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ABSTRACT

We propose that controversy concerning the mechanism for solvolysis at tertiary carbon is semantic and can be avoided by making a clear
distinction between (1) nucleophilic solvent participation, which is stabilization of the transition state for concerted solvolysis by formation of
a partial covalent bond to the solvent nucleophile, and (2) nucleophilic solvation, which is stabilization of the transition state for stepwise
solvolysis through carbocation or ion pair intermediates by charge−dipole interactions with nucleophilic solvents.

Recent studies designed to refine our understanding of
solvolysis reactions have identified numerous stabilizing
interactions with solvent in the transition state.1-6 At the same
time, there has been little effort toward reconciliation of
results which point to a role for nucleophilic assistance from
solvent in stabilization of the transition state for solvolysis
of simple tertiary derivatives with those which do not support
significant transition state stabilization by formation of a

covalent bond to the incoming solvent nucleophile. This
creates the impression that studies of solvolysis at tertiary
carbon have resulted in a morass of experimental data and
which, when interpreted individually, provide support for
conflicting mechanistic conclusions. For example, a recent
important evaluation of the energetics of nucleophilic as-
sistance from solvent in the solvolysis reactions of a series
of tertiary chlorides with alkyl substituents of varying steric
bulk was interpreted as providing evidence for stabilization
of the transition state for solvolysis oftert-butyl chloride by
“nucleophilic solvent participation” (NSP).7 However, NSP
was not rigorously defined and there was no clear physical
picture of the nature of the nucleophilic assistance. Moreover,
these important new experimental results were not placed
within the context of convincing evidence from earlier studies
that there is little or no stabilization of the transition state
for solvolysis of simple tertiary derivatives by formation of
a partial covalent bond to the incoming solvent nucleophile.8,9
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We propose that results of the wealth of investigation of
solvolysis reactions at tertiary carbon can be reconciled by
a simple model for the physical role of nucleophilic solvents
in transition state stabilization. These studies have proceeded
essentially along two different lines:

(1) The effects of a change in the bulk solvent onkobsd

(s-1) for solvolysis of tert-butyl and related tertiary alkyl
derivatives have been characterized.1,10,11 The results show
thatkobsddepends strongly on the ability of solvent to stabilize
free ions. In some cases,kobsdalso depends on the ability of
solvent to develop “backside” nucleophilic interactions with
the developing cationic carbon in the transition state,2 to
provide “frontside” solvation of the incipient leaving group
anion,5 and to provide specific solvation of peripheral alkyl
and aryl substituents.3,4 The best efforts to evaluate these
various factors are consistent with the conclusion that there
is a small dependence ofkobsd for solvolysis of tert-butyl
derivatives12,13 and some cumyl derivatives14 on solvent
nucleophilicity.

(2) The products of the reaction of simple tertiary
derivatives such as1-X in the presence of strongly nucleo-

philic reagents have been determined,8 and estimates of the
lifetime of tertiary carbocations in largely aqueous solvents
have been obtained.4,8 The results show that there is little or
no stabilization of the transition state for the rate- and/or
product-determining step for the reactions of1-X by interac-
tion of the nucleophilic solvent component methanol or the
strongly nucleophilic azide ion with the electrophilic carbon
at the substrate1-X and/or at the ion pair intermediate
1+‚X-.8

Nucleophilic Solvation and Nucleophilic Solvent Par-
ticipation. We propose that controversy concerning the
mechanism for solvolysis of simple tertiary derivatives is
essentially semantic and results from the failure to define
and distinguish the following two physically different
interactions of nucleophilic solvents with the developing
cationic carbon in the transition state.

(1) Nucleophilic Solvent Participation (NSP). Traditionally
this is thought of as an interaction which accelerates

solvolysis by formation of a partial covalent bond between
the incoming solvent nucleophile and the developing cationic
carbon in the transition state for cleavage of the bond to the
leaving group (Scheme 1A). It is analogous to the well-

defined stabilization of the transition state for concerted
ANDN (SN2)15 nucleophilic substitution. NSP has been
defined as “kinetically significant involvement of the solvent
as nucleophile or base by partial bonding (as distinct from
general electrostatic solvation) to any atom of the substrate
(e.g.,R-carbon,â-hydrogen, etc.)”13 or as “electron donation
from solvent to the developing positive dipole of a reacting
C-X bond”.5 We suggest that this stabilization of the
transition state by formation of a partial covalent bond to
the incoming solvent nucleophile, in what must necessarily
be aconcertedreactionwithouta carbocation intermediate,
be referred to exclusively asnucleophilic solVent participa-
tion (NSP, Scheme 1A).

