -10.7
HO; 7.8
(CH;CH,);P 8.7 8.7
C¢HsS™ 9.9 6.5
CgHsSe™ 10.7
(CgHs)3Sn™ 11.5

a. Data from R. G. Pearson and J. Songstad, J. Am. Chem. Soc., 89, 1827 (1967);
R. G. Pearson, H. Sobel, and J. Songstad, J. Am. Chem. Soc., 90, 319 (1968); P. L. Bock
and G. M Whitesides, J. Am. Chem. Soc., 96, 2826 (1974).

equivalent in nucleophilicity, but differ greatly in basicity. Conversely, azide ion and
acetate ion are nearly identical in basicity, but azide ion is 70 times (1.5 log units) more
nucleophilic. Among neutral nucleophiles, while triethylamine is 100 times more basic
than triethylphosphine (pKa of the conjugate acid is 10.7 versus 8.7), the phosphine
is more nucleophilic (n is 8.7 versus 6.7), by a factor of 100 in the opposite direction.
Correlation with basicity is better if the attacking atom is the same. Thus for the
series of oxygen nucleophiles CH;0~ > C;H;0~ > CH;CO; > NOy5, nucleophilicity
parallels basicity.

Nucleophilicity usually decreases going across a row in the periodic table. For
example, H,N™ > HO™ > F~ or C¢dHs;S™ > Cl™. This order is primarily determined by
electronegativity and polarizability. Nucleophilicity increases going down the periodic
table, as, e.g., I" > Br > CI" > F~ and C¢HsSe™ > C,HsS™ > C4H;O™. Three
factors work together to determine this order. Electronegativity decreases going down
the periodic table. Probably more important is the greater polarizability and weaker
solvation of the heavier ions, which have a more diffuse electron distribution. The bond
strength effect is in the opposite direction, but is overwhelmed by electronegativity
and polarizability.

There is clearly a conceptual relationship between the properties called nucle-
ophilicity and basicity. Both describe processes involving formation of a new bond to
an electrophile by donation of an electron pair. The pK, values in Table 4.3 refer to
basicity toward a proton. There are many reactions in which a given chemical species
might act either as a nucleophile or as a base. It is therefore of great interest to be
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able to predict whether a chemical species Y :~ will act as a nucleophile or as a base
under a given set of conditions. Scheme 4.3 lists some examples.

Basicity is a measure of the ability of a substance to attract protons and refers to
an equilibrium with respect to a proton transfer from solvent:

B:+H,0=B*H+ OH

These equilibrium constants provide a measure of thermodynamic basicity, but we also
need to have some concept of kinetic basicity. For the reactions in Scheme 4.3, for
example, it is important to be able to generalize about the rates of competing reactions.
The most useful qualitative approach for making predictions is the hard-soft-acid-base
(HSAB) concept®® (see Section 1.1.6), which proposes that reactions occur most readily
between species that are matched in hardness and softness. Hard nucleophiles prefer
hard electrophiles, whereas soft nucleophiles prefer soft electrophiles.

The HSAB concept can be applied to the problem of competition between nucle-
ophilic substitution and deprotonation as well as to the reaction of anions with alkyl
halides. The sp? carbon is a soft electrophile, whereas the proton is a hard electrophile.
Thus, according to HSAB theory, a soft anion will act primarily as a nucleophile,
giving the substitution product, whereas a hard anion is more likely to remove a proton,
giving the elimination product. Softness correlates with high polarizability and low
electronegativity. The soft nucleophile—soft electrophile combination is associated with
a late TS, where the strength of the newly forming bond contributes significantly to the
structure and stability of the TS. Species in Table 4.3 that exhibit high nucleophilicity
toward methyl iodide include CN™, I~, and C;H;S™. These are soft species. Hardness

Scheme 4.3. Examples of Competition between Nucleophilicity and Basicity

Sp1 Substitution Y:~ acts as a nucleophile y;- + R,C*CHR', —= R,CCHR/,
|

versus Y

E1 Elimination Y:~acts as a base Y:" + R,C*CHR; — R,C=CR', + H—Y

Sn2 Substitution  y:- a¢ts as a nucleophile Y:~ + RCHaCHoX —— RCH,CH,Y + X~
versus

E2 Elimination Y:-acts as a base Y:~ + RCH,CHpX — RCH=CH, + H—Y

O On

| |
Nucleophilic addition Y:~acts as a nucleophile Y:~ + RCH,CR' — RCH,CR'
to a carbonyl group |

Y
o} Cl)_
I
Enolate formation  Y:- acts as a base Y:- + RCH,CR' — RCH=CR' + H—Y

2. R. G. Pearson and J. Songstad, J. Am. Chem. Soc., 89, 1827 (1967); R. G. Pearson, J. Chem. Ed., 45,
581, 643 (1968); T. L. Ho, Chem. Rev., 75, 1 (1975).



Table 4.4. Hardness and Softness of Some Common Ions and Molecules

Bases (Nucleophiles) Acids (Electrophiles)

Soft RSH, RS, I, RgP o, Bry, RS—X, RSe—X, RCH,—X
~C=N, ":C=0*, RCH=CHR Cu(l), Ag(l), Pd(ll), Pt(ll), Hg(ll)
benzene zero-valent metal complexes

Intermediate Br~, N3~, ArNH, Cu(ll), Zn (Il), Sn,(I1)
pyridine R3C*, R3B

Hard NH3, RNH, H—X, Li*, Na*, RgSi—X
H,0, HO~, ROH, RO~, RCO,™, CI~ Mg(Il), Ca(lly, Al(Il1), Sn(IV), Ti(1V)
F~, NO5~ H*

reflects a high charge density and is associated with more electronegative elements.
The hard nucleophile—hard electrophile combination implies an early TS with electro-
static attraction being more important than bond formation. For hard bases, the reaction
pathway is chosen early on the reaction coordinate and primarily on the basis of charge
distribution. Examples of hard bases from Table 4.3 are F~ and CH;0~. Table 4.4
classifies some representative chemical species with respect to softness and hardness.
Numerical values of hardness were presented in Table 1.3.

Nucleophilicity is also correlated with oxidation potential for comparisons
between nucleophiles involving the same element.?’ Good nucleophilicity correlates
with ease of oxidation, as would be expected from the electron-donating function
of the nucleophile in S,2 reactions. HSAB considerations also suggest that nucle-
ophilicity would be associated with species having relatively high-energy electrons.
Remember that soft species have relatively high-lying HOMOs, which implies ease of
oxidation.

4.2.2. Effect of Solvation on Nucleophilicity

The nucleophilicity of anions is very dependent on the degree of solvation.
Many of the data that form the basis for quantitative measurement of nucleophilicity
are for reactions in hydroxylic solvents. In protic hydrogen-bonding solvents, anions
are subject to strong interactions with solvent. Hard nucleophiles are more strongly
solvated by protic solvents than soft nucleophiles, and this difference contributes to
the greater nucleophilicity of soft anions in such solvents. Nucleophilic substitution
reactions of anionic nucleophiles usually occur more rapidly in polar aprotic solvents
than they do in protic solvents, owing to the fact that anions are weakly solvated in
such solvents (see Section 3.8). Nucleophilicity is also affected by the solvation of the
cations in solution. Hard cations are strongly solvated in polar aprotic solvents such
as N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), hexamethylphos-
phoric triamide (HMPA), N-methylpyrrolidone (NMP), N,N-dimethylpropyleneurea

2. M. E. Niyazymbetov and D. H. Evans, J. Chem. Soc., Perkin Trans. 2, 1333 (1993); M. E. Niyazymbetov,
Z. Rongfeng, and D. H. Evans, J. Chem. Soc., Perkin Trans. 2, 1957 (1996).
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(DMPU), and sulfolane.’® As a result, the anions are dissociated from the cations,
which enhances their nucleophilicity.

II II
HCN(CHg), CH3SCH;  O=P[N(CH,),ls & m s

DMF DMSO HMPA L HaC” \f( CHy 7 O
3
NMP DMPU sulfolane

In the absence of the solvation by protic solvents, the relative nucleophilicity of
anions changes. Hard nucleophiles increase in reactivity more than soft nucleophiles.
As a result, the relative reactivity order changes. In methanol, for example, the relative
reactivity order is Ny > 17 > CN™ > Br™ > CI". In DMSO the order becomes CN™ >
N; > CI” > Br™ > I".*! The reactivity order in methanol is dominated by solvation
and the more weakly solvated N3 and I~ ions are the most reactive nucleophiles.
The iodide ion is large and very polarizable. The anionic charge on the azide ion is
dispersed by delocalization. When the effect of solvation is diminished in DMSO,
other factors become more important, including the strength of the bond being formed,
which accounts for the reversed order of the halides in the two series. There is also
evidence that S,2 TSs are better solvated in aprotic dipolar solvents than in protic
solvents.

In interpreting many aspects of substitution reactions, particularly solvolysis, it
is important to be able to characterize the nucleophilicity of the solvent. Assessment
of solvent nucleophilicity can be done by comparing rates of a standard substitution
process in various solvents. One such procedure is based on the Winstein-Grunwald
equation’

log(k/ky) = IN +mY

where N and Y are measures of the solvent nucleophilicity and ionizing power, respec-
tively. The variable parameters [/ and m are characteristic of specific reactions. The
value of N, the indicator of solvent nucleophilicity, can be determined by specifying
a standard reactant for which [/ is assigned the value 1.00 and a standard solvent
for which N is assigned the value 0.00. The parameters were originally assigned
for solvolysis of 7-butyl chloride. The scale has also been assigned for 2-adamantyl
tosylate, in which nucleophilic participation of the solvent is considered to be negli-
gible. Ethanol-water in the ratio 80:20 is taken as the standard solvent. The resulting
solvent characteristics are called Ny, and Yp . Some representative values for solvents
that are frequently used in solvolysis studies are given in Table 4.5. We see that
nucleophilicity decreases from ethanol to water to trifluoroethanol to trifluoroacetic
acid as the substituent becomes successively more electron withdrawing. Note that
the considerable difference between acetic acid and formic acid appears entirely in

30- T, F. Magnera, G. Caldwell, J. Sunner, S. Ikuta, and P. Kebarle, J. Am. Chem. Soc., 106, 6140 (1984);
T. Mitsuhashi, G. Yamamoto, and H. Hirota, Bull. Chem. Soc. Jpn., 67, 831 (1994); K. Okamoto, Adv.
Carbocation Chem., 1, 171 (1989).

31 R. L. Fuchs and L. L. Cole, J. Am. Chem. Soc., 95, 3194 (1973); R. Alexander, E. C. F. Ko, A. J. Parker,
and T. J. Broxton, J. Am. Chem. Soc., 90, 5049 (1968); D. Landini, A. Maia, and F. Montanari, J. Am.
Chem. Soc., 100, 2796 (1978).

32.'S. Winstein, E. Grunwald, and H. W. Jones, J. Am. Chem. Soc., 73, 2700 (1951); F. L. Schadt,
T. W. Bentley, and P. v. R. Schleyer, J. Am. Chem. Soc., 98, 7667 (1976).



Table 4.5. Solvent Nucleophilicity and Ionization Parameters?®

t-Butyl chloride 2-Adamanty] tosylate
Solvent N Y Nros Yros

Ethanol +0.09 —2.03 0.00 —1.75
Methanol +0.01 —1.09 —0.04 —0.92
50% Aqueousethanol —-0.20 1.66 —0.09 1.29
Water —0.26 3.49

Acetic acid —2.05 —1.64 —2.35 —0.61
Formic acid —2.05 2.05 —2.35 3.04
Trifluoroethanol —2.78 1.05 -3.0 1.80
97% (CF;),CHOH-H,0 —-3.93 2.46 —4.27 3.61
Trifluoroacetic acid —4.74 1.84 —5.56 4.57

a. From F. L. Schadt, T. W. Bentley, and P. v. R. Schleyer, J. Am. Chem. Soc., 98, 7667
(1976).

the Y terms, which have to do with ionizing power and results from the more polar
character of formic acid. The nucleophilicity parameters of formic acid and acetic acid
are the same, as might be expected, because the nucleophilicity is associated with the
carboxy group.

4.2.3. Leaving-Group Effects

The nature of the leaving group influences the rate of nucleophilic substitution
proceeding by either the direct displacement or ionization mechanism. Since the leaving
group departs with the pair of electrons from the covalent bond to the reacting carbon
atom, a correlation with both bond strength and anion stability is expected. Provided
the reaction series consists of structurally similar leaving groups, such relationships
are observed. For example, a linear free-energy relationship (Hammett equation) has
been demonstrated for the rate of reaction of ethyl arenesulfonates with ethoxide
ion in ethanol.®® A qualitative trend of increasing reactivity with the acidity of the
conjugate acid of the leaving group also holds for less similar systems, although no
generally applicable quantitative system for specifying leaving-group ability has been
established.

Table 4.6 lists estimated relative rates of solvolysis of 1-phenylethyl esters and
halides in 80% aqueous ethanol at 75°C.3* The reactivity of the leaving groups
generally parallels their electron-accepting capacity. Trifluoroacetate, for example, is
about 10° time as reactive as acetate and p-nitrobenzenesulfonate is about 10 times
more reactive than p-toluenesulfonate. The order of the halide leaving groups is I~ >
Br~ > Cl” >» F~. This order is opposite to that of electronegativity and is dominated
by the strength of the bond to carbon, which increases from ~ 55kcal for the C—I
bond to ~ 110kcal for the C—F bond (see Table 3.2).

Sulfonate esters are especially useful reactants in nucleophilic substitution
reactions in synthesis. They have a high level of reactivity and can be prepared from
alcohols by reactions that do not directly involve the carbon atom at which substi-
tution is to be effected. The latter feature is particularly important in cases where the
stereochemical and structural integrity of the reactant must be maintained. Trifluo-
romethanesulfonate (triflate) ion is an exceptionally reactive leaving group and can

3. M. S. Morgan and L. H. Cretcher, J. Am. Chem. Soc., 70, 375 (1948).
3 D. S. Noyce and J. A. Virgilio J. Org. Chem., 37, 2643 (1972).
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Table 4.6. Relative Solvolysis Rates of 1-Phenylethyl
Esters and Halides™"

Leaving group ket
CF;S05 (triflate) 1.4x 108
p-Nitrobenzensulfonate (nosylate) 4.4x10°
p-Toluenesulfonate (tosylate) 3.7 x 10*
CH;SO; (mesylate) 3.0 x 10*
I~ 91
Br~ 14
CF;CO; 2.1
ClI™ 1.0
F~ 9x107°
p-Nitrobenzoate 5.5%x107°
CH;CO; 1.4x 1076

a. From D. S. Noyce and J. A. Virgilio, J. Org. Chem., 37, 2643 (1972).
b. In 80% ethanol at 75° C.

be used for nucleophilic substitution reactions on unreactive substrates. Acetolysis of
cyclopropyl triflate, for example, occurs 10° times faster than acetolysis of cyclo-
propyl tosylate.3> Sulfonate esters are usually prepared by reaction of an alcohol with
a sulfonyl halide in the presence of pyridine.

pyridine

ROH + R'SO.CI RO—SO,R'
Tertiary alcohols are more difficult to convert to sulfonate esters and their high
reactivity often makes them difficult to isolate.*

It would be anticipated that the limiting S, 1 and S, 2 mechanisms would differ in
their sensitivity to the nature of the leaving group. The ionization mechanism should
exhibit a greater dependence on leaving-group ability because it requires cleavage of
the bond to the leaving group without assistance by the nucleophile. Table 4.7 presents
data on the variation of the relative leaving-group abilities of tosylate and bromide as a
function of reactant structure. The dependence on structure is as expected, with smaller
differences in reactivity between tosylate and bromide being observed for systems that
react by the S,2 mechanism. The largest differences are seen for tertiary systems,
where nucleophilic participation is minimal.

Table 4.7. Tosylate/Bromide Rate Ratios for
Solvolysis of RX in 80% Ethanol®

R chs / kBr
Methyl 11
Ethyl 10
Isopropyl 40
t-Butyl 4000
1-Adamantyl 9750

a. From J. L. Fry, C. J. Lancelot, L. K. M. Lam, J. M. Harris,
R. C. Bingham, D. J. Raber, R. E. Hall, and P. v. R. Schleyer,
J. Am. Chem. Soc., 92, 2539 (1970).

3. T. M. Su, W. F. Sliwinski, and P. v. R. Schleyer, J. Am. Chem. Soc., 91, 5386 (1969).
36 H. M. R. Hoffmann, J. Chem. Soc., 6748 (1965).



Table 4.8. Relative Reactivity of Leaving Groups in Sy2 Substitution Reactions®

Nucleophile CH;l CH;Br CH;0Ts
MeOH DMF MeOH DMF MeOH DMF
Ny 8.0x107° 32 50x107° 4.0x107" 50x107*  5.0x1072
NCS™ 50x10™*  8.0x1072 25x107* 1.3x 1072 1.3x107* 8.0x 10~
NC~ 64x107*  32x10?
ArS™ 6.4 %1072 16 1.6x1072  6.4x107!

a. Bimolecular rate constants at 25°C. Data from the compilation of R. Alexander, E. C. F. Ko, A. J. Parker, and
T. J. Broxton, J. Am. Chem. Soc., 90, 5049 (1968).

Leaving-group effects are diminished in S,2 reactions, because the nucleophile
assists in bond breaking. The mesylate/bromide ratio is compressed from 2 x 10°
(Table 4.6) to only about 10 for azide ion in methanol, as shown in Table 4.8. In the
aprotic dipolar solvent DMF, the leaving-group order is I~ > Br™ > ~O;SCHj; for both
azide and thiocyanate anions.

A poor leaving group can be made more reactive by coordination to an
electrophile. Hydroxide is a very poor leaving group, so alcohols do not normally
undergo direct nucleophilic substitution. It has been estimated that the reaction

CHOH + Br ——~ CHgBr + ~OH

is endothermic by 16kcal/mol.>’ Since the activation energy for the reverse process is
about 21 kcal/mol, the reaction would have an E, of 37 kcal/mol. As predicted by this
E . the reaction is too slow to detect at normal temperature, but it is greatly accelerated
in acidic solution. Protonation of the hydroxyl group provides the much better leaving
group—water—which is about as good a leaving group as bromide ion. The practical
result is that primary alcohols can be converted to alkyl bromides by heating with
sodium bromide and sulfuric acid or with concentrated hydrobromic acid.

CH3(CH,),CH,0OH CH3(CH,),CH,Br

H,SO,

The reactivity of halides is increased by coordination with Lewis acids. For
example, silver ion accelerates solvolysis of methyl and ethyl bromide in 80:20 ethanol
water by more than 10°.% In Section 4.4.1, we will see that the powerful Lewis acids
SbFs and SbCls also assist in the ionization of halides.

4.2.4. Steric and Strain Effects on Substitution and Ionization Rates

The general trends of reactivity of primary, secondary, and tertiary systems have
already been discussed. Reactions that proceed by the direct displacement mechanism
are retarded by increased steric repulsions at the TS. This is the principal cause for
the relative reactivity of methyl, ethyl, and i-propyl chloride, which are in the ratio
93:1:0.0076 toward iodide ion in acetone.*® A statistical analysis of rate data for a

37 R. A. Ogg, Ir., Trans. Faraday Soc., 31, 1385 (1935).

3. L. C. Batman, K. A. Cooper, E. D. Hughes, and C. K. Ingold, J. Chem. Soc., 925 (1940); J. Dostrovsky
and E. D. Hughes, J. Chem. Soc., 169 (1946); D. J. Pasto and K. Garves, J. Org. Chem., 32, 778 (1967).

