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for the p-nitrobenzoates and the smallest for the bromides. The
k(Me)/k(Me,Si) of 3010 measured for 3, X = Br, translates into
an energy difference of 4.8 kcal/mol between Me;C* and
(Me;Si)Me,C*, in very good agreement with the computational
predictions* (taking into account the residual difference of 1.9
kcal/mol between the two bromides).

Another dramatic manifestation of these ground-state geminal
effects is found in the Br/OPNB rate ratios. While k(Br)/k-
(OPNB) for 3a is 7.6 X 10°,'? it is only 44.8 for 3b. The latter
value is, to the best of our knowledge, the lowest known k-
(Br)/k(OPNB) rate ratio in a k. process."!?

In conclusion, geminal interactions even for nonpolar sub-
stituent groups such as alkyl and silyl groups must be included
in the interpretation of solvolysis rates,'* as well as for other
reactions in which a C-X bond is broken in a rate-determining
step (e.g., radical and anionic processes). Geminal effects are
significant for benzoates and sulfonates but are relatively small
for Br and 1. The latter should therefore be preferred for com-
paring solvolysis rates. Finally, this study reinforces our previous
conclusion* that substitution of a Me by a Me;Si group desta-
bilizes tertiary carbenium ions'’ by ca. 6 kcal/mol.
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We report that compounds with strong stabilizing geminal
interactions, methoxymethyl fluoride and methoxymethyl methyl
ether, are strongly stabilized toward hydrolysis in comparison with
methoxymethyl chloride, a compound with a much weaker sta-
bilizing geminal interaction.

There is extensive evidence from thermochemical measure-
ments,' ab initio calculations,? and experiment?® that geminal
interactions between electronegative substituents across a meth-
ylene group are stabilizing by up to 17.4 kcal/mol for form-
aldehyde hydrate. These stabilizing geminal interactions are
responsible for the anomeric effect. It is evident from first
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Table I. Rate Constants for the Hydrolysis of 4-Methoxybenzyl
Derivatives and Methoxymethyl Derivatives®

X MCOCHzx 4-MeOC5H4CH2X
MeO/H** 1.3 x 10° M1 gte 3.7 X 1075 M1 s7td
Fe 1.6 X 1072 s71/¢ 8.0 X 1073 g1 /k
Cl* 5% 1047t 4574
key/ ke 3.1 x 107 5.0 x 102
ke kveon 318 x 10°M 1.1 X 10°M

%In aqueous solution at 25 °C. ?Second-order rate constants for
specific-acid-catalyzed cleavage of the methyl ethers. ‘Reference 7. A
statistical correction was made by dividing the reported rate constants
by 2. 9At I = 0.30 (KCl), this work. Pseudo-first-order rate con-
stants, Kqpeq, in the presence of 0.10, 0.20, and 0.30 M HCI were de-
termined by following the disappearance of the substrate by HPLC.
The second-order rate constant was obtained from the slope of a plot of
kopeq against [H¥]. “The first-order rate constant for the hydrolysis
reaction. /For a reaction in the presence of 0.10 M NaOH and 0.10 M
NaClO,. fReference 9. *This work. Determined spectrophotomet-
rically by following the disappearance of the substrate at 240 nm.
‘Estimated by extrapolation of a plot of log k for solvolysis of
MeOCH,CI in acetone/water mixtures at 25 °C (ref 8) against Yto ¥
= 3.49 for 100% water.!” /Estimated by extrapolation of log k for
solvolysis of 4-MeOC¢H,CH,Cl in 70% and 80% acetone in water at
25 °C (ref 12) using m = 1.08 (Graczyk, D. G.; Taylor, J. W.; Turn-
quist, C. R. J. Am. Chem. Soc. 1978, 100, 7333-7339) and Y = 3.49
for 100% water.!”

principles that the presence of geminal interactions must be
manifested in the rate constants for reactions in which they are
lost.>® However, this fact has not gained wide recognition because
of the absence of quantitative evaluations of the effect of
ground-state geminal interactions on the reactivity of classical
substrates for nucleophilic substitution reactions such as 4-
methoxybenzyl and methoxymethyl derivatives.