(2) Nucleophilic Solvation (NS). Historically, the literature
on nucleophilic substitution reactions of solvent at aliphatic
carbon has been dominated by studies designed to distinguish
between stepwise DN + AN (SN1)15 and concerted ANDN

(SN2)15 mechanisms.11,12,16-18Therefore, the abundant evi-
dence for stabilization of the transition state for solvolysis
by nucleophilic solvents has been discussed mainly in terms
of NSP (see above), for which the interaction of solvent with
the developing cationic center is functionally equivalent to
the role of any nucleophile in a concerted SN2 process
(Scheme 1A). This partial covalent bond to the nucleophile,
and the resulting stabilization of the transition state for
concerted bimolecular substitution, will become weaker with
increasing stabilization of the putative carbocation intermedi-
ate.19 When the carbocation is stable enough to form as a
reaction intermediate, the mechanism for solvolysis will
change from aconcerteddisplacement to astepwiseprocess,
and this covalent interaction ceases to be important.19,20We
attribute any nucleophilic stabilization of the late carbocation-

(8) Toteva, M. M.; Richard, J. P.J. Am. Chem. Soc.1996,118, 11434-
11445.

(9) Richard, J. P.; Amyes, T. L.; Vontor, T.J. Am. Chem. Soc.1991,
113, 5871-5873.

(10) Grunwald, E.; Winstein, S.J. Am. Chem. Soc.1948,70, 846-854.
Fainberg, A. H.; Winstein, S.J. Am. Chem. Soc.1956,78, 2770-2777.

(11) Winstein, S.; Grunwald, E.; Jones, H. W.J. Am. Chem. Soc.1951,
73, 2700-2707.

(12) Bentley, T. W.; Carter, G. E.J. Am. Chem. Soc.1982,104, 5741-
5747. Kevill, D. N.; Anderson, S. W.J. Am. Chem. Soc.1986,108, 1579-
1585.

(13) Bentley, T. W.; Bowen, C. T.; Parker, W.; Watt, C. I. F.J. Am.
Chem. Soc.1979,101, 2486-2488.

(14) Liu, K.-T.; Chang, L.-W.; Chen, P.-S.J. Org. Chem.1992, 57,
4791-4793. Liu, K. T.; Chen, P. S.; Hu, C. R.; Sheu, H. C.J. Phys. Org.
Chem.1993,6, 122-125. Kevill, D. N.; D’Souza, M. J.J. Chem. Res.,
Synop.1993, 332-333.

(15) Guthrie, R. D.; Jencks, W. P.Acc. Chem. Res.1989,22, 343-349.
(16) Bateman, L. C.; Church, M. G.; Hughes, E. D.; Ingold, C. K.; Taher,

N. A. J. Chem. Soc.1940, 979-1011. Thornton, E. R.SolVolysis
Mechanisms; Ronald Press: New York, 1964. Raber, D. J.; Bingham, R.
C.; Harris, J. M.; Fry, J. L.; Schleyer, P. V. R.J. Am. Chem. Soc.1970,92,
5977-5981. Raber, D. J.; Neal, W. C.; Dukes, M. D.; Harris, J. M.; Mount,
D. L. J. Am. Chem. Soc.1978,100, 8137-8146. Bentley, T. W.; Bowen,
C. T.; Morten, D. H.; Schleyer, P. v. R.J. Am. Chem. Soc.1981, 103,
5466-5475. Ruggiero, G.; Williams, I. H.J. Chem. Soc., Perkin Trans. 2
2001, 448-458.

(17) Doering, W. v. E.; Zeiss, H. H.J. Am. Chem. Soc.1953,75, 4733-
4738.

(18) Schleyer, P. v. R.; Raber, D. J.; Harris, J. M.; Hall, R. E.J. Am.
Chem. Soc.1971,93, 4821-4828.

(19) Richard, J. P.; Jencks, W. P.J. Am. Chem. Soc.1984,106, 1383-
1396.