39 J. B. Conant and R. E. Hussey, J. Am. Chem. Soc., 47, 476 (1925).

415

SECTION 4.2

Structural and Solvation
Effects on Reactivity



416

CHAPTER 4

Nucleophilic Substitution

Table 4.9. Rate Constants for Nucleophilic Substitution of Primary Alkyl Bromides
and Tosylates?

k x 10° for RCH,-X" R=H CH, CH,CH, (CH;),CH (CH;),C
RCH,Br + LiCl, acetone, 25°C 600 9.9 6.4 1.5 2.6 x107*
RCH,I + n-Bu,P, acetone, 35°C 26,000 154 64 4.9
RCH,Br + NaOCHj;, methanol 8140 906 335 67
RCH,OTs, acetic acid. 70° C° 52%x1072 4.4x1072 1.8x1072 42x1073

a. M. Charton, J. Am. Chem. Soc., 97, 3694 (1975).
b. M~'s7!

c. pseudo-first order s~!

number of sets of nucleophilic substitution reactions of substrates of the type RCH,Y,
where Y is a leaving group and R is H or alkyl, indicated that the steric effect of
R is the dominant factor in determining rates.** Table 4.9 shows some of the data.
The first three examples pertain to S, 2 reactions. Note that the fourth entry, involving
solvolysis in acetic acid, shows a diminished sensitivity to steric effects. As acetic
acid is a much weaker nucleophile than the other examples, the TS involves less
nucleophilic participation.

In contrast to Sy2 reactions, rates of reactions involving TSs with cationic
character increase with substitution. The relative rates of formolysis of alkyl bromides
at 100° C are methyl, 0.58; ethyl, 1.00; i-propyl, 26.1; and #-butyl 108.#! This order is
clearly dominated by carbocation stability. The effect of substituting a methyl group
for hydrogen depends on the extent of nucleophilic participation in the TS. A high
CH,/H rate ratio is expected if nucleophilic participation is weak and stabilization
of the cationic nature of the TS is important. A low ratio is expected when nucle-
ophilic participation is strong. The relative rate of acetolysis of ¢-butyl bromide to
i-propyl bromide at 25°C is 1037, whereas that of 2-methyl-2-adamantyl bromide to
2-adamantyl bromide is 10%!.42

H
T H R
R—C—Br
| Br

o B=CHs = 1097 kg =Gl =108

The reason the adamantyl system is much more sensitive to the CH; for H substitution
is that its cage structure precludes solvent participation, whereas the i-propyl system
allows much greater solvent participation. The electronic stabilizing effect of the
methyl substituent is therefore more important in the adamantyl system.

Neopentyl (2,2-dimethylpropyl) systems are resistant to nucleophilic substitution
reactions. They are primary and do not form carbocation intermediates; moreover the
t-butyl substituent hinders back-side displacement. The rate of reaction of neopentyl
bromide with iodide ion is 470 times less than that of n-butyl bromide.*> Under
solvolysis conditions the neopentyl system usually reacts with rearrangement to the

40- M. Charton, J. Am. Chem. Soc., 97, 3694 (1975).

41 L. C. Bateman and E. D. Hughes, J. Chem. Soc., 1187 (1937); 945 (1940).

42. J. L. Fry, J. M. Harris, R. C. Bingham, and P. v. R. Schleyer, J. Am. Chem. Soc., 92, 2540 (1970).
- P. D. Bartlett and L. J. Rosen, J. Am. Chem. Soc., 64, 543 (1942).



t-pentyl system, although use of good nucleophiles in polar aprotic solvents permits
direct displacement to occur.**

(CHg)3CCH,0OTs NaON_ (CHg)3CCH,CN
HMPA

90%

Steric effects of another kind become important in highly branched substrates,
and ionization can be facilitated by relief of steric crowding in going from the tetra-
hedral ground state to the TS for ionization.*> The relative hydrolysis rates in 80%
aqueous acetone of ¢-butyl p-nitrobenzoate and 2,3,3-trimethyl-2-butyl p-nitrobenzoate
are 1:4.4.

R
| R = t-butyl
CHy—C—OPNB kg — 2 = 4
® © Rometnyl - 4

CHs

This effect has been called B-strain (back strain), and in this example only a modest
rate enhancement is observed. As the size of the groups is increased, the effect on rate
becomes larger. When all three of the groups in the above example are ¢-butyl, the
solvolysis occurs 13,500 times faster than in #-butyl p-nitrobenzoate.*®

4.2.5. Effects of Conjugation on Reactivity

In addition to steric effects, there are other important substituent effects that
influence both the rate and mechanism of nucleophilic substitution reactions. As we
discussed on p. 302, the benzylic and allylic cations are stabilized by electron delocal-
ization. It is therefore easy to understand why substitution reactions of the ionization
type proceed more rapidly in these systems than in alkyl systems. Direct displacement
reactions also take place particularly rapidly in benzylic and allylic systems; for
example, allyl chloride is 33 times more reactive than ethyl chloride toward iodide
ion in acetone.*’ These enhanced rates reflect stabilization of the S,2 TS through
overlap of the p-type orbital that develops at carbon.*® The 7 systems of the allylic
and benzylic groups provide extended conjugation. This conjugation can stabilize the
TS, whether the substitution site has carbocation character and is electron poor or is
electron rich as a result of a concerted S,2 mechanism.

535

interaction of sp? interaction of empty sp? interaction of empty sp?
hybridized substitution orbital with T HOMO orbital of benzyl cation with
center with T LUMO HOMO aromatic & system

4. B. Stephenson, G. Solladie, and H. S. Mosher, J. Am. Chem. Soc., 94, 4184 (1972).
4. H. C. Brown, Science, 103, 385 (1946); E. N. Peters and H. C. Brown, J. Am. Chem. Soc., 97, 2892
(1975).
46. p, D. Bartlett and T. T. Tidwell, J. Am. Chem. Soc., 90, 4421 (1968).
47. J. B. Conant and R. E. Hussey, J. Am. Chem. Soc., 47, 476 (1925).
-+ A. Streitwieser, Jr., Solvolytic Displacement Reactions, McGraw-Hill, New York, 1962, p. 13; F.Carrion
and M. J. S. Dewar, J. Am. Chem. Soc., 106, 3531 (1984).
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Table 4.10. Substituent Effects of «-EWG Substituents?®

Z—CH,—Cl + I —= Z—CH,—I
z Relative rate 4 Relative rate
CH5CH,CH, 1 PhC=0 3.2x10%
PhSO, 0.25 N=C 3x103
CH,C=0 3.5x10* C,H;,0C=0 1.7x10°

a. F. G. Bordwell and W. T. Branner, Jr., J. Am. Chem. Soc., 86, 4645 (1964).

Adjacent carbonyl groups also affect reactivity. Substitution by the ionization
mechanism proceeds slowly on a-halo derivatives of ketones, aldehydes, acids, esters,
nitriles, and related compounds. As discussed on p. 304, such substituents destabilize
a carbocation intermediate, but substitution by the direct displacement mechanism
proceeds especially readily in these systems. Table 4.10 indicates some representative
relative rate accelerations.

Steric effects may be responsible for part of the observed acceleration, since an
sp? carbon, such as in a carbonyl group, offers less steric resistance to the incoming
nucleophile than an alkyl group. The major effect is believed to be electronic. The
adjacent m LUMO of the carbonyl group can interact with the electron density that
builds up at the pentacoordinate carbon in the TS. This can be described in resonance
terminology as a contribution from an enolate-like structure to the TS. In MO termi-
nology, the low-lying LUMO has a stabilizing interaction with the developing p orbital
of the TS (see p. 394 for MO representations of the S, 2 transition state).*

~

Nu Nu T~ LUMO

o

— |J|0M0Jrl—\\JrF

-

X -4
resonance representation of MO representation of stabilization
electronic interaction with carbonyl of substitution transition state through
group and substitution center interaction with C=0 =* orbital

to delocalize negative charge

It should be noted that not all electron-attracting groups enhance reactivity. The
sulfonyl and trifluoro groups, which cannot participate in this type of m conjugation,
retard the rate of S, 2 substitution at an adjacent carbon.>

The extent of the rate enhancement of adjacent substituents is dependent on the
nature of the TS. The most important factor is the nature of the mw-type orbital that
develops at the trigonal bipyramidal carbon in the TS. If the carbon is cationic in
character, electron donation from adjacent substituents becomes stabilizing. If bond
formation at the TS is advanced, resulting in charge buildup at carbon, electron

4. R. D. Bach, B. A. Coddens, and G. J. Wolber, J. Org. Chem., 51, 1030 (1986); F. Carrion and
M. J. S. Dewar, J. Am. Chem. Soc., 106, 3531 (1984); S. S. Shaik, J. Am. Chem. Soc., 105, 4359 (1983);
D. McLennon and A. Pross, J. Chem. Soc., Perkin Trans., 2, 981 (1984); T. I. Yousaf and E. S. Lewis,
J. Am. Chem. Soc., 109, 6137 (1987).

30- F. G. Bordwell and W. T. Brannen, J. Am. Chem. Soc., 86, 4645 (1964).



withdrawal is more stabilizing. Thus substituents such as carbonyl have their greatest
effect on reactions with strong nucleophiles. Adjacent alkoxy substituents act as
donors and can stabilize Sy2 TSs that are cationic in character. Vinyl and phenyl
groups can stabilize either type of TS, and allyl and benzyl systems show enhanced
reactivity toward both strong and weak nucleophiles.>!

Nu

4.3. Neighboring-Group Participation

When a molecule that can react by nucleophilic substitution also contains a
substituent group that can act as a nucleophile, it is often observed that the rate and
stereochemistry of the nucleophilic substitution are strongly affected. The involvement
of nearby nucleophilic substituents in a substitution process is called neighboring-
group participation.® A classic example of neighboring-group participation involves
the solvolysis of compounds in which an acetoxy substituent is present next to the
carbon that is undergoing nucleophilic substitution. For example, the rates of solvolysis
of the cis and trans isomers of 2-acetoxycyclohexyl p-toluenesulfonate differ by a
factor of about 670, the trans compound being more reactive.>

wOTs (IOTS
Q OCCH3

OCCHjg G
| !
k=19x10%s1(100°C) k= 29x107s7 (100°C)

Besides the pronounced difference in rate, the isomeric compounds reveal a striking
difference in stereochemistry. The diacetate obtained from the cis isomer is the trans
compound (inversion), whereas retention of configuration is observed for the trans
isomer.

? I
I
\ OTs . wOCCHg
‘\\\\OTS Cchog_ O;\OCCH:; C( CH3002 Q
OCCH, CHeCOH OcCH,
3 o)

OCCHg CH3CO,H OﬁCH3
I

These results can be explained by the participation of the frans acetoxy group in
the ionization process. The assistance provided by the acetoxy carbonyl group facil-
itates the ionization of the tosylate group, accounting for the rate enhancement. This
kind of back-side participation by the adjacent acetoxy group is both sterically and

31 D. N. Kost and K. Aviram, J. Am. Chem. Soc., 108, 2006 (1986).

32 B. Capon, Q. Rev. Chem. Soc., 18, 45 (1964); B. Capon and S. P. McManus, Neighboring Group
Participation, Plenum Press, New York, 1976.

33. S, Winstein, E. Grunwald, R. E. Buckles, and C. Hanson, J. Am. Chem. Soc., 70, 816 (1948).
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energetically favorable. The cation that is formed by participation is stabilized by
both acetoxy oxygen atoms and is far more stable than a secondary carbocation. The
resulting acetoxonium ion intermediate is subsequently opened by nucleophilic attack
with inversion at either of the two equivalent carbons, leading to the observed trans
product.>

2OTs fe) 6 fe)
& o — (o — (s
l of o 0

OCCHj

When enantiomerically pure trans-2-acetoxycyclohexyl tosylate is solvolyzed, the
product is racemic trans-diacetate. This result is consistent with the proposed
mechanism, because the acetoxonium intermediate is achiral and can only give rise to
racemic material.>> Additional evidence for this interpretation comes from the isolation
of a cyclic orthoester when the solvolysis is carried out in ethanol, where the acetox-
onium ion is captured by the solvent.

«OTs 0 CoHsOH 0
s 2H5
I8 — (CLom 22 (T e
OCCH,3 O O OCyHs

The hydroxy group can act as an intramolecular nucleophile. Solvolysis of 4-
chlorobutanol in water gives tetrahydrofuran as the product.’’ The reaction is much
faster than solvolysis of 3-chloropropanol under similar conditions. Participation in
the latter case is less favorable because it involves formation of a strained four-

membered ring.
H>O
Cl(CH5)4OH [O> +  HCl

Ref. 56

The alkoxide ions formed by deprotonation in basic solution are even more effective
nucleophiles. In ethanol containing sodium ethoxide, 2-chloroethanol reacts about
5000 times faster than ethyl chloride. The product is ethylene oxide, confirming the
involvement of the oxygen atom as a nucleophile.

HOCH,CH;Cl  —=  ~OCH,CH,CI HoG—CH, + CF

As would be expected, the effectiveness of neighboring-group participation
depends on the ease with which the molecular geometry required for participation can
be attained. The rate of cyclization of w-hydroxyalkyl halides, for example, shows a
strong dependence on the length of the chain separating the two groups. Some data
are given in Table 4.11. The maximum rate occurs for the 4-hydroxybutyl system
involving formation of a five-membered ring.

3. 'S. Winstein, C. Hanson, and E. Grunwald, J. Am. Chem. Soc., 70, 812 (1948).

35-'S. Winstein, H. V. Hess, and R. E. Buckles, J. Am. Chem. Soc., 64, 2796 (1942).

.S, Winstein and R. E. Buckles, J. Am. Chem. Soc., 65, 613 (1943).

57- H. W. Heine, A. D. Miller, W. H. Barton, and R. W. Greiner, J. Am. Chem. Soc., 75, 4778 (1953).



Table 4.11. Solvolysis Rates of -Chloro

Alcohols®
w-Chloro alcohol Approximate relative rate
CI(CH,),0H 2000
CI(CH,);0H 1
CI(CH,),OH 5700
CI(CH,)s;OH 20

a. B. Capon, Q. Rev. Chem. Soc., 18, 45 (1964);
W. H. Richardson, C. M. Golino, R. H. Wachs, and
M. B. Yelvington, J. Org. Chem., 36, 943 (1971).

Like the un-ionized hydroxyl group, an alkoxy group is a weak nucleophile, but
it can function as a neighboring nucleophile. For example, solvolysis of the isomeric
p-bromobenzenesulfonate esters 1 and 2 leads to identical product mixtures, indicating
the involvement of a common intermediate. This can occur by formation of a cyclic
oxonium ion by intramolecular participation.®®

CHaOCH,CH,CHCHCH, AISOLCHCH,CHGHCH;
038Ar 2 OCH3

NS
LN

?* CHs
ROH, CHs \ROH
ROCH,CH,CH,CHCH; CHaOCH,CHCH,GHCH
OCHs OR

The occurrence of nucleophilic participation is also indicated by a rate enhancement.
The maximum rate enhancement is observed when participation of a methoxy group
occurs via a five-membered ring (see Table 4.12).

Table 4.13 provides data on two series of intramolecular nucleophilic substitution.
One data set pertains to cyclization of w-bromoalkylmalonate anions and the other

Table 4.12. Relative Solvolysis Rates of Some
w-Methoxyalkyl p-Bromobenzenesulfonates
in Acetic Acid®

CH, (CH,),0S0,Ar 1.00
CH,0(CH,),080,Ar 0.28
CH,0(CH,);080,Ar 0.67
CH,0(CH,),080,Ar 657
CH,0(CH,);0S0,Ar 123
CH,0(CH,),0S0,Ar 1.16

a. S. Winstein, E. Allred, R. Heck, and R. Glick, Tetrahedron,
3, 1 (1958).

8- E. L. Allred and S. Winstein, J. Am. Chem. Soc., 89, 3991 (1967).
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Table 4.13. Relative Rates of Cyclization as a Function of Ring Size

Ring size  Lactonization of w-  AH¥* AS* Cyclization of -
bromo carboxylates® (kcal/mol) (eu) bromoalkylmalonates®
3 8.2x 107 22.0 -2.5
4 0.92 17.7 -5.0 0.58
5 108 15.9 —55 833
6 1.00 17.2 —4.1 1.00
7 3.7x1073 17.4 —13.5 8.7x 1073
8 3.8x 1073 21.7 -9.2 1.5x 107
9 43%x107° 20.3 —14.0 1.7x 1073
10 1.3x 107 17.3 —20.7 1.4x107°
11 33x107* 16.4 -22.3 29x107%
12 4.1x 107 17.6 —18.0 4.0x 107
13 1.2x1073 15.3 —23.0 7.4x107*
17 29x1073
18 2.0x 1073 15.2 —21.8
21 43 %1073
23 23x1073 14.5 —22.3

a. C. Galli, G. llluminati, L. Mandolini, and P. Tamborra, J. Am. Chem. Soc.99, 2591 (1977); L. Mandolini,
J. Am. Chem. Soc., 100, 550 (1978).
b. M. A. Casadei, C. Galli, and L. Mandolini, J. Am. Chem. Soc., 106, 1051 (1984).

to lactonization of w-bromocarboxylates. Both reactions occur by direct displacement
mechanisms. The dissection of the E, of ring-closure reactions into enthalpy and
entropy components shows some consistent features. The AH* for formation of three-
and four-membered rings is normally higher than for five- and six-membered rings,
whereas AS* is least negative for three-membered rings. The AS* is comparable for
four-, five-, and six-membered rings and then becomes more negative as the ring size
increases above seven. The AH* term reflects the strain that develops in the closure
of three-membered rings, whereas the more negative entropy associated with larger
rings indicates the decreased probability of encounter of the reaction centers as they
get farther apart. Because of the combination of these two factors, the maximum rate
is usually observed for the five- and six-membered rings.

In general, any system that has a nucleophilic substituent situated properly for
back-side displacement of a leaving group at another carbon atom of the molecule
can be expected to display neighboring-group participation. The extent of the rate
enhancement depends on how effectively the group acts as an internal nucleophile.
The existence of participation may be immediately obvious from the structure of the
product if a derivative of the cyclic intermediate is stable. In other cases, demonstration
of kinetic acceleration or stereochemical consequences may provide the basis for
identifying nucleophilic participation.

The w electrons of carbon-carbon double bonds can also become involved in
nucleophilic substitution reactions. This participation can facilitate the ionization step if
it leads to a carbocation having special stability. Solvolysis reactions of the syn and anti
isomers of 7-norbornenyl tosylates provide some dramatic examples of the influence of
participation by double bonds on reaction rates and stereochemistry. The anti-tosylate
is more reactive by a factor of about 10'! than the saturated analog toward acetolysis.
The reaction product, anti-7-acetoxynorbornene, is the product of retention of configu-
ration. These results can be explained by participation of the  electrons of the double
bond to give the ion 3, which is stabilized by delocalization of the positive charge.”

.S, Winstein, M. Shavatsky, C. Norton, and R. B. Woodward, J. Am. Chem. Soc., 77, 4183 (1955);
S. Winstein and M. Shavatsky, J. Am. Chem. Soc., 78, 592 (1956); S. Winstein, A. H. Lewin, and
K. C. Pande, J. Am. Chem. Soc., 85, 2324 (1963).



OTs 5:0-'-3 0O2CCHjs
6+,o :l:,,
/:E . 7\ 7\ CHsCOZH //&
3

In contrast, the syn isomer, where the double bond is not in a position to participate in
the ionization step, reacts 107 times slower than the anti isomer. The reaction product
in this case is derived from a rearranged carbocation ion that is stabilized by virtue of
being allylic.®®

/w L Z@ _ C@ZH@

CH3CO»

Participation of carbon-carbon double bonds in solvolysis reactions is revealed in
some cases by isolation of products with new carbon-carbon o bonds. A particularly
significant case is the formation of the bicyclo[2.2.1]heptane ring during solvolysis of
2-cyclopent-3-enylethyl tosylate."!

TSO‘)

@CHzCHZOTs . @ i & CH3COs™ L&
: 2\ — 0,CCH,

In this case, the participation leads to the formation of the norbornyl cation, which is
captured as the acetate. More is said about this important cation in Section 4.4.5.

