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The rate constants of solvolyses of 2,2,2-trichloro-1,1-dimethylethyl chloroformate (I) in 33 solvents can be well
correlated using the extended Grunwald-Winstein equation, with incorporation of the Nt solvent nucleophilicity
scale and the Y solvent ionizing scale, with sensitivities towards changes in the scale having values of 1.42 + 0.09
for / and 0.39 + 0.05 for m, respectively. The activation enthalpies are AH” = 12.3 to 14.5 kcal'mol ' and the
activation entropies are —28.2 to —35.5 cal'mol "K', consistent with the proposed bimolecular reaction mechanism.
The kinetic solvent isotope effect of 2.14 in MeOH/MeOD is in accord with a bimolecular mechanism, probably

assisted by general-base catalysis.
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Introduction

The mechanism of acyl-transfer reactions have been inve-
stigated intensively for many years both experimentally1 and
theoretically.” The mechanisms of most of these reactions are,
however, still not well established. The bimolecular solvolysis
of acyl halides (RCOX) is believed to proceed either through
a direct displacement mechanism (Sx2) or through an associa-
tive addition-elimination mechanism involving a tetrahedral
intermediate.’ For acyl halides with a strong electron donating
group, R, a dissociative mechanism involving an acylium ion
intermediate has also been invoked.”* The two types of mecha-
nism, Sx2 and stepwise addition-elimination, are also common
for the bimolecular aminolysis of acyl halides. The aminolyses
of acetyl chloride, MeCOCI, and methyl chloroformate, MeO-
COCI, have been proposed to proceed by rate-limiting break-
down of a zwitterionic tetrahedral intermediate, T, for weakly
basic amines with a change to rate-limiting attack for more
basic amines.’

The overall picture as regards product formation can be
expressed as in Scheme 1, with pathways involving substitution
at the acyl carbon shown to the left (bimolecular) and pathways
involving the direct loss of carbon dioxide accompanying the
substitution to the right (unimolecular). In some instances, such
as for the reaction of isopropyl chloroformate, the pathway
involving the loss of carbon dioxide can also exhibit an elimi-
nation component, leading to alkene.’

The equation (1) represents the most general form of the sol-
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Scheme 1

volyses of several chloroformate esters. The dialkyl or alkyl
aryl carbonate is formed by

ROCOC1 + SOH/H,0 —
ROCOOS + ROS + ROH + CO, + HCl (1)

nucleophilic attack of alcohol (SOH) at the acyl carbon. The
alcohol or phenol product is formed either by a parallel attack
by water to give the hydrogen carbonate ester, followed by the
loss of CO»,” or by the attack of water on R', formed by the
loss of CO, from an intermediate carboxylium ion (ROCO)".
Capture of the R by SOH leads to the ester (ROS) and capture
by the chloride ion formed in the ionization will lead to a de-
composition pathway (for the chloroformate ester reactant) to
give RCl. When feasible, an alternative decomposition pathway,
involving the extraction of a B-proton from the R group and
alkene formation, can also occur.

Two types of mechanism have been found to operate, pos-
tulated as an addition-elimination mechanism (Scheme 2), with
the addition being rate limiting, and an ionization mechanism”®
(Scheme 3).
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The extended Grunwald-Winstein equation9 is used to co-
rrelate the rate constants of solvolysis reactions in terms of
solvent ionizing powerga'e and solvent nucleophilicity.gf'h In
equation (2), k and k, represent the rate constants of solvolysis
in a given solvent and in a standard solvent (80% ethanol),
respectively; / represents the sensitivity to changes in solvent
nucleophilicity (N1); m represents the sensitivity to changes in
the solvent ionizing power (Yx, for a leaving group X); and ¢
represents a constant (residual) term.

log (k/ko) = I Ny +m Yx + ¢ )

In view of the often suggested mechanistic change for sol-
volysis of chloroformate esters from rate-limiting ionization
(for alkyl groups R in ROCOCI with concurrent or subsequent
fragmentation) to addition-elimination with the addition step
rate-limiting, we conducted kinetic studies on the solvolysis
reactions of 2,2,2-trichloro-1,1-dimethylethyl chloroformate (I)
in pure and binary solvents, as shown (for an aqueous alcohol
solvents) in equation (3). For non-solvolytic substitutions, it
has been proposed that variation in the R group of ROCOX can
lead to a change in the rate-limiting step (r/s) from addition to
elimination within the addition-elimination mechanism."’

Compound I can be considered as a derivative of fert-butyl
chloroformate, with one of the methyl groups replaced by a
trichloromethyl group. This involves replacing a group with a
Taft polar substituent constant of zero (by definition) with a
group with a very large positive value of 2.65." This will cause
an enormous difference in the electronic effects of the alkyl
group.