Scheme 1

2226 Org. Lett., Vol. 3, No. 14, 2001



like transition state for cleavage of the bond to the leaving
group in stepwisesolvolysis reactions to charge-dipole
interactions with polar solvents. These stabilizing interactions
are expected to be similar in size and nature to the stabilizing
solvation of cations such as the tetramethylammonium ion.21

Such dipolar interactions with nucleophilic solvents are
essentially independent of carbocation stability,22 but they
may change systematically with changes in the structure of
the carbocation which result in changes in the steric
accessibility of solvent to the cationic center.7,23 We suggest
that stabilizing interactions between the dipole of nucleophilic
solvents and carbocations, and the corresponding interactions
in the transition state for their formation instepwise
solvolysis reactions, be referred to exclusively asnucleophilic
solVation (NS, Scheme 1B).

Solvolysis Reactions at Tertiary Carbon.Studies of the
effects of changing solvent nucleophilicity on the observed
rate constants and product distribution for solvolysis reactions
at tertiary carbon are consistent with the following mecha-
nistic picture.

(1) These reactions are limiting cases for which the
transition state is stabilized only by nucleophilic solvation
(Scheme 1B), because there is very little stabilization of the
transition state for the rate- or the product-determining step
by formation of a partial covalent bond to the incoming
solvent nucleophile. This is supported by the following
experimental results:

(a) There is no significant increase inkobsd(s-1) for reaction
of the simple tertiary derivatives1-Cl and 1-O2CC6F5 in
largely aqueous solvents when the concentration of azide
ion is increased from 0 to 0.5 M, and small values of the
product rate constant ratiokaz/ks ) 0.3-0.4 M-1 for formation
of 1-N3 and1-OSolv were determined.8 Therefore, there is
no interaction between the substrate and the strong nucleo-
phile azide ion that provides significant transition state
stabilization for nucleophilic substitution at tertiary carbon
(see above).8,9,18This eliminates the possibility of bimolecular
nucleophilic substitution reactions of hydroxylic solvents
(NSP) because these are much more weakly nucleophilic
than azide ion (Scheme 2, upper pathway).18 It is also not
reasonable that there be significant transition state stabiliza-
tion by formation of a partial covalent bond to the solvent
nucleophile which is thenbrokenon proceeding to a tertiary
carbocation intermediate (Scheme 2, lower pathway). This
is because the large thermodynamic driving force and the
very small kinetic barrier for reaction of tertiary carbocations
with nucleophilic solvents strongly favor collapse to product

of any transition state in which there is a partial bond to the
solvent nucleophile over cleavage of this bond to form a
“solvated” carbocation.8

(b) The small values of the product rate constant
ratio kMeOH/kTFE ) 1.2-2.0 for formation of1-OMe and
1-OCH2CF3 from reaction of1-X in largely aqueous mixed
alcohol solvents8 show that there is very little stabilization
of the transition state for reaction of a reversibly formed ion
pair by formation of a partial covalent bond to the incoming
solvent nucleophile. There is good evidence that thechemical
barrier to reaction of1+ with nucleophilic solvents is similar
to the barrier for rotation of a molecule of solvent into a
“reactive” position, which occurs by reorganization of the
surrounding solvent cage (kreorg ≈ 1011 s-1).8 Therefore, the
solvent adducts are formed by capture of the ion pair
intermediate1+‚X- by a molecule of solvent that is present
in the local solvation shell at the time of its formation from
1-X, in a process that is nearly independent of solvent
nucleophilicity.

(c) There is no strong imperative forconcerteddisplace-
ment reactions of solvent at tertiary carbon (Scheme 2, upper
pathway) because solvolysis of chiral tertiary derivatives
gives substitution products with both retention and inversion
of configuration.17,24 The excess of products that form with
inversion is consistent withstepwisereactions through short-
lived ion pair intermediates that are shielded by the leaving
group from frontside solvent addition and which react with
a molecule of solvent present in the local solvation shell at
the time of ion pair formation.

(2) The sensitivity ofkobsd (s-1) for solvolysis of tertiary
derivatives to solvent nucleophilicity represents transition
state stabilization by nucleophilic solvation. This is largely
electrostatic in nature because there is no significant transition
state stabilization by formation of a partial covalent bond to
the solvent nucleophile (see above). This is supported by
the following experimental results:

(a) The activation barriers for solvolysis of a series of
caged and bridgehead tertiary alkyl chlorides RCl relative
to that for 1-adamantyl chloride8 (∆∆G‡) in the weakly
nucleophilic solvent 97% HFIP/H2O (HFIP ) hexafluoro-
2-propanol) and in the strongly nucleophilic solvent 80%
EtOH/H2O exhibit similar good correlations with the Gibbs
free energy change for transfer of chloride ion from RCl to
the 1-adamantyl carbocation in the gas phase (∆G°, eq 1).7