A system in which the participation of aromatic m electron has been thoroughly
probed is the “phenonium” ions, the species resulting from participation by a B-phenyl

group.

Il
AN

phenonium ion

Such participation leads to a bridged carbocation with the positive charge delocalized
into the aromatic ring. Evidence for this type of participation was first obtained by a
study of the stereochemistry of solvolysis of 3-phenyl-2-butyl tosylates. The erythro
isomer gave largely retention of configuration, a result that can be explained via a

.S, Winstein and E. T. Stafford, J. Am. Chem. Soc., 79, 505 (1957).
1 R. G. Lawton, J. Am. Chem. Soc., 83, 2399 (1961).
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bridged ion intermediate. The threo isomer, where participation leads to an achiral
intermediate, gave racemic threo product.5?

CH
» = H'3 o CH3 =
14 /) - T \''CH
CHH3 V'CHg CHs 0O,CCHs CHsCO, 'y~ °
chiral enantio-pure
erythro prduct

CHaCO,H

3 H' . _

CH3 CHH3

achiral

racemic threo
product

The relative importance of aryl participation is a function of the substituents on
the ring. The extent of participation can be quantitatively measured by comparing the
rate of direct displacement, k,, with the rate of aryl-assisted solvolysis, designated
k4.5 The relative contributions to individual solvolyses can be distinguished by taking
advantage of the higher sensitivity to aryl substituent effects of the assisted mechanism.
In systems with EWG substituents, the aryl ring does not participate effectively and
only the process described by k, contributes to the rate. Such compounds give a
Hammett correlation with p values (—0.7 to —0.8) characteristic of a weak substituent
effect. Compounds with ERG substituents deviate from the correlation line because of
the aryl participation. The extent of reaction proceeding through the k; process can be
estimated from the correlation line for electron-withdrawing substituents.

ArCH,CH,OS + TsOH

SOH
ks
ArCHgCHQOTs X
w\
@ —SOH.  ArCH,CH,0S + TsOH

CHa-CH,

Table 4.14 gives data indicating the extent of aryl rearrangement for several
substituents in different solvents. This method of analysis shows that the relative extent
of participation of the 3-phenyl groups is highly dependent on the solvent.** In solvents
of good nucleophilicity (e.g., ethanol), the normal solvent displacement mechanism

2. D. J. Cram, J. Am. Chem. Soc., 71, 3863 (1949); 74, 2129 (1952).
6. A. Diaz, 1. Lazdins, and S. Winstein, J. Am. Chem. Soc., 90, 6546 (1968).
64 F. L. Schadt, III, C. J. Lancelot, and P. v. R. Schleyer, J. Am. Chem. Soc., 100, 228 (1978).



Table 4.14. Extent of Aryl Rearrangement in 2-Phenylethyl 425
Tosylate Solvolysis
SECTION 4.4
Solvent -

Structure and Reactions

Substituent 80% Ethanol® Acetic acid® Formic acid® OJ;’S;Z:ZZ;‘;ZZ)Z
NO, 0 - -
CF, 0 - -
Cl 7 - -
H 21 38 78
CH, 63 71 94
CH;0 93 94 99

a. D. J. Raber, J. M. Harris, and P. v. R. Schleyer, J. Am. Chem. Soc., 93, 4829 (1971).
b. C. C. Lancelot and P. v. R. Schleyer, J. Am. Chem. Soc., 91, 4296 (1969).

makes a larger contribution. As solvent nucleophilicity decreases, the relative extent
of aryl participation increases.

Ar‘CH,CH.OTs

X

CH>-CHy

AI’*CHZCHZOS + ArCHZ*CHZOS

The bridged form of the B-phenylethyl cation can be observed in superacid media
(see Section 4.4) and characterized by carbon and proton NMR spectra.%® The bridged
ion subsequently rearranges to the more stable a-methylbenzyl cation with E, of about
13 kcal/mol. High-level MO and DFT calculations have been performed on the bridged
ion. The bond length to C(1) from C(7) and C(8) is 1.625 A, whereas the C(7)—C(8)
bond length is 1.426 A. The phenonium ion has a good deal of delocalization of the
electron deficiency and the resulting positive charge into the cyclopropane ring.®® This

occurs by overlap of the cyclopropyl orbitals with the  system.

4.4. Structure and Reactions of Carbocation Intermediates

4.4.1. Structure and Stability of Carbocations

The critical step in the ionization mechanism for nucleophilic substitution is the
generation of the carbocation intermediate. For this mechanism to operate, it is essential

% G. A. Olah, R. J. Spear, and D. A. Forsyth, J. Am. Chem. Soc., 98, 6284 (1976).

6. S Sieber and P. v. R. Schleyer, J. Am. Chem. Soc., 115, 6987 (1993); E. Del Rio, M. K. Menendez,
R. Lopez, and T. L. Sordo, J. Phys. Chem. A,104, 5568 (2000); E. del Rio, M. I. Menendez, R. Lopez,

and T. L. Sordo, J. Am. Chem. Soc., 123, 5064 (2001).
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that the carbocation not be prohibitively high in energy. Carbocations are inherently
high-energy species. The ionization of #-butyl chloride is endothermic by 153 kcal/mol
in the gas phase.®’

(CHg)sC—Cl —— (CHg)sC* + CI

An activation energy of this magnitude would lead to an unobservably slow reaction at
normal temperature. Carbocation formation in solution is feasible because of solvation
of the ions that are produced. It is also important to understand the effect structure and
substituents have on carbocation stability. We introduced this subject in Section 3.4.1,
where we emphasized inherent structural effects in the gas phase, but owing to the
important role of solvation in ionization reactions, we have to consider carbocation
stability in solution as well. A method that is applicable to highly stabilized cations
is to determine the extent of carbocation formation from the parent alcohol in acidic
solution. The triarylmethyl cations are stabilized by the conjugation that delocalizes the
positive charge. In acidic solution, equilibrium is established between triarylcarbinols
and the corresponding carbocation:

ROH + H* R* + Hz0

The relative stability of the carbocation can be expressed in terms of its pKg+, which
is defined as

[R7]
[ROH]

PKy+ =log + Hy

where Hy is an acidity function defined for the medium.%® In dilute aqueous solution,
Hy is equivalent to pH, and pKg: is equal to the pH at which the carbocation and
alcohol are present in equal concentrations. The values shown in Table 4.15 were
determined by measuring the extent of carbocation formation at several acidities and
applying the definition of pKy- .

The pKy- values allow for a comparison of the stability of relatively stable carbo-
cations. The data in Table 4.15 show that ERG substituents on the aryl rings stabilize
the carbocation (less negative pKg.), whereas EWGs such as nitro are destabilizing.
This is as expected from the electron-deficient nature of carbocations. The diarylmethyl
cations listed in Table 4.14 are 6-7 pKy+ units less stable than the corresponding
triarylmethyl cations. This indicates that the additional aryl groups have a cumulative,
although not necessarily additive, effect on the stability of the carbocation. Primary
benzylic cations are generally not sufficiently stable for direct determination of pKy-
values. A value of < 20 has been assigned to the benzyl cation based on rate measure-
ments for the forward and reverse reactions.®® A particularly stable benzylic ion, the
2,4,6-trimethylphenylmethyl cation has a pKy. of —17.4. r-Alkyl cations have pKy-
values around —15.

Several very stable carbocations are included in the “Other Carbocations” part
of Table 4.15. The tricyclopropylmethyl cation, for example, is more stable than the

¢7- D. W. Berman, V. Anicich, and J. L. Beauchamp, J. Am. Chem. Soc., 101, 1239 (1979).
% N. C. Deno, J. J. Jaruzelski, and A. Schriesheim, J. Am. Chem. Soc., 77, 3044 (1955).
- T. L. Amyes, J. P. Richard, and M. Novak, J. Am. Chem. Soc., 114, 8032 (1992).



Table 4.15. Values of pKy:+ for Some Carbocations®

Carbocation PKr+ Carbocation PKR+

427
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A. Triarylmethyl

Triphenyl —6.63 4,4’ 4"-Tri(dimethylamino)phenyl +9.36
4, 4', 4" -Trimethyltriphenyl —3.56 4,4, 4" -Trichlorotriphenyl —7.74
4-Methoxytriphenyl —3.40 4-Nitrotripheny] -9.15
4, 4 -Dimethoxytriphenyl —1.24 4,4, 4" -Trinitrotriphenyl —-16.27
4,4/, 4”-Trimethoxytriphenyl +0.82

B. Diarylmethyl

Diphenyl —13.3 2,2',4,4,6, 6 -Hexamethyldiphenyl —6.6
4, 4'-Dimethyldiphenyl —-10.4 4, 4'-Dichlorodiphenyl —13.96
4, 4'-Dimethoxydiphenyl =571

C. Other Carbocations

Benzyl® <-20 Triphenylcyclopropenyl® +3.1
t-Butyl® —15.5 2,4,6-trimethylbenzyl —-17.4
2-Phenyl-2-propyl® -12.3 Trimethylcyclopropenyl® +7.8
Tropylium (Cycloheptatrienyl) +4.7 Tricyclopropylcyclopropenyl® +9.7
Tricyclopropylmethyl¢ -2.3

a. Unless otherwise indicated, the pKy+ values are taken from N. C. Deno, J. J. Jaruzelski, and A. Schriesheim,
J. Am.Chem.Soc., 77, 3044 (1955); see also H. H. Freedman in Carbonium Ions, vol. IV, G. A. Olah and P. v. R. Schleyer,
eds., Wiley-Interscience, New York, 1973, Chap. 28.

b. T. L. Amyes, J. P. Richard, and M. Novak, J. Am. Chem. Soc., 114, 8032 (1992).

c. R. H. Boyd, R. W. Taft, A. P. Wolf, and D. R. Christman, J. Am. Chem. Soc., 82, 4729 (1960); E. M. Arnett and
T. C. Hofelich, J. Am. Chem. Soc., 105, 2889 (1983); D. D. M. Wayner, D. J. McPhee, and D. J. Griller, J. Am. Chem.
Soc., 110, 132 (1988).

d. N. C. Deno, H. G. Richey, Jr., J. S. Liu, D. N. Lincoln, and J. O. Turner, J. Am. Chem. Soc., 87, 4533 (1965).

e. R. Breslow, H. Hover, and H. W. Chang, J. Am. Chem. Soc., 84, 3168 (1962); R. Breslow, J. Lockhart, and H.-W. Chang,
J. Am. Chem. Soc., 83, 2367 (1961).

f. J. Ciabattoni and E. C. Nathan, III, Tetrahedron Lett., 4997 (1969).

g. K. Komatsu, I. Tomioka, and K. Okamoto, Tetrahedron Lett., 947 (1980); R. A. Moss and R. C. Munjal, Tetrahedron
Lett., 1221 (1980).

triphenylmethyl cation.”® The stabilization of carbocations by cyclopropyl substituents
results from the interaction of the cyclopropyl bonding orbitals with the vacant carbon
p-orbital. The electrons in these orbitals are at relatively higher energy than normal
o-electrons and are therefore particularly effective in interacting with the vacant
p-orbital of the carbocation. This interaction imposes a stereoelectronic preference
for the bisected conformation of the cyclopropylmethyl cation in comparison to the
perpendicular conformation. Only the bisected conformation aligns the cyclopropyl
C—C orbitals for effective overlap.

b H Q..cH “1{).H H H
3 ,“\\\CHS _ \“\\ 3 @ [t % N
CH H
O~cHs V\ O~cCHs b FO ) 0
bisected
conformation

nwT

i

perpendicular bisected perpendicular
conformation conformation conformation

As discussed in Section 3.4.1, carbocation stability can also be expressed in terms
of hydride affinity. Hydride affinity values based on solution measurements can be

70- For reviews of cyclopropylmethyl cation see H. G. Richey, Jr., in Carbonium Ions, Vol. 111, G. A. Olah
and P. v. R. Schleyer, eds., Wiley-Interscience, New York, 1972, Chap. 25; G. A. Olah, V. Reddy, and
G. K. S. Prakash, Chem. Rev., 92, 69 (1992); G. A. Olah, V. Reddy, and G. K. S. Prakash, Chemistry
of the Cyclopropyl Group, Part 2, Z. Rappoport, ed., Wiley, Chichester, 1995, pp. 813-859.

Structure and Reactions
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derived from thermodynamic cycles that relate pK, and electrochemical potentials.
The hydride affinity, —AG, for the reaction

R*+H — R-H

is a measure of carbocation stability. This quantity can be related to an electrochemical
potential by summation with the energy for hydrogen atom removal, i.e., the homolytic
bond dissociation energy.

R—H—R*+H" AGy
R +H —>R-H AGyom
R-+H —R*+H"  —FAE°[(H:/H")—(R*/R")]

SO

AGy- = AGyyy, — —FAE[(H'/H)-R*/R")]

where (H-/H™) and (RT/R") are one-electron oxidation potentials for H= and R-.”!
The former potential is about —0.55V in DMSO. Measurement of (R*/R") can be
accomplished by cyclic voltammetry for relatively stable carbocations and by other
methods for less stable cations. The values obtained range from 83 kcal/mol for the
aromatic tropylium ion to 130kcal/mol for a benzylic cation destabilized by a EWG
substituents. Some of these data are included in Table 4.16. Note that these values
are considerably smaller than the corresponding gas phase values, which range from
200 kcal/mol for tropylium ion to 239 kcal/mol for the benzyl cation, although the
difference in stability is quite similar. This is the result of solvent stabilization.

It is possible to obtain thermodynamic data for the ionization of alkyl chlorides
by reaction with SbFs, a strong Lewis acid, in the nonnucleophilic solvent SO,CIF.”?
The solvation energies of the carbocations in this medium are small and do not differ
much from one another, which makes comparison of nonisomeric systems reasonable.
As long as subsequent reactions of the carbocation can be avoided, the thermodynamic
characteristics of the ionization reactions provide a measure of the relative ease of
carbocation formation in solution. There is good correlation between these data and the

Table 4.16. Solution Hydride Affinity of Some Carbocations®

Carbocation AH (kcal/mol) AH,, (kcal/mol)
Tropylium ion 83 200°
Ph,C* 96 215
Ph,C*H 105 222
PhCHJ 118 238
p-CH;0C¢H,CHS 106 227
p-NCC4H,CH; 122 247

a. J.-P. Cheng, K. L. Handoo, and V. D. Parker, J. Am. Chem. Soc., 115, 2655 (1993).
b. See Table 3.10.

71- J.-P. Cheng, K. L. Handoo, and V. D. Parker, J. Am. Chem. Soc., 115, 2655 (1993).
72- E. M.. Arnett and N. J. Pienta, J. Am. Chem. Soc., 102, 3329 (1980); E. M. Arnett and T. C. Hofelich,
J. Am. Chem. Soc., 105, 2889 (1983).



gas phase data, in terms of both the stability order and the energy differences between
the carbocations. A plot of the ionization enthalpy and gas phase hydride affinity gives
a line of slope 1.63 with a correlation coefficient of 0.973. This result is in agreement
with the expectation that the gas phase stability would be more sensitive to structure
than the solution phase stability. The energy gap between tertiary and secondary
ions is about 17kcal/mol in the gas phase and about 9.5 kcal/mole in the SO,CIF
solution. An independent measurement of the energy difference between secondary
and tertiary cations in solution is available from calorimetric measurement of the AH
of isomerization of the sec-butyl cation to the terz-butyl cation. This value has been
found to be 14.5kcal/mol in SO,CIF solution.”? An MP2/6-31G* computation finds
a difference of 14.8 kcal.”* Some representative data are given in Table 4.17. These
data give some basis for comparison of the stability of secondary and tertiary alkyl
carbocations with aryl-substituted ions. Note also that the solution data also show that
cyclopropyl groups are very stabilizing toward carbocations.

The increase in carbocation stability with additional alkyl substitution is one of
the most important and general trends in organic chemistry. This stability relationship
is fundamental to understanding many aspects of reactivity, especially nucleophilic
substitution. Hyperconjugation is the principal mechanism by which alkyl substituents
stabilize carbocations. There is considerable evidence of the importance of hypercon-
jugation on the structure of carbocations, including NMR data, crystallographic data,
and computational studies. The fert-butyl cation has been studied by each method.
The NMR results indicate shortening of the C—C bonds, as would be predicted by
hyperconjugation.” The crystal structure gives a value of 1.44 A.7¢ A computational
study at the MP2/6-31G™ level shows a slight elongation of the C—H bonds aligned
with the p orbital, and the C—C—H bond angles are slightly reduced (Figure 4.8).”’

Levy has performed NPA, Mulliken, AIM, and CHELPG charge analyses on the
iso-propyl, sec-butyl, and tert-butyl cations using MP2/6-31G*-level computations.”*
As mentioned briefly in Section 3.4.1, the trivalent carbon atom in fert-butyl cation

Table 4.17. AH for Ionization of Chlorides and Alcohols in

SO,CIF
AH (kcal/mol)
Reactant X=Cl X=0OH

(CH5;),CH—X -15

Ph,C(CH;) —X —16

(CH;);C—-X -25 -35
PhC(CH;), — X -30 —40
Ph,C(CH,) — X —375
Ph,C—X —49
(>-)sc-x -59

a. Data from E. M. Arnett and T. C. Hofelich, J. Am. Chem. Soc., 105, 2889 (1983).

73 E. W. Bittner, E. M. Arnett, and M. Saunders, J. Am. Chem. Soc., 98, 3734 (1976).

74 J. B. Levy, Struct. Chem., 10, 121 (1999).

75 C. S. Yannoni, R. D. Kendrick, P. C. Myhre, D. C. Bebout, and B. L. Petersen, J. Am. Chem. Soc., 111,
6440 (1989).

76- S. Hollenstein and T. Laube, J. Am. Chem. Soc., 115, 7240 (1993).

77-°S. Sieber, P. Buzek, P. v. R. Schleyer, W. Koch, and J. W. d. M. Carneiro, J. Am. Chem. Soc., 115,
259 (1993).
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Fig. 4.8. MP2/6-31G** optimized structure of z-butyl cation with three
hydrogens aligned with the p orbital. Reproduced from J. Am. Chem. Soc.
115, 259 (1993), by permission of the American Chemical Society.

is found to be more positive than the carbon in the secondary ions. The adjacent
carbons bear negative charges, as a result of electron donation from hydrogen. The
charges on hydrogen range from +40.26 to 4-0.38, averaging 40.32 in the fert-butyl
cation, according to the NPA analysis. This is consistent with the representation of
the stabilizing effect in terms of hyperconjugation. This analysis also suggests that a
significant part of the stabilization of the fert-butyl cation comes from the favorable
electrostatic consequence of alternating positive and negative charges.

CHa 1035 CH o Ho
: , 079 Ho
S\C"/ 3 CHa20%2,CHy o
c* 3\ /7N 0.69
Ill | 0.30] T O
+0..
CHs !

The 2-methyl-2-butyl cation provides the opportunity to compare C—C and C—H
hyperconjugation. At the MP4/6-31G** level of calculation, little energy difference
is found between structures A and B, which differ in alignment of CH; or H with
the empty p orbital.”® Structure A, however, gives a much closer approximation to
the observed '*C chemical shift and thus seems to be preferred. The calculations
also indicate a lengthening of the C(3)—C(4) bond (to 1.58 A) and a contraction of
the C(2)—C(3)—C(4) bond angle to 101.5°, both of which are consistent with C—C
hyperconjugation.

O on 0w
CHaY, CHo CHa s
cszg—(H'H CHZ/E_%HS

A B

A particularly interesting example of the effect of hyperconjugation is found in the
1-methylcyclohexyl carbocation. The NMR spectrum of this cation reveals the presence

8- P, v. R. Schleyer, J. W. de Carneiro, W. Koch, and D. A. Forsyth, J. Am. Chem. Soc., 113, 3990 (1991).