The tert-butyl chloroformate decomposes rapidly at room
temperature with ejection of carbon dioxide and formation of
isobutylene and hydrogen chloride. 2 Replacement of the tert-
butyl group by the bridgehead 1-adamantyl group gives a more
stable tertiary chloroformate ester and kinetic and product stud-
ies of its decomposition in inert solvents" and of its solvolyses'*
indicate an ionization-fragmentation mechanism in a wide
range of solvents. Only in 100% ethanol was a small amount
of the dicarbonate formed by attack of the solvent at the acyl
carbon observed. It is of interest to see whether the introduction
of the three chlorine atoms into the tert-butyl group not only
stabilizes I but also leads, due to the powerful electron-with-
drawing properties of the trichloromethyl group, to a consi-
derably reduced tendency to ionization and to a partial or com-
plete switch to the addition-elimination pathway.
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In addition to the application of the extended Grunwald-
Winstein equation to the rate constants, the influence of tempera-
ture on the rate constants in the five solvents has been discussed
by calculating activation enthalpies and entropies. In order to
obtain further mechanistic information from the kinetic solvent
isotope effect, the kinetic runs were performed in both deu-
terated methanol (MeOD) and normal methanol (MeOH).

CH3 O
| ” 35.0 °C
ClzC—C—O0—C—¢ClI + SOH/H,0 —— Products (3)

CHgj

Results and Discussion

The solvolysis rate constants (k) of 2,2,2-trichloro-1,1-di-
methylethyl chloroformate (I) in 33 pure and binary solvents
at 35.0 °C are summarized in Table 1.

In the present study, we are concerned with the rate con-
stants of the solvolyses represented in equation (3). In most
solvents, the reactions proceeded rapidly, therefore we employed
the conductivity measurements, which were followed by re-
cording the responses as a function of time. “In order to promote
arapid dissolution in the solvent, the substrate was added as a
small volume of a concentrated stock solution in acetonitrile
such that the reaction solution contained about 0.1% acetoni-
trile.

The rate constants of ethanolysis of I was an order of mag-
nitude lower (k=2.58 x 10"*s ' at 25.0 °C) than that of ethanoly-
sis of phenyl chloroformate (PhOCOCI)'® (k=2.60 x 10”s '
at25.0 °C). This suggests that the 2,2,2-trichloro-1,1-dimethyl-
ethyl group is less electron-withdrawing than the phenyl group,
such that it is less favorable for promoting nucleophilic attack
at the electron-deficient carbonyl carbon. A larger steric effect
may also be a factor.

The activation parameters, AH” and AS?, calculated from
the k values at four temperatures for solvolyses of 2,2,2-tri-
chloro-1,1-dimethylethyl chloroformate in 2 pure and 3 binary
solvents, are shown in Table 2. Relatively low AH" (123 to
14.5 kcal'mol ') and large negative AS” values (—28.2 to —35.5
cal-mol_lK_l) are within the ranges of those for a bimolecular
reaction. The kinetic solvent isotope effect is relatively large,
kmeon/kmeop = 2.14 + 0.08, indicating that the bimolecular
reaction is predominantly general-base catalyzed,3C similar to
the methanolysis of n-propyl chloroformate, which had a vir-
tually identical value of 2.17 = 0.03."

The small positive AH values and large negative AS” values
are the expected characteristics for a relatively late TS with a
large degree of bond making.'"® The AS” values are in the range
normally observed for associative Sn2 reactions or for addition-
elimination reactions with the addition step rate-limiting.

Calculated sensitivities obtained from the extended Grun-
wald-Winstein equation9 [eq. (2)] are shown as 1.42 £ 0.09 for
/and 0.39 £ 0.05 for m in 33 solvents, as shown in Table 3 and
Figure 1 with a multiple correlation coefficient of 0.945. Often
TFE-ethanol points lie below plots based on equation (2)19 but,
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Table 1. Rate constants of solvolysis of 2,2,2-trichloro-1,1-dimethyl-
ethyl chloroformate” in various pure and mixed solvents at 35.0 °C,
as well as the Nt and Yc values for the solvents.
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Table 2. Rate constants and activation parameters for the solvolyses
of 2,2,2-trichloro-1,1-dimethylethyl chloroformate in pure and
aqueous solvents at various temperatures.