The positive deviation of∆∆G‡ for solvolysis oftert-butyl
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Scheme 2

1-Ad+ (g) + RCl (g) y\z
∆G°

1-AdCl (g) + R+ (g) (1)
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chloride 2 from the correlation in 80% EtOH/H2O shows
that this solvent provides a 7.4 kcal/mol greater stabilization
of the transition state for solvolysis of2 than of the transition
state for solvolysis of caged and bridgehead chlorides. The
smaller 3.1 kcal/mol positive deviation of∆∆G‡ for sol-
volysis of 2 from the almost identical correlation in 97%
HFIP/H2O requires a ca. 4.3 kcal/mol greater stabilization
of the transition state for solvolysis of2 by 80% EtOH/H2O
than by 97% HFIP/H2O.7

(b) The 7.4 kcal/mol greater stabilization of the transition
state for solvolysis oftert-butyl chloride2 by 80% EtOH/
H2O than of that for solvolysis of caged and bridgehead
chlorides is much smaller than the estimated 49 kcal/mol
free energy of solvation thetert-butyl carbocation by 100%
H2O.21 A similar solvation energy is expected for tertiary
carbocations in 80% EtOH/H2O (ca. 30 mol % of water) so
that the 7.4 kcal/mol differential stabilization of the transition
state for solvolysis of2 corresponds to a relatively small
fraction of the total solvation energy of thetert-butyl
carbocation. This is consistent with steric shielding by the
hydrocarbon framework of caged and bridgehead tertiary
carbocations which minimizes stabilizing nucleophilic sol-
vation by charge-dipole interactions between solvent and
the cationic center. The 4.3 kcal/mol greater stabilization of
the transition state for solvolysis of2 by 80% EtOH/H2O
than by 97% HFIP/H2O could reflect the reduced steric bulk
of the former solvent which may allow for interaction of a
larger number of solvent molecules with the cationic center.25

Computational studies designed to model these effects would
be useful.

(3) The stabilization of carbocations and carbocation-like
transition states by nucleophilic solvation becomes smaller
with increasing congestion at the substrate and steric
hindrance to backside charge-dipole interactions with nu-

cleophilic solvents (Scheme 1B). This is supported by the
decreases in the positive deviation of∆∆G‡ for solvolysis
of 2-7 from the rate-equilibrium correlation in 80% EtOH/
H2O (see above) with increasing branching and steric
congestion at RCl. The magnitudes of these deviations
provide estimates for the differential stabilization of the
transition state for solvolysis of2-7 over that for solvolysis
of caged and bridgehead chlorides by nucleophilic solvation.

In summary, recent data strongly support the solvolysis
of tertiary derivatives by astepwisemechanism with rate-
determining ionization to form a carbocation intermediate.
There is no significant stabilization of the transition state
by formation of a partial covalent bond to the incoming
solvent nucleophile (NSP) but rather the carbocation-like
transition state is stabilized by interaction with the dipole of
nucleophilic solvents (NS). The use of carefully defined
terms that distinguish stabilization of the transition state for
solvolysis at tertiary carbon by participation of the solvent
as a nucleophile in aconcertedreaction (nucleophilic solvent
participation, Scheme 1A) from stabilization by charge-
dipole interactions in astepwise reaction (nucleophilic
solvation, Scheme 1B) will minimize controversy about the
interpretation of experimental results of studies of solvolysis
mechanisms. Although we have chosen to use the conven-
tional term nucleophilic solvation, we realize that its use to
describe transition state stabilization for reactions in which
formation of a covalent bond to the incoming solvent
nucleophile in the rate-limiting step has been specifically
excluded is confusing. A term such asdipolar solVation, or
more simply,solVation, may be more appropriate.
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(25) Dipole moments of 2.05 D for HFIP, 2.03 D for CF3CH2OH, and
1.65 D for EtOH have been determined in cyclohexane at 25°C (Kivinen,
A.; Murto, J.; Lehtonen, M.Suom. Kemistilehti B1968, 41, 359-363).
However, nucleophilic solvation of carbocations by fluorinated alcohols
may be less effective than by EtOH because the CF3 groups should result
in a significant change in theorientationof the dipole such that its negative
end is positioned between the bulky CF3 groups and the hydroxyl group.
This may result in reduced accessibility of the “hindered” dipole of
fluorinated alcohols to the cationic center.
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