Fig. 4.9. Distribution of LUMO orbitals of isomeric 1-methylcyclohexyl cations
showing dominant C—C (C) and C—H (D) hyperconjugation. Reproduced from
J. Am. Chem. Soc., 118, 3761 (1996), by permission of the American Chemical
Society.

of two isomeric cations that are separated by a small barrier. Investigation of the NMR
chemical shifts using the MP2-GIAO method points to an axial and equatorial isomer
of nearly equal energy. B3LYP/6-31G* calculations indicate an energy difference of
about 0.6kcal and suggest that the (nearly planar) TS is about 0.9kcal above the
minimum energy structure.” The cationic carbon is slightly pyramidalized toward the
C—C or C—H bonds involved in hyperconjugation. The reason for the pyramidalization
is better alignment with the C—C and C—H bonds that provide hyperconjugative
stabilization. The hyperconjugation is also indicated by the differing shapes of the
LUMO orbitals for the isomeric ions shown in Figure 4.9.

7~ Q CHs
c H D H
0= 76° 6 =1.4°

0= Deviation of —CHg from the plane of
C(1)—C(2)—C(6) of the cyclohexane ring

The 1-adamantyl carbocation provides another example of C—C hyperconju-
gation. The Ca-CB bond is shortened by 0.06 A in the crystal structure.®® The NMR
spectrum also shows characteristics of delocalization of the positive charge. A compu-
tational study also indicates delocalization of the positive charge.?!

It is important to note the relationship of C—H and C—C hyperconjugation
to the reactivity as well as the structure of carbocations. Hyperconjugation repre-
sents electron sharing with an empty orbital and can lead to structural changes or

79 A. Rauk, T. S. Sorensen, C. Maerker, J. W. d. M. Carneiro, S. Sieber, and P. v. R. Schleyer, J. Am.
Chem. Soc., 118, 3761 (1996); A. Rauk, T. S. Sorenson, and P. v. R. Schleyer, J. Chem. Soc., Perkin
Trans. 2, 869 (2001).

80- T, Laube, Angew. Chem. Intl. Ed. Engl., 25, 349 (1986); T. Laube and E. Schaller, Acta Crystallog. B,
B51, 177 (1995).

81 G. A. Olah, G. K. S. Prakash, J. G. Shih, V. V. Krishnamurthy, G. D. Mateescu, G. Liang, G. Sipos,
V. Buss, T. M. Gund, and P. v. R. Schleyer, J. Am. Chem. Soc., 107, 2764 (1985).

431

SECTION 4.4

Structure and Reactions
of Carbocation
Intermediates



432

CHAPTER 4

Nucleophilic Substitution

reactions. If the electron density is substantially shared between the two atoms, the
structure is bridged. If the electron sharing results in a shift of the donor group,
rearrangement occurs. As we saw in Section 3.4.1, the ethyl cation is bridged. Larger
primary cations rearrange to more stable carbocations; for example, the 1-propyl cation
rearranges to the 2-propyl cation and a neopentyl cation rearranges to a ¢-pentyl cation.
These rearrangements are the culmination of electron donation by formation of a
new bond.

H H CH CH
H 3 3
A H%;/ y H,}C@H HG H“._\C@CHQ,
H-C—C—H H JH— 2 H ("CHy — ™ 7
H H \CH3 H O CHjy \CH3 H O CHjy
bridged ethylium 1-propyl cation rearranges to neopentyl cation rearranges to
carbocation 2-propyl cation by hydride shift t-pentyl cation by methyl shift

Hyperconjugation also makes carbocations susceptible to proton removal, as occurs in
elimination reactions. The weakened C—H bond and increased positive charge make
hydrogen susceptible to removal as a proton. When we study elimination reactions
in Section 5.10, we will find that there is a preference for the removal of the proton
from the most highly substituted carbon, which is the one that is most engaged in
hyperconjugation.

:B
/H/\
H? " o
C:mCH s
H 3
CHs \H CHSHH

Proton removal leads to alkene formation

Within any given series of carbocations, substituents affect stability in predictable
ways. ERG substituents stabilize carbocations, whereas EWG substituents destabilize
them. Careful attention must be paid to both resonance and polar effects. The resonance
effect is very strong for substituents directly on the cationic carbon. Benzylic cations
are strongly stabilized by resonance interactions with the aromatic ring. Substituent
effects can be correlated by the Yukawa-Tsuno equation.®? For example, gas phase
chloride ion affinities correlate with the Yukawa-Tsuno equation with p = —14.0
and r* = 1.29, indicating a strong resonance interaction.?> A molecular orbital calcu-
lation estimating the stabilization was done using STO-3G-level basis functions.
The electron-donating p-amino and p-methoxy groups were found to stabilize a
benzyl cation by 26 and 14 kcal/mol, respectively. On the other hand, electron-
attracting groups such as p-cyano and p-nitro were destabilizing by 12 and 20 kcal/mol,
respectively.®

82. Y. Tsuno and M. Fujio, Chem. Soc. Rev., 25, 129 (1996).

83. M. Mishima, K. Arima, H. Inoue, S. Usui, M. Fujio, and Y. Tsuno, Bull. Chem. Soc. Jpn., 68, 3199
(1995).

84 'W. J. Hehre, M. Taagepera, R. W. Taft, and R. D. Topsom, J. Am. Chem. Soc., 103, 1344 (1981).
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stabilized stabilized
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\C+/ \C+/ \C+/ \C+/
C C |
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Adjacent atoms with one or more unshared pairs of electrons strongly stabilize
a carbocation. Table 3.11 (p. 304) indicates the stabilization of the methyl cation by
such substituents. Alkoxy and dialkylamino groups are important examples of this
effect.

CH30—C*H, CH3Q*=CH,

(CH3g)oN—C*Hy <—— (CH3)oN*=CH;

Although these structures have a positive charge on a more electronegative atom, they
benefit from an additional bond that satisfies the octet requirement of the tricoordinate
carbon. These “carbocations” are best represented by the doubly bonded resonance
structures. One indication of the strong participation of adjacent oxygen substituents is
the existence of a barrier to rotation about the C—O bonds in this type of carbocation.

Cle H C|>H3 H
| |
or H +0 H ot ¢ +0 C
s W AN SN\ NN
CHy (|3 (|3 5 \I \CH2 B C|3 CH,
A
Hp Hp H

The barrier in A is about 14 kcal/mole (AG*) as measured by NMR coalescence of
the nonidentical vinyl protons.®> The gas phase barrier is calculated by MO methods
to be 26 kcal/mol. The observed barrier for B is 19 kcal/mol.%¢-%7
Even halogen substituents stabilize carbocations as a result of resonance donation
from the halogen electron pairs. A fluorine or chlorine substituent is nearly as stabi-
lizing as a methyl group in the gas phase.®
CHsCH*—F =<—= CHCH=F*

CHaCH* —Cl  <— CH,CH=CI*

8. D. Cremer, J. Gauss, R. F. Childs, and C. Blackburn, J. Am. Chem. Soc., 107, 2435 (1985).

8. R. F. Childs and M. E. Hagar, Can. J. Chem., 58, 1788 (1980).

87- There is another mechanism for equilibration of the cation pairs A; = A, and B, = B,, namely inversion
at oxygen. However, the observed barrier represents at least the minimum for the C=0 rotational barrier

and therefore demonstrates that the C—O bond has double-bond character.
8. C. H. Reynolds, J. Am. Chem. Soc., 114, 8676 (1992).
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An NPA analysis has been performed on F;C* and CI,C*.* According to this analysis,
chlorine is a slightly better m donor than fluorine, and fluorine’s polar effect is, of
course, stronger. The net result is that the carbon in F;C* is much more positive than
the carbon in CI;C*. Note that even the Cl ¢ electrons are slightly shifted to the sp?
carbon. According to this analysis, the positive charge in Cl;C™ is carried entirely by
the chlorines, whereas in F;C* the positive charge resides entirely on carbon.

0.38
‘\0 -0.18 000 a0
F F (¢]] Cl
\N_/ /
+154C+ —047C+
| 1 0.2 | 1 0.3
F In Cl|=m

Electron-withdrawing groups that are substituted directly on the cationic site are
destabilizing. Table 4.18 gives an indication of the relative retardation of the rate of
ionization and the calculated destabilization for several substituents.

The trifluoromethyl group, which exerts a powerful polar effect, is strongly
destabilizing both on the basis of the kinetic data and the MO calculations. The cyano
and formyl groups are less so. In fact, the destabilization of these groups is considerably
less than would be predicted on the basis of their polar substituent constants. Both the
cyano and formyl groups can act as m donors, even though the effect is to place partial
positive charge and electron deficiency on nitrogen and oxygen atoms, respectively.

AN N N AN +
C*—C=N: —-—— C=C=N:* C*—C=0: =—— (C*=C—0O:
~ ~ Y RE Y -~
H H

These resonance structures are the nitrogen and oxygen analogs of the allyl cation.
The effect of this 7 delocalization is to attenuate the polar destabilization by these
substituents.”® These interactions are reflected in MO energies, bond lengths, and
charge distributions calculated for such cations®' (review Section 3.4.1).

Table 4.18. Destabilization of 2-Substituted i-Propyl
Cation by EWG Substituents

Z Solvolysis  rate Destabilization
relative to Z =H HF/4-31G
(kcal/mol)
CN ~ 1073 9.9/
CF; ~1073¢ 37.3
CH=0 - 6.1

a. P. G. Gassman and J. J. Talley, J. Am. Chem. Soc., 102, 1214 (1980).

b. M. N. Paddon-Row, C. Santiago, and K. N. Houk, J. Am. Chem. Soc.,
102, 6561 (1980).

c. K. M. Koshy and T. T. Tidwell, J. Am. Chem. Soc., 102, 1216 (1980).

8. G. Frenking, S. Fau, C. M. Marchand, and H. Gruetzmacher, J. Am. Chem. Soc., 119, 6648 (2000).

%0 T. T. Tidwell, Angew. Chem. Int. Ed. Engl., 23, 20 (1984); P. G. Gassman and T. T. Tidwell, Acc. Chem.
Res., 16, 279 (1983); J. L. Holmes and P. M. Mayer, J. Phys. Chem., 99, 1366 (1995); J. L. Holmes,
F. P. Lossing, and P. M. Mayer, Chem. Phys. Lett., 212, 134 (1993).

°l- D. A. Dixon, P. A. Charlier, and P. G. Gassman, J. Am. Chem. Soc., 102, 3957 (1980); M. N. Paddon-
Row, C. Santiago, and K. N. Houk, J. Am. Chem. Soc., 102, 6561 (1980); D. A. Dixon, R. A. Eades,
R. Frey, P. G. Gassman, M. L. Hendewerk, M. N. Paddon-Row, and K. N. Houk, J. Am. Chem. Soc.,
106, 3885 (1984); X. Creary, Y.-X. Wang, and Z. Jiang, J. Am. Chem. Soc., 117, 3044 (1995).



Up to this point, we have considered only carbocations in which the cationic
carbons are sp? hybridized and planar. When this hybridization cannot be achieved,
carbocations are of higher energy. In a classic experiment, Bartlett and Knox demon-
strated that the tertiary chloride 1-chloroapocamphane was inert to nucleophilic substi-
tution.”? Starting material was recovered unchanged even after refluxing for 48 h in
ethanolic silver nitrate. The unreactivity of this compound is attributed to the structure
of the bicyclic system, which prevents rehybridization to a planar sp? carbon. Back-
side nucleophilic solvent participation is also precluded because of the bridgehead
location of the C—Cl bond.

CH;_  CHj

Cl

The apocamphyl structure is particularly rigid, and bridgehead carbocations
become accessible in more flexible structures. The relative solvolysis rates of
the bridgehead bromides 1-bromoadamantane, 1-bromobicyclo[2.2.2]octane, and
1-bromobicyclo[2.2.1]heptane illustrate this trend. The relative rates for solvolysis in
80% ethanol at 25°C are shown.”

S 4 A

Br Br Br
1 10°° 10710

The relative reactivity of tertiary bridgehead systems toward solvolysis is well correlated
with the increase in strain that results from conversion of the ring structure to a carbocation,
as calculated by molecular mechanics.®* This result implies that the increased energy
associated with a nonplanar carbocation is proportional to the strain energy present in the
ground state reactant. The solvolysis rates also correlate with bridgehead cation stability
measured by gas phase hydride affinity and MP2/6-311G** MO calculations.”

Alkenyl carbocations in which the cationic carbon is sp hybridized are about
15 kcal higher in energy than similar cations in which the cationic center is sp* (see
Figure 3.18).°® This is because of the higher electronegativity of the orbital with
increasing s-character. The intermediacy of substituted vinyl cations in solvolysis
reactions has been demonstrated, but direct observation has not been possible for
simple vinyl cations.”” Most examples of solvolytic generation of vinyl cations involve
very reactive leaving groups, especially trifluoromethanesulfonate (triflates). Typical
products include allenes, alkynes, and vinyl esters.”

2. P. D. Bartlett and L. H. Knox, J. Am. Chem. Soc., 61, 3184 (1939).

93 For a review of bridgehead carbocations see R. C. Fort, Jr., in Carbonium Ions, Vol. IV, G. A. Olah
and P. v. R. Schleyer, eds., Wiley-Interscience, New York, 1973, Chap. 32.

% T. W. Bentley and K. Roberts, J. Org. Chem., 50, 5852 (1985); R. C. Bingham and P. v. R. Schleyer, J.
Am. Chem. Soc., 93,3189 (1971); P. Miiller and J. Mareda, Helv. Chim. Acta, 70, 1017 (1987); P. Miiller,
J. Mareda, and D. Milin, J. Phys. Org. Chem., 8, 507 (1995).

9. E. W. Della and W. K. Janowski, J. Org. Chem., 60, 7756 (1995); J. L. M. Abboud, O. Castano, E. W.
Della, M. Herreros, P. Muller, R. Notario, and J.-C. Rossier, J. Am. Chem. Soc., 119, 2262 (1997).

9. V. D. Nefedov, E. N.Sinotova, and V. P. Lebedev, Russ. Chem. Rev., 61, 283 (1992).

97- H.-U. Siehl and M. Hanack, J. Am. Chem. Soc., 102, 2686 (1980).

8- For reviews of vinyl cations, see Z. Rappoport in Reactive Intermediates, R. A. Abramovitch, ed., Vol.
3, Plenum Press, New York, 1983; Dicoordinated Carbocations, Z. Rappoport and P. J. Stang, eds.,
John Wiley & Sons, New York, 1997.
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H
H\ /OSSCFa CHS\ /OZCCHa H\ /OZCC 5
/C=C CH3CO,H  CHaCH=C=CH, + CH3C=CCH; + /C=C\ + /C=C\
CHs CHg 5% 77% H CHg CHs CHa
16% 1%
Ref. 99

The phenyl cation is a very unstable cation, as is reflected by the high hydride
affinity shown in Figure 3.18. In this case, the ring geometry resists rehybridization so
the vacant orbital retains sp? character. Since the empty orbital is in the nodal plane
of the ring, it receives no stabilization from the  electrons.

v

Q

Phenyl cations are formed by thermal decomposition of aryldiazonium ions.'® The
cation is so reactive that under some circumstances it can recapture the nitrogen
generated in the decomposition.'”! Attempts to observe formation of phenyl cations
by ionization of aryl triflates have only succeeded when especially stabilizing groups,
such as trimethylsilyl groups are present at the 2- and 6-positions of the aromatic
ring.'%

4.4.2. Direct Observation of Carbocations

A major advance in the study of carbocations occurred during the 1960s when
methods for generation of carbocations in superacid media were developed. The term
superacid refers to media of very high proton-donating capacity, e.g., more acidic
than 100% sulfuric acid. A convenient medium for these studies is FSO;H — SbFs —
SO,. The fluorosulfonic acid acts as a proton donor and antimony pentafluoride is
a powerful Lewis acid that assists ionization. This particular combination has been
dubbed “magic acid” because of its powerful protonating ability. The solution is
essentially nonnucleophilic, so carbocation of even moderate stability can be generated
and observed by NMR spectroscopy.'®> Some examples of these studies are given in
Scheme 4.4. Alkyl halides and alcohols, depending on the structure of the alkyl group,
react with magic acid and give rise to carbocations. Primary and secondary alcohols
are protonated at —60° C, but do not ionize. Tertiary alcohols do ionize, giving rise to
the corresponding cation. As the temperature is increased, carbocation formation also
occurs from secondary alcohols. sec-Butyl alcohol ionizes with rearrangement to the

9. R. H. Summerville, C. A. Senkler, P. v. R. Schleyer, T. E. Dueber, and P. J. Stang, J. Am. Chem. Soc.,
96, 1100 (1974).
100. C. G. Swain, J. E. Sheats, and K. G. Harbison, J. Am. Chem. Soc., 97, 783 (1975).
101. R, G. Bergstrom, R. G. M. Landells, G. W. Wahl, Jr., and H. Zollinger, J. Am. Chem. Soc., 98, 3301
(1976).
102y, Apeloig and D. Arad, J. Am. Chem. Soc., 107, 5285 (1985); Y. Himeshima, H. Kobayashi, and
T. Sonoda, J. Am. Chem. Soc., 107, 5286 (1985).
>~ A review of the extensive studies of carbocations in superacid media is available in G. A. Olah,
G. K. Surya Prakash, and J. Sommer, Super Acids, John Wiley & Sons, New York, 1985.



Scheme 4.4. Protonation, Ionization, and Rearrangement in
Superacid

A. Alcohols in FSO3H—SbF; —S0,

—60°C
12 ROH

RO*H,

R = methyl, ethyl, n-propyl, i-propyl, n-butyl, s-butyl,
n-amyl, i-amyl, neopentyl, n-hexyl, neohexyl

-30°C
(CH3),CHCH,O*H, —— (CH3)3C*
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B. Alkyl halides in antimony pentafluoride
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tert-butyl cation. At —30° C the protonated primary isomer, iso-butyl alcohol, ionizes,
also forming the fert-butyl cation. Protonated n-butanol is stable to 0°C, at which
point it, too, gives rise to the t-butyl cation. It is typically observed that ionizations
in superacids give rise to the most stable of the isomeric carbocations that can be
derived from the alkyl group. The #-butyl cation is generated from C, systems, whereas
C; and C4 alcohols give rise to the #-pentyl and z-hexyl ions, respectively. Some
examples of these studies are given in Scheme 4.4. Entries 6 to 9 and 10 to 12 further
illustrate the tendency for rearrangement to the most stable cation to occur. The tertiary
1-methylcyclopentyl cation is the only ion observed from a variety of five- and six-
membered ring derivatives. The tertiary bicyclo[3.3.0]octyl cation is formed from all
bicyclooctyl (CgH}) precursors. The tendency to rearrange to the thermodynamically
stable ions by multiple migrations is a consequence of the very low nucleophilicity of
the solvent system. In the absence of nucleophilic capture by solvent, the carbocations
undergo extensive skeletal rearrangement and accumulate as the most stable isomer.

Another important development in permitting structural conclusions from NMR
studies on carbocations resulted from the use of theoretical computations of '*C and
'H chemical shifts. Known as the MP2-GIAO method,'™ it has also been applied
successfully to allylic, cyclopropylmethyl, and phenonium ions.'%

Carbocations can also be studied by X-ray crystallography.'®® Early studies
involved strongly stabilized cations such as triphenylmethyl'®” and cyclopropylmethyl
cations.!% More recently, the structure of less stable ions, including the ¢-butyl cation,
have been obtained.'® The structure is planar with C—C bonds averaging 1.442A.
This is substantially less than the sp>~sp® bond length in neutral compounds, which
is about 1.50 A. This finding is consistent with C—H hyperconjugation, although the
structure determination did not permit assignment of C—H bond lengths.