Solvent” 10%k° (s7™) N Yoo
100% EtOH 5.50+0.03 0.37 -2.52
90% EtOH 7.81 +£0.04 0.16 -0.94
80% EtOH 8.70 £ 0.04 0.0 0.0
70% EtOH 9.77 £ 0.05 -0.20 0.78
60% EtOH 11.0+0.2 -0.38 1.38
50% EtOH 12.6 £0.4 -0.58 2.02
40% EtOH 13.8+£04 -0.74 2.75
20% EtOH 17.8£0.5 -1.16 4.09

100% MeOH' 17.8£0.4 0.17 -1.20
90% MeOH 224+04 -0.01 -0.20
80% MeOH 26.9+0.5 -0.06 0.67
70% MeOH 323+04 -0.40 1.46
60% MeOH 353+04 -0.54 2.07
50% MeOH 42.7+0.6 -0.75 2.70
40% MeOH 46.8 £0.6 -0.87 3.25

90% Acetone 1.32+0.03 -0.35 -2.39

80% Acetone 2.20+0.02 -0.37 -0.83

70% Acetone 2.77+0.03 -0.42 0.17

60% Acetone 2.86+0.03 -0.52 1.00

50% Acetone 3.38+0.04 -0.70 1.73

40% Acetone 4.07+£0.05 -0.83 2.46

30% Acetone 4.68 £0.04 -0.96 3.21

20% Acetone 5.25+0.03 -1.11 3.77

80% TFE? 0.0905 + 0.0003 -2.19 2.90

70% TFE 0.176 £ 0.003 -1.98 2.96

50% TFE 0.678 £ 0.005 -1.73 3.16
80% HFIP® 0.0105 +0.0004 -3.84 4.31
70% HFIP 0.0331 +0.0003 -2.94 3.83
50% HFIP 0.0479 £+ 0.0003 -2.49 3.80

80T-20E" 0.082 + 0.005 -1.76 1.89

60T-40E 0.325 +£0.004 -0.94 0.63

40T-60E 0.909 + 0.004 -0.34 -0.48

20T-80E 2.38+0.03 0.08 -1.42

“Unless otherwise indicated, a 10°M solution of the substrate in the indi-
cated solvent, containing 0.1% CH3;CN. "On a volume-volume content at
25 0°C, other component is water. “With ass001ated standard deviations.

Values from ref. 9f. “Values from ref. 9. "Values of k (= 7.85(£0.04) x
107~ ) in methanol-d (MeOD), corresponding to a kmeon/kmeop value of
2.14 + 0.03 [with associated standard error (Crumpler, T. B.; Yoh, J. H.
Chemical Computations and Error; Wiley: New York, 1940; p 178)]. *Sol-
vent prepared on a weight-weight basis at 25.0 °C. The other component
is water. "T-E indicates TFE-EtOH mixtures.

Temp. a1 AH? -AS”
Solvent C) 10k (s ) (keal-mol Y’ (cal-mol “K 1)’
25 0258+0.003
35 0.550+0.003
0% EOH o 17,000 138405 286+15
55 249+0.03
25 0.420+0.003
.35 0870004
0
B0%EOH  \s 1g14002 133:04 29514
55 3.73+0.04
25 0.857+0.004
35 1.68+0.04
0
T00%MeOH 45 3302003 123£04 314+14
55 650+0.05
25 0.0995+0.0002
. 35 022040002
80% Acetone” 5 (48740003 145+05 28215
55 1.07£0.02
25 0.00838 +0.00003
o oeca 35 0.0176%0.0003
70% TFE 45 0.0370+£0.0005 13.8+0.6 355+2.0

55 0.0813 +0.0004

“Averages of three or more runs, with standard deviation. "The activation
parameters are accompanled by the standard error., ‘On a volume-volume
content at 25.0 °C. The other component is water. “Solvent prepared on a
weight-weight basis at 25.0 °C. The other component is water.

in this instance, the TFE-ethanol points lie toward the middle
of the range of the plotted points and have only small deviation
such that their omission leads primarily to a small increase in
the correlation coefficient value and only very minor changes
in the / and m values. Sensitivity values, / and m are tabulated
in Table 3, where they are compared with other values reported
for similar substrates.

The determination of / and m values will be a valuable source
of information concerning the structure of the transition state
for these solvolyses.”' The / and m values for the solvolysis of
Tare also compared with recently reported results, as shown in
Table 3, involving analysis in terms of equation (2) for the rate
constants of solvolyses of n-octyl fluoroformate,” phenyl chloro-
formate, '’ methyl chloroformate,” and ethyl chloroformate.”
The [ value of 1.42 and the m value of 0.39 for the solvolysis

Table 3. Coefficients from extended Grunwald-Winstein correlations of the solvolyses of 2,2,2-trichloro-1,1-dimethylethyl chloroformate and
a comparison with the corresponding values for the solvolyses of the chloroformate esters.