Table I compares rate constants obtained from the literature
for the acid-catalyzed hydrolysis of methoxymethyl methyl ether’
and the uncatalyzed hydrolysis reactions of methoxymethyl
chloride® and fluoride® with rate constants for the hydrolysis of
the corresponding 4-methoxybenzyl derivatives that were deter-

mined in this work.'?
IO
MeO

X = Cl, F, MeO/H*

MeO” X

The data in Table I show that there are large differences be-
tween the relative nucleofugalities of leaving groups at meth-
oxymethyl derivatives and at the corresponding 4-methoxybenzyl
derivatives. The difference in the reactivities of a chloride ion
and a fluoride ion as leaving groups is 60 000-fold larger for the
reactions of MeOCH,X, for which k¢/kg = 3.1 X 107, than for
the reactions of 4-MeOCH,CH,X, for which k¢/kg = 500. That
is, fluoride ion is a much worse leaving group compared with
chloride ion when it is attached to a MeOCH,- moiety than when
it is attached to a 4-MeOC¢H,CH,- moiety. Assuming that
geminal interactions in 4-MeOC,H,CH,X are negligible, then
the 60000-fold larger value of k¢ /kr for the reaction of
MeOCH,X can be explained by a 26.4 kcal/mol larger geminal
ground-state stabilization of MeOCH,F than of MeOCH,Cl and
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a large fractional ioss of this interaction on moving to the car-
bocation-like transition state for the hydrolysis reactions.?*!? The
difference in the geminal stabilization energy of HOCH,F com-
pared with HOCH,Cl obtained from ab initio calculations, 10.4
kcal/mol,? is significantly larger than the 6.4 kcal/mol geminal
stabilization of MeOCH,F toward hydrolysis. This difference
may reflect only a partial loss of stabilizing geminal interactions
at the transition state for the hydrolysis reaction and/or a failure
of the assumption that geminal interactions in 4-MeOC¢H,CH,X
are negligible.

Data for the acid-catalyzed hydrolysis reactions of
MeOCH,0Me and 4-MeOC¢H,CH,OMe yield similar conclu-
sions. The 35000-fold difference between the rate constant ratios
kci/kmeon = 3.8 X 10° M for the reaction of MeOCH,X and
kaoi/kmeon = 1.1 X 10° M for the reaction of 4-MeOC¢H ,CH,X
is consistent with a 26.1 kcal/mol larger geminal ground-state
stabilization of MeOCH,0OMe than of MeOCH,Cl.!* By com-
parison, the difference in the geminal stabilization energies of
HOCH,OMe and HOCH,Cl obtained from ab initio calculations
is 11.6 kcal/mol.?

The 10*fold greater reactivity of MeOCH,Cl than of 4-
MeOCsH,CH,Cl toward hydrolysis (Table I) shows that
MeOCH,* is at least 5.5 kcal/mol more stable than 4-
MeOC,H,CH," relative to the neutral chloride ion adducts.
However, the relative rate constants for hydrolysis of MeOCH,F
and 4-MeOCH,CH,F or the corresponding methyl ethers show
that 4-MeOC4H,CH," is slightly more stable than MeOCH,*
relative to the neutral fluoride or methoxide ion adducts. These
data show that it is difficult to infer the relative stability of
MeOCH,* and 4-MeOC¢H,CH," directly from the relative rate
constants for solvolyses of neutral derivatives, because these depend
upon the relative stabilities of the ground states and the carbo-
cation-like transition states, both of which may differ. Similar
difficulties have been encountered in the determination of the
relative stabilities of a-cyano- and 8-cyano-substituted carboca-
tions®® and of a-methyl- and a-silyl-substituted carbocations!>¢
from relative rate constants for solvolysis reactions of neutral
precursors.

We conclude that care must be exercised in the choice of a
neutral ground state when evaluating substituent effects on car-
bocation stability. The use of leaving groups from the second and
lower rows on the periodic table (e.g., I", CI"), which show rela-
tively weak electronic geminal interactions,? is to be preferred
over the use of oxygen leaving groups for the estimation of car-
bocation stabilities from the relative rate constants for solvolyses
reactions. Electronic geminal interactions with hydrogen are
particularly weak and are used as the O reference point in de-
termination of geminal interactions between other groups.
Therefore, substituent effects on carbocation stability are best
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formation of carbocations from neutral alkanes.
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There has been tremendous interest in asymmetric cyanine and
merocyanine compounds because of their applications as photo-
graphic sensitizers,'? membrane potential probes,** and photo-
chromic dyes for all-optical memory.> On the basis of UV-visible
spectroscopic data, Brooker suggested that merocyanine molecules
could be described by a superposition of neutral and charge-
separated canonical resonance forms and that, by changing the
basicity of the endgroups and/or the solvent polarity, one could
tune the molecular structure from neutral and polyene-like through
polar and cyanine-like (with equal contributions from neutral and
charge-separated resonance forms) to highly polar, charge-sepa-
rated polyene-like.!"!0 Since the neutral and charge-separated
resonance structures have different equilibrium geometries, the
degree of bond length alternation in merocyanines can be tuned
from close to that found in a polyene [i.e., the difference between
the average length of the carbon—carbon single and double bonds
[r(C—C) - r(C=C)] equals 0.11 A (for diphenyloctatetraene!!
and for octatetraene'?)] to essentially none, as found in cya-
nines_lJ.M

The degree of bond length alternation has been used as a
structural parameter in interpreting electronic spectra of poly-
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