4.4.3. Competing Reactions of Carbocations

The product of a substitution reaction that follows the limiting Sy2 mechanism
is determined by the identity of the nucleophile. The nucleophile replaces the leaving
group and product mixtures are obtained only if there is competition from several
nucleophiles. Product mixtures from ionization mechanisms are often more complex.
For many carbocations there are two competing processes that lead to other products:
elimination and rearrangement. We discuss rearrangements in the next section. Here
we consider the competition between substitution and elimination under solvolysis
conditions. We return to another aspect of this competition in Section 5.10, when
base-mediated elimination is considered.

The fundamental nature of the substitution-versus-elimination competition is illus-
trated in Figure 4.10, which is applicable to carbocations such as tertiary alkyl and
secondary benzylic that have lifetimes on the order of 10~'?s~! in hydroxylic solvents
(SOH). The carbocation is at a relatively high energy, with very small barriers to either
solvent capture (k,, substitution product) or proton loss (k,, elimination product.) The

104- 1. Gauss, J. Chem. Phys., 99, 3629 (1993).

105- P, v. R. Schleyer and C. Maerker, Pure Appl. Chem., 67, 755 (1995).

106. T Laube, Acc. Chem. Res., 28, 399 (1995).

107" A. H. Gomes de Mesquita, C. H. MacGillavry, and K. Eriks, Acta Cryst.18, 437 (1965).

108. R. F. Childs, R. Faggiani, C. J. L. Lock, M. Mahendran, and S. D. Zweep, J. Am. Chem. Soc., 108,
1692 (1986).

109-°S. Hollenstein and T. Laube, J. Am. Chem. Soc., 115, 7240 (1993).
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Fig. 4.10. Reaction energy profile illustrating competition between elimination and substi-
tution by solvent for a fert-cation.

substitution reaction is more favorable in the thermodynamic sense, since the C—O
bond is stronger than the m component of the double bond.

For both tertiary cations and secondary benzylic carbocation, the ratio of substi-
tution to elimination is quite high. For example, for 1-(p-tolyl)ethyl cation in 50:50
TFE-water, the ratio is 1400.''"° For the tert-butyl cation, the ratio is about 30 in
water!!! and 60 in 50:50 TFE-water.!!? These ratios are on the order of 10* if account
is taken of the need for solvent reorganization in the substitution process.!!* The gener-
alization is that under solvolysis conditions, tert-alkyl and sec-benzyl carbocations
prefer substitution to elimination.

substitution

M 50:50 TFE-H,0 ks = 6 x10% "
CHy c/+ T2 T
CH,4 ko = 4.2x100s 1

elimination

/

The origin of this preference has been considered by Richard and co-workers.
One aspect of the puzzle can be seen by applying Hammond’s postulate. Since the
competing reactions have early transition states, it is unlikely that the difference in
product stability governs the competition. Instead, the substitution process appears
to have a smaller intrinsic barrier (in the context of the Marcus equation; see
Section 3.2.4). The elimination reaction appears to have a barrier that is 3—4kcal
higher, at least for sec-benzylic systems.!'* The structural basis of this difference has
not been established, but it may be related to the fact that the elimination process has
a bond-breaking component, whereas substitution requires only bond formation.

110- 3 P, Richard and W. P. Jencks, J. Am. Chem. Soc., 106, 1373 (1984); J. P. Richard, T. L. Amyes, and
K. B. Williams, Pure Appl. Chem., 70, 2007 (1998).

1. 1, Dostrovsky and F. S. Klein, J. Chem. Soc., 791 (1955).

2. M. M. Toteva and J. P. Richard, Bioorg. Chem., 25, 239 (1997).

113 M. M. Toteva and J. P. Richard, J. Am. Chem. Soc., 118, 11434 (1996).

114. J_P. Richard, Tetrahedron, 51, 1535 (1995); J. P. Richard, T. L. Amyes, S.-S. Lin, A. M. C. O’Donoghue,
M. M. Toteva, Y. Tsuji, and K. B. Williams, Adv. Phys. Org. Chem., 35, 67 (2000).
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4.4.4. Mechanisms of Rearrangement of Carbocations

The discussions of the behavior of carbocation intermediates in superacid media
and of neighboring-group participation have already provided examples of carbocation
rearrangements. This is a characteristic feature of carbocations. Rearrangements can
occur by shift of a hydrogen or an alkyl, alkenyl, or aryl group. Rearrangement creates
a new carbocation with the positive charge located on the carbon atom from which
the migration occurred. 1,2-Shifts are the most common type of rearrangement.''

R2c|;§;+ HR’ RZC"(l)HR' alkyl shift
R R

RZ?C+ HR’ R,C*CH,R’ hydride shift
A
H

A thermodynamic driving force exists for rearrangement in the direction of
forming a more stable carbocation. Activation energies for migrations are small and it
is not uncommon to observe overall rearrangements that involve individual steps that
proceed from a more stable to a less stable species. Thus, while rearrangement of a
tertiary to a secondary cation is endothermic by about 10 kcal/mol, this barrier is not
prohibitive if the rearrangement can eventually lead to a more stable cation. Formation
of primary cations by rearrangement is less likely to occur, since the primary ions
are ~ 15 and ~ 25kcal/mol higher in energy than secondary and tertiary cations,
respectively. Rearrangements can occur through bridged intermediates or transition
structures that are lower in energy than primary carbocations and comparable to
secondary ions. The barriers for conversion to ions of greater (or equal) stability are
very low and rearrangements occur very rapidly. For example, in superacid media at
—160° C, the equilibration of the five methyl groups of the 2,3,3-trimethylbutyl cation
by methyl shift is so fast that the barrier must be less than 5 kcal/mol.!!®

(CH3)sC—C* (CHg), (CHg),C* —C(CHg)s

While many rearrangements can be formulated as a series of 1,2-shifts, both
isotopic tracer studies and computational work have demonstrated the involvement of
other species—bridged ions in which hydride or alkyl groups are partially bound to
two other carbons. These can be transition structures for hydride and alkyl group shifts,
but in some cases they may be intermediates. The alkyl-bridged structures can also be
described as “corner-protonated” cyclopropanes, since if the bridging C—C bonds are
considered to be fully formed, there is an “extra” proton on the bridging alkyl group.
Another possible type of structure is called an “edge-protonated” cyclopropane. The
carbon-carbon bonds are depicted as fully formed, with the “extra” proton associated
with one of the “bent” bonds.

H T H R H

HJ _H R
H* el X --H
RHC—CHR RHC — CHR RHC—CHR RHC—CHR
hydride —bridged alkyl —bridged corner —protonated edge —protonated
carbocation carbocation cyclopropane cyclopropane

I15. Reviews: V. G. Shubin, Top. Current Chem., 116-117, 267 (1984).
116. G, A. Olah and A. M. White, J. Am. Chem. Soc., 91, 5801 (1969).



Theoretical calculations, structural studies under stable ion conditions, and product
and mechanistic studies of reactions in solution have all been applied to understanding
the nature of the intermediates involved in carbocation rearrangements. The energy
surface for C;H7 in the gas phase has been calculated at the MP4/6-311G** level. The
1- and 2-propyl cations and corner- and edge-protonated cyclopropane structures were
compared. The secondary carbocation was found to be the most stable structure.'!”
Hydrogen migration was found to occur through a process that involves the corner-
protonated cyclopropane species. Similar conclusions were drawn at the G2 and B3LYP
levels of calculation.'"® Calculations that include an anion change the relative energy
of the 1-propyl cation and the protonated cyclopropane. The 1-propyl cation becomes a
stable structure in close proximity to an anion.!' Relative energies of [C;H,]* cations
are shown below.

H_LH
CH3CHoCHy*  CHgC*HCH3 YAV K
MP4/6-311* +19.3 0 8.6 7.3
G2 0 8.2 7.2
B3LYP 0 16.0 12.2

The 2-butyl cation has been extensively investigated both computationally and
experimentally. The 2-butyl cation can be observed under stable ion conditions. C(2)
and C(3) are rapidly interconverted by a hydride shift. The NMR spectrum corre-
sponds to a symmetrical species, which implies either a very rapid hydride shift or a
symmetrical H-bridged structure. A maximum barrier of 2.5 kcal/mol for hydride shift
can be assigned from the NMR data.'?

H very H

| fast | CHz  H+ H
CH3—C—CH,—CH3 ——= CH3z—CH;—C—CHz or >_<

+ + H CHj

Scrambling of C(3) and C(4) [or C(1) and C(2)] occurs with an E, of about
7-8 kcal/mol. The scrambling of C(3) and C(4) can occur via an edge-protonated
intermediate. The rearrangement of 2-butyl cation to the z-butyl ion is rather slow,
occurring with an E, of 18 kcal/mol.'!

E, =2.5 kcal

E,= 18kcal *CH3C*HCH,*CHj . *CH3CHoC*HCH3 E;= 18 kcal
~ | E,=8keal {| £, =8keal (*CHg)g"C*
(*CHg)s*C*
N E, =2.5 kcal CHA"CHCHHCH
*CHiC*H'CHCH;  — . .
E,= 18keal C o0 1 OHECH s 3 "E,= 18keal

7. W. Koch, B. Liu, and P. v. R. Schleyer, J. Am. Chem. Soc., 111, 3479 (1989).

18- M. V. Frash, V. B. Kazansky, A. M. Rigby, and P. A. van Santen, J. Phys. Chem. B, 101, 5346 (1997).

119 D, Farcasiu and D. Hancu, J. Am. Chem. Soc., 121, 7173 (1999); D. Farcasiu and D. Hancu, J. Phys.
Chem. A, 101, 8695 (1997).

120- M. Saunders and M. R. Kates, J. Am. Chem. Soc., 100, 7082 (1978).

121 D. M. Brouwer, Recl. Trav. Chim. Pays-Bas, 87, 1435 (1968); D. M. Brouwer and H. Hogeveen, Prog.
Phys. Org. Chem., 9, 179 (1972); M. Boronat, P. Viruela, and A. Corma, J. Phys. Chem., 100, 633
(1996).
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There have been two extensive MO studies of the C,Hg species. The most stable
structure is the ¢-butyl cation. At the MP4/6-311G** level, the H-bridged structure A
was the next most stable structure and it was 2.3 kcal more stable than the open 2-
butyl cation D.'?? The methyl-bridged ion B is only slightly less stable. The structures
were also calculated at the MP4/6-31G* level of theory.'?* The energies relative to the
t-butyl cation are similar, although the methyl-bridged ion B is found to be slightly
more stable than the hydride-bridged ion A. Relative energies of [C,Hy]* cations are

shown below in kcal/mol.

CHs
H ’
CH;_ Nt ./
CHs CHs
A B
MP/6-311G* 13.4 13.8
MP/6-31G** 12.8 12.0

CHg .
A /\/CH3 T CHs
CHa
N CH3 CHa+ CH{ *+ CH3
H C D E F
3.9 15.7 33.0 0.0
205 326 0.0

Along with the minimal barrier for hydride shift and the 18kcal/mol 2-butyl to ¢-
butyl rearrangement, these results give the energy profile shown in Figure 4.11, which

AE (kcal/mol)
35.0
30.0
25.0 H
20.0 H
15.0
10.0

5.0+

0.0+

Fig. 4.11. Energy profile for the scrambling and rearrangement of C,HJ cation. (A)
H-bridged; (B) methyl-bridged; (C) edge protonated methylcyclopropane; (D) classical
secondary; (E) classical primary; (F) tertiary. Adapted from J. Am. Chem. Soc., 112, 4064
(1990); J. Am. Chem. Soc., 115, 259 (1993) and J. Phys. Chem., 100, 633 (1996), by
permission of the American Chemical Society.

122. 7. W. de M. Carneiro, P. v. R. Schleyer, W. Koch, and K. Raghavachari, J. Am. Chem. Soc., 112, 4064
(1990); S. Sieber, P. Buzek, P. v. R. Schleyer, W. Koch, and J. W. de M. Carneiro, J. Am. Chem. Soc.,

115, 259 (1993).

123- M. Boronat, P. Viruela, and A. Corma, J. Phys. Chem., 100, 633 (1996).



pertains to the behavior of the carbocation in the absence of a nucleophile. This
diagram indicates that the mechanism for C(3)-C(4) scrambling in the 2-butyl cation
involves the edge-protonated cyclopropane intermediate. The primary cation is an
intermediate in the isomerization to #-butyl ion, which explains the relatively slow rate
of this process.

4
'CH3 p --H+ 4
+,\ = /A/' — ;/\
3 ~~-CHs;
CHg 2 CHy 2 3 CHy 2

1
mechanism for C(3) - C(4) scrambling
4

,CHS CH3 CH3
+ —_ —_—
1CH32 3 CHg/‘\/ACH2+ 1CH3+ (;HS
H

mechanism for isomerization to +-butyl cation

Visual models, additional information and exercises on C,H, Carbocations can
be found in the Digital Resource available at: Springer.com/carey-sundberg.

The occurrence and extent of rearrangement of the 2-butyl cation during solvolysis
has been studied using isotopic labeling. When 2-butyl tosylate is solvolyzed in acetic
acid, only 9% hydride shift occurs in the 2-butyl acetate that is isolated.!* Thus, under
these conditions most of the reaction proceeds by direct nucleophilic participation of
the solvent.

CH3CH2(|JH‘4CH3 CHgCHg(‘)H14CH3 +  CHgCHCH,'CHg

OTs 0,CCH; gqo, ~ O2CCHs 9%

When 2-butyl tosylate is solvolyzed in the less nucleophilic trifluoroacetic acid (TFA),
a different result emerges. The extent of migration approaches the 50% that would
result from equilibration of the two secondary cations.'?

CF4COsH
CHaCHzCDCDs e CH4CH,CDCD; ~ +  CHaCHCDHCD;
T
OTs 49% 0,CCF3 45% 0,CCF3
. CHCDHCHCD; + CHyCDCH,CD3
4% O,CCF3 2% 0,CCF3

124 J. D. Roberts, W. Bennett, R. E. McMahon, and E. W. Holroyd, Jr., J. Am. Chem. Soc., 74, 4283 (1952).

125. 7. J. Dannenberg, B. J. Goldberg, J. K. Barton, K. Dill, D. H. Weinwurzel, and M. O. Longas, J. Am.
Chem. Soc., 103, 7764 (1981); J. J. Dannenberg, J. K. Barton, B. Bunch, B. J. Goldberg, and T. Kowalski,
J. Org. Chem., 48, 4524 (1983); A. D. Allen, I. C. Ambridge, and T. T. Tidwell, J. Org. Chem., 48,
4527 (1983).
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Two hydride shifts resulting in interchange of the C(2) and C(3) hydrogens can account
for the two minor products.

CHCH,CDCD; CHyC—CCD, CHoC—CeDs CHsC—CCD;
OTs b B HOH | D H
CHyCDHGHCD,  + CHACDOHCD;
O,CCF3 O,CCF3

Referring to Figure 4.11, we see that in acetic acid only a small portion of the reaction
involves a carbocation. In TFA, the carbocation is formed, but only the H-migration
process having an E, of ~ 2.5kcal competes with nucleophilic capture.

Both computational and solvolysis studies have also been done to characterize
the [CsHy]™ series of carbocations. The barrier to the hydride and methyl shifts
that interconvert the methyl groups in the r-pentyl cation is 10—15 kcal/mol.'?® This
rearrangement must pass through a secondary ion or related bridged species.

CHz CHzH T (I'JH3 CHg4
|
CH;—C—CH,—CH; == CH3—C—C—CH; == CH3—C—C—CH; == CH3—CH,—C—CHj
+ |+ + +
H H

The solvolysis product of 3-methyl-2-butyl tosylate in TFA consists of 98.5% of
the ester derived from the rearranged 2-methyl-2-butyl cation and 1.5% of the 3-
methyl-2-butyl ester. Even the 1.5% of product retaining the 3-methyl-2-butyl structure
has undergone some rearrangement.'”” The gas phase energies of possible interme-
diates have been calculated at several levels of theory.'?® Relative energies (kcal/mol)
assigned to [CsHy|* cations are shown below.

AT Y Ay
AA YO L Y F
B * A D H* c

E
MP2/6 -31G* 11.7 7.2 0 34.1 17.8 14.4
B3P86 12.3 10.5 0 35.4 20.4 14.7
MP4/6 -31G* 13.6 0 18.5 9.6 12.4

These results indicate an energy profile for the 3-methyl-2-butyl cation to 2-methyl-2-
butyl cation rearrangement in which different rotamers of the open secondary cations
are transition structures rather than intermediates, with the secondary cations repre-
sented as methyl-bridged C (corner-protonated cyclopropanes), as shown in Figure 4.12

The computational investigation of this system was extended to include the effect
of a polar medium (dielectric constant = 39) and the effect of the proximity of anions

126- M. Saunders and E. L. Hagen, J. Am. Chem. Soc., 90, 2436 (1968).

127- D. Farcasiu, G. Marino, J. M. Harris, B. A. Hovanes, and C. S. Hsu, J. Org. Chem., 59, 154 (1994);
D. Farcasiu, G. Marino, and C. S. Hsu, J. Org. Chem., 59, 163 (1994).

128 M. Boronat, P. Viruela, and A. Corma, J. Phys. Chem., 100, 16514 (1996); D. Farcasiu and S. H. Norton,
J. Org. Chem., 62, 5374 (1997).
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Fig. 4.12. Energy surface for the rearrangement of the 3-methyl-2-butyl cation to the 2-methyl-2-butyl
cation. Reproduced from J. Org. Chem., 62,5374 (1997), by permission of the American Chemical Society.

on the relative stability of ions C and B.'?> Whereas a polar medium reduced the energy
of B relative to the gas phase results, the bridged ion C remained more stable than
the secondary ion. The proximity of anions changed the situation more dramatically.
Anions were modeled using [H-Li-H]~ and [BH,F]~. At distances < 3.3 A, the open
secondary carbocation B is more stable. The energy difference depends on the location
of the anion in relation to the cation. Orientations in which the anion approaches
hydrogens on C(1) result in elimination to 3-methyl-1-butene, whereas approach to
C(3) leads to 2-methyl-2-butene. These computational results present a picture of the
elimination process similar to that in the previous section (page 439).

The ring contraction of a cyclohexyl cation to a methylcyclopentyl cation (see
Entries 8 and 9 in Scheme 4.4) is thermodynamically favorable, but would require a
substantial E, if it proceeded through a primary cyclopentylmethyl cation.

+CH, CH,

O—0—0

It is believed that a more correct description of the process involves migration through
a pentacoordinate protonated cyclopropane, in which an alkyl group acts as a bridge
in an electron-deficient carbocation structure. The cyclohexyl — methylcyclopentyl
rearrangement is postulated to occur by rearrangement between two such structures.'>

129- D, Farcasiu, S. H. Norton, and D. Hancu, J. Am. Chem. Soc., 122, 668 (2000).
130- M. Saunders, P. Vogel, E. L. Hagen, and J. Rosenfeld, Acc. Chem. Res., 6, 53 (1973).
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An E, of 7.4+ 1kcal/mol for the rearrangement has been measured in the gas phase,
which is consistent with the protonated cyclopropane mechanism.'3!

H
H H H H H H
H H - AH CHs
. \‘+;‘\ > H Q/CHs
H H = ' H
H H H

In some cases, NMR studies in superacid media have permitted the observation
of successive intermediates in a series of rearrangements. An example is the series of
[CoH,5]" cations originating with the bridgehead ion F, generated by ionization of the
corresponding chloride. Rearrangement eventually proceeds to the tertiary ion K. The
bridgehead ion F is stable below —75° C. The unrearranged methyl ether is obtained
if the solution is quenched with sodium methoxide in methanol at —90°C. At about
—65°C, ion F rearranges to the tertiary ion J. This is believed to involve the methyl-
bridged ion H as an intermediate. The tertiary ion J is stable below —30° C but above
—30°C, K is formed. This latter rearrangement involves a sequence of several steps,
again including a methyl-bridged species.'*> This multistep sequence terminating in
the most stable C,H ion is typical of carbocations in superacid media. In the presence
of nucleophilic anions or solvent, rearrangement usually does not proceed all the way
to the most stable ion, because nucleophilic trapping captures one or more of the
rearranged species.