Substrate n’ i m C’ Um RY
CICO,C(CHz3),CCl3 33 1.42 +0.09 0.39 +£0.05 0.16 £ 0.08 3.64 0.945
n-OctOCOF* 23 1.89+0.13 0.79 +£0.06 0.13+0.34 2.28 0.959
PhococCY 21 1.68 +0.10 0.57+0.06 0.12+0.41 2.95 0.973
MeOCOCE 19 1.59+0.09 0.58 £0.05 0.16 £0.07 2.74 0.977
EtOCOC!” 28 1.56 +£0.09 0.55+0.03 0.19+0.24 2.84 0.967
4-NO,BzOCOCY 39 1.68 £ 0.06 0.46+0.04 0.08 +£0.08 3.65 0.976

“Number of solvents included in the correlation. "From eqn (2), with the associated standard error.
of estimate. “Correlation coefficient. “Values from ref. 8.”Values from ref. 16. *Values from ref. 22. "Values from ref. 23. ‘Values from ref. 20.

“From eqn. (2), accompanled by the standard error
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Figure 1. Plot of (k/k) for 2,2,2-trichloro-1,1-dimethylethyl chloro-
formate solvolysis at 35.0 °C against (1.42Nt + 0.39Y ), using data
for all 33 solvents of the study.

of I were similar to the previously reported values for the bi-
molecular solvolyses of the other substrates, which suggests a
similar addition-elimination mechanism involving rate-limiting
attack by the solvent at the carbonyl carbon atom of I. All of
the tabulated values are in the range expected for an addition-
elimination mechanism and they indicate a large degree of
nucleophilic assistance at the transition state of the rls.*

The lower m values (m = 0.39) for the solvolysis of 2,2,2-
trichloro-1,1-dimethylethyl chloroformate, relative to n-octyl
fluoroformate,® phenyl chloroformate, '° methyl chloroform-
ate,” and ethyl chloroformate,” may reflect a reduced need for
solvation of the developing negative charge on the carbonyl
oxygen, (see Table 3).

The I/m ratio has been suggested as a useful mechanistic
criterion and the values of 2.2 to 3.8 for entries in Table 3 can
be considered to represent addition-elimination. Observation
of m values below unity can be considered to reflect an ioni-
zation pathway.25

For 2,2,2-trichloro-1,1-dimethylethyl chloroformate, the
values for the ratio I/m of 3.64 is similar to those previously
observed for the solvolyses of n-octyl fluoroformate,’ phenyl
chloroformate,'° methyl chloroformate,” and ethyl chloroform-
ate,” which have been shown to solvolyze over a wide range
of solvent type with the addition step of an addition-elimination
pathway being rate limiting.

This mechanism is also consistent with general base catalysis
by a second MeOH molecule to an attack of MeOH on the car-
bonyl carbon as evidenced by the relatively large kinetic solvent
isotope effect observed, kneon/kmeon =2.14. The kinetic solvent
isotope effects for the methanolysis of benzoyl chlorides are
slightly smaller (kmeon/kmeon = 1.2 ~ 1.6) for the electron-
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donating substituents but are similar for the electron-with-
drawing substituents (kmeon/kmeop = 1.7 ~ 2.3).%° Reported
values have indicated that values in these ranges can be con-
sidered as good supporting evidence for the postulation of a
bimolecular mechanism for the methanolysis.

Conclusions

Application of the extended Grunwald-Winstein equation
led to an / value of 1.42 and an m value of 0.39. These values
are shown (Table 3) to be similar to the previously determined
values for a mechanism involving rate-limiting addition in an
addition-elimination pathway. The large negative entropies of
activation were consistent with a bimolecular process. The
kinetic solvent isotope effect is also very close to the literature
values for the solvolyses of other chloroformate esters and it is
consistent with general-base catalysis being super imposed
upon a bimolecular process.

Experimental

Solvents were purified as previously described.” The sub-
strate did not react with the pure acetonitrile within the stock
solution. The 2,2,2-trichloro-1,1-dimethylethyl chloroformate
(Aldrich 96%) was used as received.

The kinetic experiments were carried out by allowing a con-
ductivity cell containing 12.5 mL of solvent to equilibrate, with
stirring, in a constant-temperature water bath. A 12 uL portion
of a 1.0 mol dm" stock solution of I in acetonitrile was then
added. The monitoring of increases in conductivity with time
and the calculation of the rate constants (first-order coefficients)
were conducted as previously reported.24 The multiple regre-
ssion analyses were performed using commercially available
packages.
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