FSOzH
F —_— +\ H — .\+ —_— 1
cl 5 + - _C CH
SO,CIF __H H N 3
2 F G HJ H | j
| CH,O"
several [@3
@ more steps
K CHjs J
CH30

The question of relative preference for rearrangement of different groups, which
is sometimes referred to as “migratory aptitude,” is a complex one and there is no
absolute order. In general, aryl groups and branched alkyl groups migrate in preference
to unbranched alkyl groups, but as the barriers involved are low, selectivity is not
high. Often the preferred migration involves the group that is best positioned from a
stereoelectronic point of view. The preferred alignment of orbitals for a 1,2-hydride or
alkyl shift involves coplanarity of the p-orbital at the carbocation ion center and the
o orbital of the migrating group.

Rag O\R R B RO :\R

\HR RaQ_B2=R }_Q%R
Y/ R

& O o

+

w3

>

131 M. Attina, F. Cacace, and A. di Marzio, J. Am. Chem. Soc., 111, 6004 (1989).
132 G. A. Olah, G. Liang, J. R. Wiseman, and J. A. Chong, J. Am. Chem. Soc., 94, 4927 (1972).



The transition structure involves a three-center, two-electron bond and corresponds
to a symmetrically bridged structure. As indicated above, the bridged structure may
actually be an intermediate in some cases. The migration process can be concerted with
the formation of the carbocation; that is, the migration can begin before the bond to the
leaving group at the adjacent carbon atom is completely broken. The phenonium ion
case discussed in Section 4.3 is one example. The ease of migration is also influenced
by strain. In general, a shift that will reduce strain is favored.

4.4.5. Bridged (Nonclassical) Carbocations

In the discussion of carbocation rearrangements, we encountered examples of
bridged ions that require expansion of bonding concepts beyond the two-center, two-
electron bonds that suffice for most stable organic molecules. These bridged carboca-
tions, involve delocalization of o electrons and formation of three-center, two-electron
bonds, and are sometimes called nonclassical ions. The recognition of the import-
ance of bridged structures largely originated with a specific structure, the norbornyl
cation, and the issue of whether its structure is classical or bridged."*® The special
properties of this intermediate were recognized on the basis of studies by Saul Winstein
and his collaborators. The behavior of norbornyl systems in solvolytic displacement
reactions was suggestive of neighboring-group participation by a saturated carbon-
carbon bond. Evidence for both enhanced rate and unusual stereoselectivity was
developed from the study of acetolysis of exo-2-norbornyl sulfonates. The acetolyses
of both exo-2-norbornyl brosylate and endo-2-norbornyl brosylate produce exclusively
exo-2-norbornyl brosylate. The exo-brosylate is more reactive than the endo isomer by
a factor of 350.'** Furthermore, enantiomerically pure exo-brosylate gives completely
racemic exo-acetate, and the endo-brosylate gives acetate that is at least 93% racemic.
These results suggest the involvement of an achiral species. Since the secondary
norbornyl cation is chiral, it cannot account for the racemization.

AcOH AcOH
OBs —~ 0,CCH,q —— 0,CCHg
C
OBs

KOAc

exo endo

Both acetolyses were considered to proceed by way of a rate-determining
formation of a carbocation. The rate of ionization of the endo-brosylate was considered
normal, since its reactivity was comparable to that of cyclohexyl brosylate. Winstein

133. Y. C. Brown, The Nonclassical Ion Problem, Plenum Press, New York, 1977; H. C. Brown, Tetrahedron,
32, 179 (1976); P. D. Bartlett, Nonclassical Ions, W. A. Benjamin, New York, 1965; S. Winstein, in
Carbonium Ions, Vol. III, G. A. Olah and P. v. R. Schleyer, eds., Wiley-Interscience, New York, 1972,
Chap. 22; G. D. Sargent, ibid., Chap. 24; C. A. Grob, Angew. Chem. Int. Ed. Engl., 21, 87 (1982);
G. M. Kramer and C. G. Scouten, Adv. Carbocation Chem., 1, 93 (1989).

134.°S. Winstein and D. S. Trifan, J. Am. Chem. Soc., 71, 2953 (1949); 74, 1147, 1154 (1952); S. Winstein,
E. Clippinger, R. Howe, and E. Vogelfanger, J. Am. Chem. Soc., 87, 376 (1965).
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proposed that ionization of the exo-brosylate is assisted by the C(1)—C(6) bonding
electrons and leads directly to the formation of a nonclassical ion as an intermediate.

7 7
4 4
5 3 5 3
AbOBs [b ~OBs
6 1 2 6 1 2

This intermediate serves to explain the formation of racemic product, since it is achiral.
The cation has a plane of symmetry passing through C(4), C(5), C(6), and the midpoint
of the C(1)—C(2) bond. The plane of symmetry is seen more easily in an alternative,
but equivalent, representation. Carbon 6, which bears two hydrogens, serves as the
bridging atom in the cation.

7 5 4,
4 6¢. 2 3
o i
/+ pr— pr—
652 1 7

Attack by acetate at C(1) or C(2) is equally likely and results in formation of equal
amounts of the enantiomeric exo-acetates. The product is exo because reaction with
acetate occurs from the direction opposite the bridging interaction. The bridged ion
can be formed directly only from the exo-brosylate because it has the proper anti
relationship between the C(1)—C(6) bond and the leaving group. The bridged ion can
be formed from the endo-brosylate only after an unassisted ionization, which explains
the rate difference between the exo and endo isomers.

acetate acetate

attack at C(1) L attack at C(2)
8 / 5 4 7
=g o=
H - —
O}/ = ?3 SO,CCHy (Lt OLCHs
7 6 2

;
0,CCHg

The description of the nonclassical norbornyl cation developed by Winstein
implied that the bridged ion is stabilized relative to a secondary ion by C—C ¢ bond
delocalization. H. C. Brown put forward an alternative interpretation,'* arguing that
all the available data were consistent with describing the intermediate as a rapidly
equilibrating classical secondary ion. The 1,2-shift that interconverts the two ions was
presumed to be rapid, relative to capture of the nucleophile. Such a rapid rearrangement
would account for the isolation of racemic product, and Brown suggested that the
rapid migration would lead to preferential approach of the nucleophile from the exo

direction.
& = b

135 H. C. Brown, The Transition State, Chem. Soc. Spec. Publ., No. 16, 140 (1962); Chem. Brit., 199
(1966); Tetrahedron, 32, 179 (1976).
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Fig. 4.13. Contrasting energy profiles for stable and
unstable bridged norbornyl cation. (A) Bridged ion
is a transition structure for rearrangement between
classical structures. (B) Bridged ion is an intermediate
in rearrangement of one classical structure to the other.
(C) Bridged ion is the most stable structure.

The two alternative descriptions of the norbornyl cation were tested very exten-
sively. In essence, the question that is raised has to do with the relative energy of
the bridged structure. Is it lower in energy than the classical ion and therefore an
intermediate to which the classical ion would collapse or is it a transition structure
(or higher-energy intermediate) in the rapid isomerization of two classical structures?
Figure 4.13 illustrates the energy profiles corresponding to the various possibilities.

When the techniques for direct observation of carbocations became available,
the norbornyl cation was subjected to study by those methods. The norbornyl cation
was generated in SbFs-SO,-SOF, and the temperature dependence of the proton
magnetic resonance spectrum was examined.'3® Subsequently, the '*C NMR spectrum
was studied and the proton spectrum was determined at higher field strength. These
studies excluded rapidly equilibrating classical ions as a description of the norbornyl
cation under stable ion conditions.'*” The resonances observed in the '*C spectrum
were assigned. None of the signals appear near the position where the C(2) carbon
of the classical secondary 2-propyl cation is found. Instead, the resonances for the
norbornyl cation appear at relatively high field and are consistent with the bridged-ion
structure.'3® Other NMR techniques were also applied to the problem and confirmed
the conclusion that the spectra observed under stable ion conditions could not be the
result of averaged spectra of two rapidly equilibrating ions.'* It was also determined

136. p_v. R. Schleyer, W. E. Watts, R. C. Fort, Jr., M. B. Comisarow, and G. A. Olah, J. Am. Chem. Soc.,
86, 5679 (1964); M. Saunders, P. v. R. Schleyer, and G. A. Olah, J. Am. Chem. Soc., 86, 5680 (1964).

137- G. A. Olah, G. K. SuryaPrakash, M. Arvanaghi, and F. A. L. Anet, J. Am. Chem. Soc., 104, 7105
(1982).

138 G. A. Olah, G. Liang, G. D. Mateescu, and J. L. Riemenschneider, J. Am. Chem. Soc., 95, 8698 (1973);
G. A. Olah, Acc. Chem. Res., 9, 41 (1976).

139-°C. S. Yannoni, V. Macho, and P. C. Myhre,J. Am. Chem. Soc., 104, 7105 (1982); M. Saunders and
M. R. Kates, J. Am. Chem. Soc., 102, 6867 (1980); M. Saunders and M. R. Kates, J. Am. Chem. Soc.,
105, 3571 (1983).

449

SECTION 4.4

Structure and Reactions
of Carbocation
Intermediates



450

CHAPTER 4

Nucleophilic Substitution

that 3,2- and 6,2-hydride shifts were occurring under stable ion conditions. Activation
energies of 10.8 and 5.9 kcal/mol, respectively, were measured for these processes.

2,6-shift 2,3-shift

+ E,=59 H~H E =108
H 6 3 H

These results, which pertain to stable ion conditions, provide a strong case that
the most stable structure for the norbornyl cation is the symmetrically bridged ion.
How much stabilization does the bridging provide? An estimate based on molecular
mechanics calculations and a thermodynamic cycle suggests a stabilization of about
64 1kcal/mol.'® A gas phase value based on mass spectrometric measurements is
11kcal/mol.'*! Gas phase hydride affinity and chloride affinity data also show the
norbornyl cation to be especially stable.'*> MO calculations (MP2/6-31G*) give a
bridged structure that is 13.6 kcal more stable than the classical secondary structure and
predicts '*C chemical shifts and coupling in agreement with the experimental results.'*?
The C(1)—C(6)=C(2)—C(6) distance is found to be 1.832A by an MBPT(2)/DZP
computation.'** The difference in energy between the two structures is reduced only
slightly when calculations include the effect of solvation, indicating that the bridged
ion would be more stable than the classical ion, even in solution.'* There is also good
agreement between calculated and observed infrared spectra.'4®

Werstiuk and Muchall computed the structure at the B3LYP and QCISD levels.
The minimum energy structure was found to be a bridged ion with a C(1)—C(6)
distance of 1.892 A and a C(1)—C(2) distance of 1.389 A (B3LYP/6-311+G(2d,2p)).
They applied AIM concepts to a description of the structure.'*’ This analysis resulted
in the description of the norbornyl cation as a ™ complex, consistent with the relatively
long C(1)—C(6) and C(2)—C(6) and short C(1)—C(2) distances indicated above. The
bond critical points found by the AIM analysis show a T-configuration with the bond
from C(6) intersecting with the C(1)—C(2) critical point. There is no bond path directly
to C(1) or C(2). Carbon 6 is then best described as tetravalent, with the C(1)—C(2)
double bond as the fourth ligand. These computations also examined the effect of
bringing C(6) closer to C(1) and C(2) to form the more strongly bridged structure that
would be implied by a corner-protonated cyclopropane representation.

H_A_H H H
4. +
T complex corner-protonated
cyclopropane
140. p v, R. Schleyer and J. Chandrasekhar, J. Org. Chem., 46, 225 (1981).
- M. C. Blanchette, J. L. Holmes, and F. P. Lossing, J. Am. Chem. Soc., 109, 1392 (1987).
142. R. B. Sharma, D. K. S. Sharma, K. Hiraoka, and P. Kebarle, J. Am. Chem. Soc., 107, 3747 (1985).
- P. v. R. Schleyer and S. Sieber, Angew. Chem. Int. Ed. Engl., 32, 1606 (1993).
- S. A. Perera and R. J. Bartlett, J. Am. Chem. Soc., 118, 7849 (1996).
145. P, R. Schreiner, D. L. Severance, W. L. Jorgensen, P. v. R. Schleyer, and H. F. Schaefer, 111, J. Am.
Chem. Soc., 117, 2663 (1995).
146. W, Koch, B. Liu, D. J.DeFrees, D. E. Sunko, and H.Vancik, Angew. Chem. Int. Ed. Engl., 29, 183
(1990).
47 N. H. Werstiuk and H. M. Muchall, J. Phys. Chem. A, 104, 2054 (2000); N. H. Werstiuk and
H. M. Muchall, Theochem, 463, 225 (1999).



The result is a structure that is 7.5 kcal/mol above the m complex. The m complex
structure also gives better agreement with the experimental '*C and 'H NMR chemical
shifts than the corner-protonated structure. The preference for the ™ complex structure
persists in computations using a continuum solvent model. The picture that emerges
from this analysis is of a primarily electrostatic attraction between a C(1)—C(2) double
bond and a carbocation-like C(6).!*® Such a structure would be poised for nucleophilic
attack anti to C(6), as is observed to occur.

Let us now return to the question of solvolysis and how it relates to the structure
under stable ion conditions. To relate the structural data to solvolysis conditions, the
primary issues that must be considered are the extent of solvent participation and the
nature of solvation of the cationic intermediate. The extent of solvent participation has
been probed by comparison of solvolysis characteristics in TFA with acetic acid. The
exo-endo reactivity ratio in TFA is 1120, compared to 280 in acetic acid. While the
endo isomer shows solvent sensitivity typical of normal secondary tosylates, the exo
isomer reveals a reduced sensitivity. This result indicates that the TS for solvolysis of
the exo isomer possesses a greater degree of charge dispersal, which is consistent with
formation of a bridged structure. This fact, along with the rate enhancement of the exo
isomer, indicates that the ¢ participation commences prior to ionization, and leads to
the conclusion that bridging is a characteristic of the solvolysis TS, as well as of the
stable ion structure.!¥’

Another line of evidence indicating that bridging is important in solvolysis comes
from substituent effects for groups placed at C(4), C(5), C(6), and C(7) in the norbornyl
system. The solvolysis rate is most strongly affected by C(6) substituents and the exo
isomer is more sensitive to these substituents than the endo isomer. This implies that
the TS for solvolysis is especially sensitive to C(6) substituents, as would be expected
if the C(1)—C(6) bond participates in solvolysis.'>

Computation of the TS using ionization of the protonated exo and endo alcohols
as a model has been done using B3LYP/6-311+G* calculations.'>' The results confirm
that participation occurs during the ionization process and is greater for the exo than the
endo system. However, the stabilization resulting from the participation is considerably
less than the full stabilization energy of the bridged carbocation. A difference of
3.7kcal/mol is calculated between the exo and endo TSs. Figure 4.14 illustrates the
relative energy relationships.

Many other cations besides the norbornyl cation have bridged structures.!®
Scheme 4.5 shows some examples that have been characterized by structural studies
or by evidence derived from solvolysis reactions. To assist in interpretation of the
bridged structures, the bond representing the bridging electron pair is darkened in a
corresponding classical structure. Not surprisingly, the borderline between classical
and bridged structures is blurred. There are two fundamental factors that prevent
an absolute division: (1) The energies of the two (or more) possible structures may

2

148. N. H. Werstiuk, H. M. Muchall, and S. Noury, J. Phys. Chem. A, 104, 11601 (2000).

149. J_E. Nordlander, R. R. Gruetzmacher, W. J. Kelly, and S. P. Jindal, J. Am. Chem. Soc., 96, 181 (1974).

130- F, Fuso, C. A. Grob, P. Sawlewicz, and G. W. Yao, Helv. Chim. Acta, 69, 2098 (1986); P. Flury and
C. A. Grob, Helv. Chim. Acta, 66, 1971 (1983).

151 P, R. Schreiner, P. v. R. Schleyer, and H. F. Schaefer, III, J. Org. Chem., 62, 4216 (1997).

152. V. A. Barkhash, Top. Current Chem., 115-117, 1 (1984); G. A. Olah and G. K. SuryaPrakash, Chem.
Brit., 19, 916 (1983).
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Fig. 4.14. Computational energy diagram (B3LYP)/6-311+G*) for intermediates and transition states in
ionization and rearrangement of protonated 2-norbornanol. Reproduced from J. Org. Chem., 62, 4216
(1997), by permission of the American Chemical Society.

Scheme 4.5. Examples of Bridged Carbocations

N @0 ESENN

Bicyclo[3.1.0]hex-3-ylium® Bicyclo[2.2.2]hex-2-ylium®

Bicyclobutonium ion?

Octahydrodimethano- Pentacyclo[4.3.0.0%4.- 1-Methyl-2-adamantyl
naphthylium 0%8.057-non-9-ylium® cationf

a. M. Saunders and H.-U. Siehl, J. Am. Chem. Soc., 102, 6868 (1980); J. S. Starat, J. D. Roberts, G. K. S. Prakash,
D. J. Donovan, and G. A. Olah, J. Am. Chem. Soc., 100, 8016, 8018 (1978); W. Koch, B. Liu, and D. J. De Frees,
J. Am. Chem. Soc., 110, 7325 (1988); M. Saunders, K. E. Laidig, K. B. Wiberg, and P. v. R. Schleyer, J. Am.
Chem. Soc., 110, 7652 (1988); P. C. Myhre, G. C. Webb, and C. Y. Yannoni, J. Am. Chem. Soc., 112, 8992 (1990).

b. G. A. Olah, G. K. S. Prakash, T. N. Rawdah, D. Whittaker, and J. C. Rees, J. Am. Chem. Soc., 101, 3935 (1979);
K. J. Szabo, E. Kraka, and D. Cremer, J. Org. Chem., 61, 2783 (1996).

c. R. N. McDonald and C. A. Curi, J. Am. Chem. Soc., 101, 7116, 7118 (1979).

d. S. Winstein and R. L. Hansen, Tetrahedron Lett., No. 25, 4 (1960).

e. R. M. Coates and E. R. Fretz, J. Am. Chem. Soc., 99, 297 (1977); H. C. Brown and M. Ravindranathan, J. Am.
Chem. Soc., 99, 299 (1977).

f. J. E. Nordlander and J. E. Haky, J. Am. Chem. Soc., 103, 1518 (1981).



be so close as to prevent a clear distinction as to stability. (2) The molecule may
adopt a geometry that is intermediate between a classical geometry and a symmetrical
bridged structure. Computational studies (MP2/6-311G**) have been carried out on
several nonclassical carbocations.'*® The results show structural features similar to the
norbornyl cation, with relatively long (~ 1.8 A) bonds to the bridging carbon and a
much shorter (1.39A) bond between the bridged carbons. The bond path from the
bridging carbon is directed between the two bridged carbons, with a bond order of
~ (.48, whereas the bridged bond order is ~ 1.2.

The C,H; cation shown as the first entry in Scheme 4.5 is a particularly interesting
case. It can be described as a bridged structure that is isomeric with cyclopropylmethyl
and cyclobutyl ions.

NMR studies show that all three methylene groups are equivalent, but the exo and
endo sets of hydrogen do not exchange. The barrier for exchange among the three CH,
groups is < 2kcal. MO calculations at the MP4SDTQ/6-31G* level indicate that both
the cyclopropylmethyl and the bridged (bicyclobutonium) cations are energy minima,
differing by only 0.26 kcal. The secondary cyclobutyl cation is about 12 kcal higher in
energy.'>* The bridged structure is a tetracyclic cation in which each of the methylene
groups is pentacoordinate.!>

To summarize, bridged structures are readily attainable intermediates or transition
structures for many cations and are intimately involved in rearrangement processes.
In some cases, such as the norbornyl cation, the bridged structure is the most
stable one. As a broad generalization, tertiary cations are nearly always more
stable than related bridged ions and therefore have classical structures. Primary
carbocations can be expected to undergo rearrangement to more stable secondary
or tertiary ions, with bridged ions being likely transition structures (or interme-
diates) on the rearrangement path. Recall that the ethylium ion, C,HY, is an H-
bridged structure in the gas phase. Unlike other primary carbocations, it cannot
rearrange to a more stable secondary structures. The energy balance between
classical secondary structures and bridged structures is close and depends on the
individual system. Bridged structures are most likely to be stable where a strained
bond can participate in bridging or where solvation of the positive charge is
difficult. Because of poor solvation, bridged structures are particularly likely to
be favored in superacid media and in the gas phase. In the cases examined
so far, proximity to anions favors classical structures in relation to bridged
structures.

153- 1. Alkorta, J. L. M. Abboud, E. Quintanilla, and J. Z. Davalos, J. Phys. Org. Chem., 16, 546 (2003).

154. M. Saunders, K. E. Laidig, K. B. Wiberg, and P. v. R. Schleyer, J. Am. Chem. Soc., 110, 7652 (1988);
S. Sieber, P. v. R. Schleyer, A. H. Otto, J. Gauss, F. Reichel, and D. Cremer, J. Phys. Org. Chem., 6,
445 (1993).

155- For further discussion of this structure see R. F. W. Bader and K. E. Laidig, Theochem, 261, 1 (1992).
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Topic 4.1. The Role Carbocations and Carbonium Ions in Petroleum
Processing

Petroleum refining is a basic industry in the modern world. The industry provides
fuels for transportation, industrial energy, and residential heat, as well as petrochem-
icals for the manufacture of a wide range of products. The largest consumption of
petroleum is for transportation fuels. The fundamental technology of petroleum refining
involves distillation to remove nonvolatile materials and separate the hydrocarbons on
the basis of boiling range. The gasoline b.p. range is approximately 30-200 °C, and the
fuel oil range is 200-300°C. There are also processes that modify the chemical compo-
sition, which include cracking, hydrocracking, and catalytic reforming. In cracking
and hydrocracking, larger hydrocarbons are converted to hydrocarbons in the gasoline
range; catalytic reforming involves isomerization to increase the fraction of branched
chain, cyclic, and aromatic hydrocarbons in the gasoline product. The objective of
catalytic reforming is to improve gasoline performance. One of the measures of
performance is the octane number, which is a measure of the degree of engine knocking
observed for a particular hydrocarbon or hydrocarbon mixture. The scale is calibrated
with n-heptane as 0.0 and 2,24-trimethylpentane as 100.0. Table 4.19 shows some
research octane numbers (RON) for the heptane and octane isomers. There is a second
scale, motor octane number that is also used. Note that chain branching leads to
improved octane numbers.

The chemical basis for engine performance is related to the rates of reaction of
the peroxy radicals involved in the combustion process. Components with high octane
numbers have relatively low rates of chain branching, which reduces the premature
ignition that causes poor engine performance.'® Engine performance can also be
improved by gasoline additives. Tetraethyllead was used for this purpose for many
years before it became apparent that the accumulating lead in the environment had
many adverse consequences. Lead also interferes with the catalytic converters required

Table 4.19. Octane Numbers for Some Hydrocarbons

Heptanes RON Octanes RON
n-Heptane 0.0  n-Octane —19.0
2-Methylhexane 42.4  2-Methylheptane 21.7
3-Methylhexane 52.0  3-Methylheptane 36.8
3-Ethylpentane 65.0  4-Methylheptane 26.7
2,2-Dimethylpentane 92.8  3-Ethylhexane 335
2,3-Dimethylpentane 91.1  2,2-Dimethylhexane 72.5
2,4-Dimethylpentane 83.1  2,3-Dimethylhexane 71.5
3,3-Dimethylpentane 80.8  2,4-Dimethylhexane 65.2
2,2,3-Trimethylpentane ~ 112.1 2,5-Dimethylhexane 55.5

3,3-Dimethylhexane 75.5
3,4-Dimethylhexane 76.3

2-Methyl-3-ethylpentane ~ 87.3
3-Methyl-3-ethylpentane  80.8
2,2,3-Trimethylpentane 109.6
2,2, 4-Trimethylpentane 100.0
2,3,3-Trimethylpentane 106.1
2,3,4-Trimethylpentane 102.7

136 C. Morley, Combust. Sci. Technol., 55, 115 (1987).



to reduce pollution from partial combustion. In the 1980s methyl 7-butyl ether (MTBE)
was introduced as a major antiknock component, but it was soon discovered that
MTBE contaminated groundwater as a result of leakage and spillage.””” It is being
phased out as a gasoline performance enhancer.!>® As a result, new emphasis has been
placed on catalytic reforming as a means of meeting engine performance requirements.

A possible replacement for MTBE is the mixture of branched Cg hydrocarbons
prepared by dimerization of C, compounds.'> This is economically attractive since
the C, compounds are by-products of other stages of petroleum refining. Isobutane
and isobutene react with strong acid to give Cq products.'®® The reaction involves
intermolecular hydride transfers.

CHs H*
>C=CH2 —~ (CHg)sC*
CHs
/—\ /C 3 .
(CHg)sCH+----%-- CH,>=C (CH3)3CCH,C*(CHg),

(CHg)3CCH,C¥(CHg), + H-—C(CHs3)3

(CH3)3CCH,CH(CH3), + *C(CHg)s

The same kind of product can be obtained by acid-catalyzed dimerization of isobutene,
followed by hydrogenation.

CH3\ H+
/C =CH, — (CHg5)5C*
CHy

CH

5T AN S8
(CHg)sC* HC=C ~—= (CH3)sCCHC(CHg)2 ——  (CH,)4CCH=C(CHa),

CHj;

+

H, (CHS)ZCCHZ('lJ‘ =CH,

(CH3)3CCH,CH(CH3), — CH,

The hydrocarbon mixtures formed by these processes have octane numbers ranging
from 90 to 95.

Cracking, which is done at high temperatures (480-550°C) in flow reactors
with short contact times (seconds), converts high-boiling components of petroleum
to hydrocarbons in the gasoline-boiling range. The catalysts are rapidly degraded
and are regenerated by high-temperature (700°C) exposure to air.'®! The product
mixture is complex but is enriched in hydrocarbons in the gasoline range. Low-boiling
hydrocarbons such as methane and ethane are produced as by-products. Reactivity
toward cracking increases with molecular weight and branching. Carbocations are
intermediates in the cracking process, which leads to isomerizations.

157-S. Fiorenza, M. P. Suarez, and H. S. Rifai, J. Envir. Eng., 128, 773 (2002); S. Erdal and B. D. Goldstein,
Ann. Rev. Energy Environ., 25, 765 (2000).

138 A, K. Kolah, Q. Zhiwen, and S. M. Mahajani, Chem. Innovation, 31, 15 (2001).

159 J. M. Meister, S. M. B. Black, B. S. Muldoon, D. H. Wei, and C. M. Roesseler, Hydrocarbon Process.,
79, 63 (2000).

160- G, A. Olah, P. Batamack, D. Deffieux, B. Toeroek, Q. Wang, A. Molnar, and G. K. S. Prakash, Appl.
Catal. A, 146, 107 (1996).

161y V. Kissin, J. Catal., 126, 600 (1990); Y. V. Kissin, Catal. Rev., 43, 85 (2001).
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Cracking over acidic catalysts occurs through pentacovalent carbonium ions. The
basic reactions are also observed with small hydrocarbons such as propane. Both the
C—H and the C—C bond can be broken.

H
" CH3C*HCH3 + H,
CHiCHCH; CH3CGCH3

\
I

Hl ‘H CH30H2+ + CH4

Alkenes are also formed and can react with trivalent carbocations to give alkylation
products.

(CHg)oCH* + H,C=CHCH,CHg (CHg)oCHCH,C*HCH,CHy

Intermediates with both a double bond and a carbocation can cyclize and rearrange.

+
CHaCH=CHCH,CH,CH,* —~ CHSG ——CHSLO . @

Once cyclization has occurred, aromatization can occur through abstraction of hydride.

D=0 —-0—-0-0
One process that occurs by these mechanisms, called the Cyclar process, uses a
gallium-modified zeolite catalyst.'®? The gallium increases the rate of the early cracking
steps that generate alkenes. The Cyclar process can convert butane, propane, and
ethane to mixtures of benzene, toluene, and the isomeric xylenes. The reactivity order
is butane > propane > ethane.

Hydrocracking is used to convert high-boiling crude petroleum having a high
content of nitrogen and sulfur and relatively low hydrogen content to material suitable
for use as fuel.'®® Hydrocracking is also used in the processing of very heavy crude
petroleum such as that obtained from tar sands and shale oil.!%* The chemical trans-
formations include reductive removal of nitrogen and sulfur (forming ammonia and
hydrogen sulfide) and cracking to smaller molecules. These processes are normally
carried out in separate reaction chambers. The catalysts include transition metals
capable of hydrogenation and zeolites that catalyze cracking. The final product compo-
sition can be influenced by reactor temperature and catalyst composition.

Reforming catalysts usually involve both transition metals, often platinum, and
minerals, particularly zeolites modified with various metals; the zeolites are aluminum
silicates. Depending on the exact structure, there are a number of anionic sites, which
must be neutralized by metal cations or protons. The protonic forms are strongly acidic.
The zeolites have distinctive pore sizes and are selective for certain molecular sizes
or shapes.'®® For example, pore size can be a factor in determining the ratio of the o-,
m-, and p-isomers of xylenes, with narrower pores favoring the last. Under normal

. Guisnet, N. S. Gnep, and F. Alario, Appl. Catal. A, 89, 1 (1992).

W. Ward, Fuel Proc. Technol., 35, 55 (1993).

F. Kriz, M. Ternan, and J. M. Denis, J. Can. Pet. Technol., 22, 29 (1983).
R.

M
163. J.
R
- C. R. Marcilly, Top. Catal., 13, 357 (2000).



operating conditions, the catalysts incorporate sulfur, which modifies the catalytic
properties and tends to enhance rearrangement and aromatization. '

There is rapid interconversion of alkenes and carbocations over acidic zeolite
catalysts, and the carbocations permit skeletal rearrangements and hydride transfer
reactions. These reactions proceed in the direction of formation of more stable
isomers.'®! The rearrangements probably proceed through protonated cyclopropanes
(see Section 4.4.4).

H\T/H
c) /CHs
CHoCH,CH,C”

CHy

VRN
CH3CH,CH,CH,C*HCH, CH30HZCH2(|3—CH2

H

An important advance in understanding the mechanisms of reactions of alkanes
with acidic catalysts resulted from study of the reactions of alkanes with superacids.
This work demonstrated that both C—H and C—C bonds can be protonated, leading
to fragmentation and formation of alkanes and carbocations.'®’

CHsCH; + H* —— CHs* + CHa
CHgCH,CHy + H* ——= CHiCH,* + CHa

(CH3)3CCH20H3 + H* > (CH3)30+ + CH30H3

The reactions of propane and isobutene with HF-SbFs have been studied using C=0
to trap the carbocation intermediates.!®®

CH3CH20H3 + H* —— (;H:.;()HQ+ + CHa4

CHsCH,* + Cc=0* CH;CH,C=0*
and

CHgCH,* + CH3CH,CHj

CHaCHz + CHgC*HCH,
CHsC'HCH; + C=0* — (CHg),CHC=0"
The C—C bond of propane is more reactive than the C—H bonds, in accord with

its lower bond strength. With isobutane, however, the reaction occurs with both the
primary and tertiary C—H bonds, leading to hydrogen exchange.

(CH3)sCH (CHg)sCD  + DCH,CH(CH3),

SbFs
The carbocation intermediates can also alkylate alkanes, leading to chain length-
ening.
CHsCH,* + CHsCH,CH,CHy —~ CHoCH,CHCH,CHy  + H*

CHj

166. P, G. Mennon and Z. Paal, Ind. Eng. Chem. Res., 36, 3282 (1997).
167. G. A. Olah, Y. Halpern, J. Shen, and Y. K. Mo, J. Am. Chem. Soc., 95, 4960 (1973).
168- 3. Sommer and J. Bukala, Acc. Chem. Res., 26, 370 (1993).
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458 Similar reactions are observed over other strongly acidic catalysts, such as AICl; and
SbF;.!% The acidic catalysts also promote dimerization and oligomerization of alkenes
by mechanisms that are well known in the solution chemistry of carbocations.'”®
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CHs
N H CH3 +CH3
C=CH, — (CHs)sCf_Hz\C—ﬁ/CH _— (CHS)SCCH20<

CHs3 3 CHjy

., CHa
(CH3)3CCH,C (CHg)sCCH,CH(CHg), + (CH3)sCCH=C(CHs),
CH,

The structure of pentacovalent carbonium ions has been investigated by ab initio
MO (CCSD(T) methods. The CH5* molecule is fluxional with facile conversion among
closely related geometries.!”!

Jo I~

). Cs (1) 2), C5 (Il (3). Cay

SD(Q)CI + DZP calculations find a bridged structure as the most stable form of
C,H,*.

BLYP/6-311G** calculations have also been done on CHs* and.C,H,™.!7

Hydrocarbon protonations by catalysts have been modeled theoretically.!”
BLYP/6-31G** calculations suggest protonation of the C—C bonds, followed by
collapse to alkane and alkene. The acidic catalyst site is regenerated by transfer of
a proton to an adjacent oxygen. This model, which is summarized in Figure 4.15,
undoubtedly oversimplifies the picture, but probably contains the fundamental aspects
of the catalysis.

169 G. A. Fuentes and B. C. Gates, J. Catal., 76, 440 (1982); G. A. Fuentes, J. V. Boegel, and B. C. Gates,

G

J. Catal., 78, 436 (1982).
170. ]
P

171.

. P. G. Pater, P. A. Jacobs, and J. A. Martens, J. Catal., 184, 262 (1999).

. R. Schreiner, S. J. Kim, H. F. Schaefer, III, and P. v. R. Schleyer, J. Chem. Phys., 99, 3716 (1993).
172, J. Collins and P. J. O’Malley, Chem. Phys. Lett., 228, 246 (1994).

173. 'S, J. Collins and P. J. O’Malley, J. Catal.s, 153, 94 (1995); S. J. Collins and P. J. O’Malley, Chem.
Phys. Lett., 246, 555 (1995).
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Fig. 4.15. Representation of C(2)—C(3) and C(1)—C(2) protonation and fragmentation to an alkane and
alkene. Adapted form Chem. Phys. Lett., 246, 555 (1995).
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Problems

(References for these problems will be found on page 1159.)

4.1. Provide an explanation for the relative reactivity relationships revealed by the
following data.

a. The relative rates of solvolysis in aqueous acetone of several tertiary
p-nitrobenzoate esters:

i
R—Cl—OQCONoz R=CHg: 1; -C3Hy: 2.9; +C4Hg; 4.4; Ph: 10%; cyclopropyl: 5x 10°.
CHg

b. For solvolysis of a-substituted 1-aryl-1-ethyl sulfonates, the value of p* varies
with the substituent.

X
I

ArCCH; X =CHg: p*=-4.5; CF;3 p*=-6.9; CH3SO,: p*=-8.0.
OSO,R

c. The rates of solvolysis for a series of 2-alkyl-2-adamantyl p-nitrobenzoates
in 80% aqueous acetone at 25°C are: R=CH;:1.4 x 10719s71;



460 C,Hs:1.1 x 107%7";  i-C;H;:5.0 x 107957}
(CH;);CCH, : 1.5 x 107971,
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R

1~OPNB

d. The relative rates of methanolysis of a series of w-phenylthioalkyl chlorides
depend on the chain length: n=1:3.3 x 10 n=2:15%x10:n=3: I;n=
4:13%x10%n=5:4.3.

4.2. Suggest reasonable mechanisms for each of the following reactions. The starting
materials are racemic, unless otherwise stated.

a.
(0]
PhCH,Cl + P(OCHg)y —= PhCH,P(OC,Hs), + CH4Cl
b.
CH
CHy—/CHs
OH BSCI H3 o4 BsCl
pyndme CHs pyridine \z} /
35 BsO
c.
CFCO,H
HC=CCH,CH,CH,CI H,C=COH,CH,CH;0;CF
Cl
d.

NH
w\on NaNO,, H,O CH=0 but (CHS)SCN\OH NaNO,, H,0
HCIO, —

NH, HCIO,
e.
(0] HO CH=0
[z A4
f.
CH CH
3\ 3\ CH3\ CHS\
i H*, heat B A\< H*, heat A\<O2CCH3
3002
non-racemic racemic non-racemic no racemization
g.
CH4CN, H,O

(PhC),NCH,CH,CI —— PhCNHCH,CH,0,CPh



4.3. Which reaction in each pair would be expected to be faster? Explain. 461

a. CHj CHj PROBLEMS

or | solvolysis in
AI'—CHOSOQCHa Ar_CH0802CHQCF3 80% ethanol

Ar =3, 5-bis-(trifluoromethyl)phenyl

b. CH3 CH; S
[ solvolysis in
C OCPh or CHj Cl;_OC 100% ethanol
CH;
c. OTs
solvolysis in
acetic acid
TsO
d.
solvolysis in
C(CHgy)3 aqueous acetone
OPNB OPNB
e. CH,
%i OTs OTs solvc_>|ysis_in
or acetic acid
f. PhSO,CH,CH,CI or PhSO,CH,CI reaction with Ki
H
CHs solvolysis in

9. (CHg)sCCH,ODNB  or ><CH ODNB adueous dioxane
2

=

H  CH,CH,ONos H  CH,CH,ONos
or solvolysis in
acetic acid

i. PhS(CH,)sCl or PhS(CH,),ClI Solvolysis in
methanol

j- PhOQCOCH—Ph or CH—Ph solvolysis in
| | acetic acid

Br Br
CO,Ph

4.4. The solvolysis of 2R,3S-3-(4-methoxyphenyl)but-2-yl tosylate in acetic acid can
be followed by several kinetic measurements: (a) rate of decrease of observed
rotation (k, ); rate of release of the leaving group (k,); and (c) when '8O-labeled
sulfonate is used, the rate of equilibration of the sulfonate oxygens in the reactant
(k,,). At 25°C the rate constants are:

k,=255x10"°s"k, =55x10°s"";k,,17.2x 10705~

Indicate the nature of the process that is measured by each of these rate constants
and devise an overall mechanism that includes each of these processes. Ratio-
nalize the order of the rates k, > k,, > k,.
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4.5.

Both endo- and exo-norbornyl brosylates react with R,P™N; (R is a long-chain
alkyl) in toluene to give azides of inverted configuration. The yield from the
endo and exo reactant is 95 and 80%, respectively. The remainder of the exo
reactant is converted to nortricyclane (tricyclo[2.2.1.0>¢]heptane.) The measured
rates of azide formation are first order in both reactant and azide ion. The
endo isomer reacts about twice as fast as the exo isomer. Both react consid-
erably more slowly than cyclohexyl brosylate under the same conditions. No
rearrangement of deuterium is observed when deuterium-labeled reactants are
used. What conclusions about the mechanism of the substitution process can you
draw from these results? How do the reaction conditions relate to the mechanism
you have suggested? How is the nortricyclane formed?

4.6 The following observations have been made concerning the reaction of

Z-1-phenyl-1,3-butadiene  (6-A) and Z-4-phenyl-3-buten-2-ol (6-B) in
3-7MH,S0O, and 0.5-3MHCIO,

a. Both compounds are converted to a mixture of the corresponding E-isomers
with the rate governed by Rate = k[reactant][H"], where [H*] is measured
by the H, acidity function.

b. The rate of isomerization of 6-A is slower in deuterated (D,SO,-D,0) media
by a factor of 2 to 3. For 6-B, the rate of isomerization is faster in by a factor
of 2.5.

c. When '80-labeled 6-B is used, the rate of loss of '®0 to the solvent is equal
to the rate of isomerization.

d. The measured activation energies for 6-A is 19.5 & 1kcal/mol and 22.9 &
0.7kcal/mol for 6-B.

Write a mechanism that encompasses both isomerizations and is consistent with
the information given.

4.7 Treatment of 2-(4-hydroxyphenyl)ethyl bromide with basic alumina produces a

4.8.

4.9.

white solid, mp, 40-43°C; IR 1640cm™'; UV, 282nm in H,0; NMR two
singlets of equal intensity at 1.69 and 6.44 ppm from TMS; anal: C 79.98% H,
6.71%. Suggest a possible structure for this product and explain how it could be
formed.

In the discussion of the syn- and anti-norborn-2-en-7-yl tosylates (p. 422-423) it
was pointed out that, relative to the saturated norborn-7-yl tosylate, the reactiv-
ities of the syn and anti isomers were 10* and 10'!, respectively. Whereas the
anti isomer gives a product of retained configuration, the syn isomer gives a
bicyclo[3.2.0]hept-2-enyl derivative. The high reactivity of the anti isomer was
attributed to participation of the carbon-carbon bond. What explanation can you
offer for the 10* acceleration of the syn isomer relative to the saturated system?
Indicate the structure of the final stable ion that would be formed from each of
the following reactants in superacid media.

(0]

a. H b. c. d.
QOH @CHzCHzCI Qb
Cl
e CH,OH ' Oi}

—h



4.10. A series of '0-labeled sulfonate esters was studied to determine the extent of 8O

4.11.

scrambling that accompanies solvolysis. The rate of '*0 exchange was compared
with that of solvolysis and the results are shown below. Discuss the variation in
the ratio kg, : k., and offer an explanation for the absence of exchange in the
3,3-dimethyl-2-butyl case.

R kS()[U kL’XCIl
i-propyl 3.6 x107° 7.9%x107°
cyclopentyl 3.8x 1073 8.5x 107
2-adamantyl 1.5x 1073 1.8x 1073
3,3-dimethyl-2-butyl* 7.3x1073 Negligible

a. Solvolysis product is 2,3-dimethyl-2-butyl trifluoroacetate.

The relative stabilities of 1-phenylvinyl cations can be measured by determining
the gas phase basicity of the corresponding alkynes. The table below gives data
on free energy of protonation for substituted phenyethynes and phenylpropynes.
These data give rise to the corresponding Yukawa-Tsuno relationships:

For ArC=CH : 3AG° = —14.1(¢° + 1.210; ")
For ArC=CCHj; : 8AG°® = —13.3(¢° + 1.1203 ™)

How do you interpret the values of p and r in these equations? Which system
is more sensitive to the aryl substituents? How do you explain the difference
in sensitivity? Sketch the resonance, polar, and hyperconjugative interactions
that contribute to these substituent effects. What geometric constraints do these
interactions place on the ions?

SAG (kcal/mol

Substituent Arylethynes Arylpropynes
4-CH;0 11.8 13.0
3-Cl-4-CH;0 7.9 9.1
4-CH; 4.7 5.5
3-CH; 1.9 22
4-Cl —0.5 0.1
3-F —5.1 —5.6
3-Cl —4.5 —5.1
3-CF; —6.5 —6.6
3,5-diF —8.4
H 0 0

a. dA is the change in free energy relative to the unsubstituted compound.

4.12. Studies of the solvolysis of 1-phenylethyl chloride and its 4-substituted deriva-

tives in aqueous trifluoroethanol containing azide anion provide information
relative to the mechanism of nucleophilic substitution in this system.

a. The reaction rate is independent of the azide ion concentration for substituents
that have o values more negative than —0.3, but is first order in [N ] for
substituents with o™ less negative than —0.08.
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464 b. When other good nucleophiles, e.g., C;H,SH, are present, they can compete
with azide ion. The reactants that are zero order in [N3 ]| show little selectivity
among competing nucleophiles.

Nucleophilic Substitution c. For reactants that solvolyze at rates independent of [N5], the ratio of
l-arylethyl azide to Il-arylethanol in the product increases as o' of the
substituent becomes more negative.

d. The major product in reactions that are first order in [N] are 1l-arylethyl
azides.

CHAPTER 4

Consider these results in relation to the mechanism outlined in Figure 4.6
(p- 400). On the basis of the data given above, delineate the types of 1-arylethyl
chlorides that react with azide ion according to those mechanistic types.

4.13. Offer a mechanistic interpretation of the following observations.

a. Although there is a substantial difference in the rate at which 13-A and 13-B
solvolyze (13-A reacts 4.4 x 10* times faster than 13-B in acetic acid), both
compounds give products of completely retained configuration.

ol

13-A 13-B

b. The solvolysis of 13-C is much more sensitive to aryl substituent effects than

that of 13-D.
Ar OPNB bAr
% ///OPNB

p=-5.27 p=-3.27
13-C 13-D

c. Although stereoisomers 13-E and 13-F solvolyze in aqueous acetone at similar
rates, the reaction products are quite different.

OH
OH
TsOCH
B — & Oy 000
13-E

TSOCH,



d. Solvolysis of compounds 13-I and 13-J exhibits rate enhancement relative to
a homoadamantane analog and gives product mixtures that are quite similar
for both reactants.

6 \\\ODNB 7 \\OH

34 83-85% 8-12%

On the other hand, compound 13-K is less reactive than the saturated analog
and gives a different product mixture.

TsO HO HO

,,

13-K 51% 39%
e. The solvolysis of both stereoisomers of 5-fluoro- and 5-trimethylstannyl-2-

adamantyl tosylate has been examined and the two have been compared. The
relative rates and stereochemistry are summarized below.

3 B

anti
X anti syn
Rate® Stereochemistry Rate Stereochemistry
F 2.5x 1070 4% net ret. 5x 1074 100% ret.
(CH;);Sn 10 100% ret. 15 63% net inv.

a. Rate is relative to unsubstituted system.

4.14. The six structures below are all found to be minima on the [C,H;]* energy surface.
The relative energies from MP2/6-311G(d,p) calculations are shown in kcal/mol.
Comment on the stabilizing features that are present in each of these cations.

Ho H
N\ 7/
i c
H Hy
+ H, C N _ _

vow3 = £C=C” M4 +C—C=C—CHy H—C=C—C_ Il
H H H +

2 91 3 19.9 4 253 5 275 6 269

4.15. The rates of solvolysis of four stereoisomeric tricyclo[3.2.1.0**]octan-8-yl
systems have been determined. After accounting for leaving group and temper-
ature, the relative rates are as shown. In aqueous dioxane, the endo-anti isomer
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4.16.

4.17.

gives a product mixture consisting of the rearranged alcohol and the corre-
sponding PNB ester (from leaving-group capture). The other isomers gave
complex product mixtures that were not fully characterized. Explain the trend in
rates and discuss the reason for the stereochemical outcome in the case of the
endo-anti isomer.

S W

exo-anti exo-syn endo-anti  endo-syn R =H, PNB

Rel Rate 1 104 1012 10

The '*C-NMR chemical shift of the trivalent carbon is a sensitive indicator of
carbocation structure. Generally, the greater the chemical shift value, the lower
the electron density at the carbon. Data for three different cations with aryl
substituents are given below. How do you explain the close similarity of the
trend for the first two series and the opposite trend of the third?

Ar Ar
+ +
@ Ar 7
16-A 16-B 16-C
Aryl substituent Chemical shift (ppm)
16-A  16-B 16-C
3, 5-diCF; 287 283 73
4-CF; 284 278 81
H 272 264 109
4-CH; 262 252 165
4-OCH;,4 235 230 220

Relative rate data are available for a wide range of reactivities for rings related to
the bicyclo[2.2.1]heptyl (norbornyl) system. Offer a discussion of the structural
effects that are responsible for the observed relative rates.

A Ay A By By Ay Ay

X
Relative 1 107 10° 1011 1014 1014 1023
Rate
4.18. Fujio and co-workers studied the reaction of pyridine with a wide range of

l1-arylethyl bromides in acetonitrile. By careful analysis of the kinetic data,
they were able to dissect each reaction into a first-order and a second-order
component, as shownin the table below. The first-order components were correlated
by a Yukawa-Tsuno equation: logk/k, = 5.0(a° + 1.156™). The second-order
component gave a curved plot, as shown in Figure 4.P18. Analyze the responses
of the reaction to the aryl substituents in terms of transition state structures.



Substituent 103k, (s71) 103k, (M~'s7h) Substituent 103k, (s71) 103k, (M~'s7h)
4-CH;0 1660 2820 2-Naphthyl 0.28 11.6
4-CH,;S 103 215 3-CH; 0.055 7.29
4-C¢H;s0 41.5 119 H 0.032 5.54
3-Cl-4-CH;0 21.2 79.0 4-Cl 4.37
2-Fluorenyl 18.3 59.5 3-Cl 2.085
3,4,5-tri-CH;,4 8.56 41.1 3-CF; 1.77
3,4-di-CH,4 3.67 28.3 3-NO, 1.21
4-CH, 1.46 19.2 4-NO, 1.19
4-(CH;);C 0.82 15.2 3,5-di-CF; 0.651

-1 T T T T T

%p-MeO
p-MeO!
-2 1
-MeS
-PhO
-3¢ p-MeS p MeO -m-Cl 4
oo SOt
p-MeO-m-Cl
< 2A bo e aph
o —4r 3,4,5- Me3 5 Ve 4
Re)
3,4-Me,
i} \gjglm CF,
\o p-NO, ]
-5F p-t-Bu m-NO, O\O\-
et 3,5-CFy),
g} logki=-500 §
m-Me
‘R

12 -08 -04 00 04 08 12
5 (r=1.15)

Fig. 4.P18. Substituent effects on the rates of reaction of
pyridine with 1-arylethyl bromides in acetonitrile at 35° C.
Squares are the first-order rates and open circles are the
second-order rates. Reproduced from Tetrahedron Lett. 38,
3243 (1997), by permission of Elsevier.

4.19 The Yukawa-Tsuno equation r values have been measured for the solvolysis
reactions of substituted benzyl cations and a-substituted analogs. HF/6-31G*
charges and bond orders have been calculated for the presumed cationic interme-
diates. Analyze the data for relationships between r and the structural parameters.
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XY HH CH;,H CH;, CH; CF;,H
r 1.28 1.15 1.00 1.51
Mulliken
Charge
C(1) —0.0024 —0.050 —0.068 —0.211
C(2) +0.189 +0.164 +0.140 +0.053
C(3) +0.051 +0.046 +0.043 +0.053
C(4) +0.213 +0.190 +0.171 +0.233
Bond Order
C(1)-C(7) 1.584 1.465 1.363 1.622
C(1)—-C(2) 1.158 1.193 1.225 1.134
C(2)—-C(3) 1.167 1.543 1.524 1.585
C(3)—C(4) 1.343 1.361 1.375 1.329

4.20. Reactions of substituted cumyl benzoates in 50:50 trifluoroethanol-water show
no effect of [NaN;] on the rate of reaction between 0 and 0.5M for either
EWG or ERG substituents. The product ratio, however, as shown in the figure,
is highly dependent on the cumyl substituent. ERG substituents favor azide
formation, whereas EWG groups result in more solvent capture. Formulate a
reaction mechanism that is consistent with these observations.

CHa

CHy

|
XO G—0,cPh

log (Kaz/ks)(M™")

NaNg, H,0
CF,CH,OH

CHjs

|
O

Nu = N3, OH, OCH,CF

1

1 1 1 1

1
-0.8

0 0.8
octoroc

Fig. 4.P20. Log of product selec-
tivity (k,,/k,)M~" versus at. Solid

circles

are

substituted benzoate

leaving groups and open circles are
chloride. Reproduced from J. Am.
Chem. Soc., 113, 5 871 (1991),
by permission of the American
Chemical Society.



4.21. The comparison of activation parameters for reactions in different solvents 469
requires consideration of solvation differences of both the reactants and the
transition states. The comparison can be done by using potential energy diagrams,
such as that illustrated below for two different solvents A and B. It is possible
to measure AH,,., values, which correspond to the enthalpy change associated
with transfer of a solute from one solvent to another.

— TS in A
— TS inB

PROBLEMS

reactants in A —
reactants in B —

AH,,. . data for n-hexyl tosylate and several nucleophilic anions are given in
Table 4.P1.21. In Table 4.P2.21, the activation parameters for S,2 displacement
reactions with n-hexyl tosylate are given. Use these data to construct a potential
energy comparison for each of the nucleophiles. Use these diagrams to interpret the
relative reactivity data given in Table 4.P3.21. Discuss the following aspects of the
data.

a. Why is CI” more reactive than Br~ in DMSO, whereas the reverse is true in
methanol?

b. Why does the rate of thiocyanate (SCN™) ion change the least of the five
nucleophiles on going from methanol to DMSO?

c. Why does thiocyanate have the most negative entropy of activation?

Table 4.P1.21. Enthalpies of Transfer
of Ions and n-Hexyl Tosylate From
Methanol to DMSO at 25°C

Reactant AHnster (kcal/mol)
n-CgH30Ts —0.4
ClI- 6.6
Ny 3.6
Br~ 2.3

NCS™ 1.0
I~ —1.1

Table 4.P2.21. Activation Parameters for Nucleophilic Displacement
Reactions of n-Hexyl Tosylate

Nu:~ Solvent AH¥ (kcal/mol) AS# (eu) AG# (kcal/mol)

CI™ MeOH 24.3 —4.2 25.5
DMSO 20.2 —4.4 21.6

N;~ MeOH 21.2 —8.2 23.5
DMSO 18.6 —7.8 21.0

Br~ MeOH 22.9 —6.4 24.9
DMSO 20.5 —5.6 22.0

NCS™ MeOH 19.8 —15.8 242
DMSO 20.0 —12.4 23.7

I~ MeOH 22.4 —6.0 23.9

DMSO 20.9 -5.8 22.8
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4.22.

4.23.

4.24.

Table 4.P3.21. Rates of Nucleophilic Substitution on rn-Hexyl Tosylate®

Nu:™ Solvent k(40°C) k(30°C) k(20°C)

cr MeOH 0.0852 0.0226 0.00550
DMSO 50.5 16.7 5.06

Ny~ MeOH 1.66 0.514 0.152
DMSO 135 483 16.1

Br~ MeOH 0.250 0.0721 0.0191
DMSO 17.8 5.60 1.75

NCS™ MeOH 0.481 0.165 0.0512
DMSO 1.11 0.365 0.115

I- MeOH 0.956 0.275 0.0767
DMSO 5.50 1.75 16.0 (50°C)

a. k, x 104 M~1s7!

d. Is there any correlation between softness (which is in the order I~ > “SCN >
N7 > Br~ > CI") and the effect of the solvent change on the rate of the
reaction?

The Yukawa-Tsuno parameter r* has been measured for several solvolysis
reactions. What relationship do you see among the properties of the reactants,
the likely nature of the transition structures, and the observed value of r*?

a. Solvolysis of benzyl tosylates in acetic acid; r* = 1.3 compared to solvolysis
of 1-aryl-2,2,2-trifluoroethyl tosylates in 80% aqueous acetone; r* = 1.39

b. Aryl-assisted solvolysis of 2-aryl-2-(trifluoromethyl)ethyl m-nitrobenzoates in
80% aqueous trifluoroethanol; r* = 0.77 compared to aryl-assisted solvolyis
of 2-arylethyl tosylates; r* = 0.6

Comparison of several series of solvolysis reactions that proceed via carbocation
intermediates revealed that an a-cyano substituent is rate retarding by a factor
of about 1073, A B-cyano is even more rate retarding, with the difference being
as much as 10~7. Why are both a- and B-cyano rate retarding and why might
the B-substituent have a stronger effect?

Several substituted propyl tosylates with vy-silicon groups have been studied. For
the 2,2-dimethyl derivatives 24-B, the solvolysis rates are 10° to 10* greater than
for the nonsilyl analogs. The products are rearranged 1,1-dimethyl derivatives.
The reaction shows modest sensitivity to substituents in the aryl group, corre-
lating with a Hammett p value of —1.0. When the parent system 24-A (without
the 2,2-dimethyl substituents) was studied in the nonnucleophilic solvent 97%
TFE, cyclopropane was formed, ranging in yield from 0% with EWG (CF;) to
100% with ERG (CH;0). The Hammett correlation gave p = —1.1 for cyclo-
propane formation but no significant substituent effect for substitution. Describe
a mechanism that is consistent with this information.

Cl)H3 |CH3 |CH3

Ar— sli_ (CHp)qOTs  Ar— Sli —CH2C|:CH20TS
CH, CHy  CHg
24-A 24-B



4.25. The reaction of several monotosylates derived from 6-hydroxy-2- 471
(hydroxymethyl)norbornane were studied under conditions where alkoxide
formation would be expected at the nontosylated hydroxy. Compounds 25-C and
25-F showed highly specific product formation, whereas the other compounds
gave slower reactions and more complex product mixtures. Identify the structural
features that make the observed pathways particularly favorable for 25-C and
25-F. Offer a mechanistic rationale for the formation of the products shown for

the other reactants.
S %b AiCHon Z&

PROBLEMS

TsO  CH,OH XO  CH,OH TsO 19%
25-A approx 1:1 mixture 25-B
of X=H, Ts
TsO\LbCHZOH & /LbCHEOTs . /L&
CH
25-C 78% HO HO 2
250 28%
CH,4 H "IICH,
HO. CH,OTs CH,0X HO. S
(0] OTs O=CH
25-E low yield of a mixture 25-F o
of X=H, Ts 57%
CH,
CH,CH=0 CH,CH=0
"\ CHs ) :
HO N —_— + + Q
OTs _ “u
O=CH CH, CH,CH,4

25-G

4.26. Table 4.P26 shows stabilization (+) and destabilization (—) of a-substituted
ethyl and vinyl cations as determined by the isodesmic reactions shown below.
Comment on the following trends in the data.

Table 4.P26. Stabilization of Ethyl and Vinyl Carbocations by a-Substituent

Substituent C,Hs* CH,=CH" Substituent C,Hs ™" CH,=CH"
H 0.00 0.00 CN —16.02 —11.71
CH;, 18.83 25.89 CH=0 —10.25 —4.51
CH,Cl 5.59 12.90 F 6.95 —9.25
CH,Br 8.66 14.00 Cl 9.83 11.17
CH,OH 15.30 21.69 Br 9.52 12.70
CH,CN —2.10 4.76 I 13.32 20.53
CH,CF; 3.62 9.63 NH, 64.96 53.69
CH,F 4.98 10.89 OH 37.43 25.92
CF, —23.56 —16.41 SH 36.39 38.21
CH,=CH 31.98 32.55 NO, —23.09 —25.44
HC=C 18.17 25.64 (CH,),Si 17.30 34.21
CoHs 36.77 54.10

¢—C;Hy 42.97 47.06
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4.27.

CH30H2+ + CHscHZX

CHsCH;  + CH3CH*X

CH,=CH* + CH,=CHX CH,=CH, + CHy=C*X

a. The stabilization of vinyl cations tends to be somewhat larger than for the
corresponding ethyl cation.

b. F, OH, and NH, provide less stabilization of vinyl cations than of ethyl
cations.

c. CF; and CN are less destabilizing of vinyl cations than of ethyl cations.

d. What factors dominate the effect of the CH,—X substituents?

e. Compare the m-donor and polar effects of the OH, NH,, and SH substituents.

4-Aryl-5-tosyloxyhexanoates are converted to mixtures of lactones when exposed
to silica or heated with p-toluenesulfonic acid in various solvents. The aryl
ring must have an EWG for the reaction to proceed. A similar reaction occurs
with 4-aryl-5-tosyloxypentanoates, but in this case only vy-lactones are formed.
Suggest a mechanism that accounts for both the observed regioselectivity and
stereoselectivity and the requirement for an ERG on the aryl ring.






