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Solvolyses of p-methoxyphenyl chlorofermate in water, D,0, CH,0D, 5(% D,0-CH,0D, and in aqueous bi-
nary mixtures of acetone, ethanol and methanol are investigated at 25.0 °C. Product selectivities are reported at
25 °C for a wide range of ethanol-water and methanol-water solvent compositions. The Grunwald-Winstein
plots of first-order rate constants for p-methoxyphenyl chloroformate with Y., (based on 1-adamantyl chloride)
show marked dispersions into three separate curves for the three aqueous mixtures with a small m value and a
ratc maximum for aqueous alcohol solvents. Third-order rate constants, k,,, k... &, and &, were calculated
from the observed k., and &,, values together with k,, and &,, calcutated from the intercept and slope of the
plot of 1/S vs. [alcohol])/[water]. The calculated rate constants, &, and mol % of ester agree satisfactorily with
those of the observed rate constants, k,, and mol % of ester, supporting the stoichiometric solvation effect
analysis. The kinetic solvent isotope effects determined in water and methanol are consistent with the proposed
mechanism of the general basc catalyzed carbony! addition-elimination.

Introduction

The mechanism of acyl-transfer reactions has been in-
vestigated intensively for many years both experimentally'
and theoretically.” The mechanism of most of these reac-
tions is, however, still not well established. The solvolysis
of acyl halides, RCOX, is believed to proceed either
through a direct displacement mechanism (Sx2) or through
an associative addition-elimination mechanism involving a
tetrahedral intermediate.’® Many acyl-transfer reactions in
protic solvents involving esters,’ amide derivatives® and acid
chlorides® are third order overall, and it is thought that one
molecule of solvent acts as a nucleophile and a secord
molecule acts as a general base.” In the third order process,
methanol probably acts as both nucleophile and general
base, because large rate enhancements are observed when
chioride ion (a base in acetonitrile) is added while only mi-
nor rate enhancements are observed when phenol is added.®

The other process may be pseudo second order, and may

involve methanol as nucleophile with acetonitrile, present in
large excess, acting as general base.* Similar results have
been obtained for aminolyses inveolving primary and secon-
dary amines.® Depending on reaction conditions, as sub-
strates, and solvent compositions, nucleophilic reactions of
acyl halides were reported as an addition-elimination, Syl or
Sy2 reaction mechanism.”'® Based on the product-rate study,
benzoyl chloride (I} solvolyzes by an §,2 mechanism in
high polarity solvents, whereas it favors general-base ca-
talyzed or possible addition-elimination pathway (S,N) in
less polar media.*"*

Nucleophilic substitution reactions of furoyl chloride (II}
and thenoyl chloride (III} were reported to proceed via dif-
ferent reaction mechanisms, the former by an addition-el-
imination and the latter by an S,2 mechanism based on the
product-rate study.”” Though the only difference between
two substrates is sulfur atom in thenoyl chloride which is re-
placed by an oxygen atom in furoyl, two substrates show a
remarkable change in reaction mechanism.®
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Competing nucleophilic substitution reactions in alcohol-
water mixtures are interpreted in terms of product selec-
tivities, S, defined from molar ratios of products and of sol-
vents [equation (1)]. If these reactions simply involved com-
petitive attack upon the substrate by either water or alcohol,
S values would be independent of solvent composition.’
Contrary to trend expected from the reactivity-selectivity
principtes (RSP),"* S values often increase in more aqueous
media with the increase in reactivity,'*®

S=[ester][water]/[hydrolysis][alcohol] n
1/5=(slope)([alcohol}/[water])+(intercept) 2
S=(slope)([water}/[alcohol])+(intercept) (3)

We recently reported new equations (2) and (3), ac-
counting for the solvent dependence of product selectivities
in aicohol-water mixtures'’; these two equations are suc-
cessful for the product-forming step of reactions of free ca-
tion," for concerted nucleophilic substitution reactions,'**
and also for the general-base or addition-elimination reac-
tions.”

In this study, we determined rate constants and products
selectivities for solvolyses of IV in alcohol-water mixtures
at 25 °C, and we calculated third order rate constants, k...,
k.. k.. and k,, using observed first-order rate constants and
selectivity values. We will discuss stoichiometric solvation
effects of solvolytic reaction of p-methoxyphenyl chloro-
formate using third order rate constants.

Resuits and Discussion

The rate constants for solvolyses of IV in methanol-water,
ethanol-water, acetone-water mixtures at 25.0 °C are sum-
marized in Table 1. Reference to Table 1 reveals that the
rate increases in the order Acetone-H,O < EtOH-H,0 <
MeOH-H,0, and it shows maximum rate constants at near
30M in methanol aqueous mixtures and near 20E in ethanol
aqueous mixtures. The rate increases slowly as the water
content of the mixtures increases; this means that the rate is
slightly accelerated by the solvent with higher ionizing pow-
er, Y, suggesting that bond breaking in the transition state is
of little importance. First-order rate constants for solvolysis
of I vary over only a three-fold range in alcohol-water mix-
tures, whereas the observed first-order rate constants for IIl
which is known to react vie an Sy2 reaction mechanism
vary over 7000-fold range.” These results indicate that the
rate determining step is not the bond breaking step which
was found in the reaction of thenoyl chioride but the ad-
dition step for the reaction of p-methoxyphenyl chloro-
formate where transition state is not sensitive to solvent ion-
izing power. These results are very similar to those of sol-
volytic reactions of p-nitrobenzoyl chloride,”® p-nitro-
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Table 1. Rate constants (k) for solvolyses of p-methoxypenyl
chalorformate in aqueous binary mixtures at 25 °C

MeOH EiOH Acetone
viv % -
: kx10°
100 4.10 1.08 -
90 8.00 2.39 -
80 113 3.18 0.415
70 14.2 385 0.774
60 17.G 4.82 1.24
50 19.6 5.8% 2.03
40 20.7 7.58 3.25
30 210 10.6 5.10
20 18.8 12.3 7.38
1G 15.6 12.2 10.1
H,O 11.8 11.8 11.8

benzenesulfonyl chloride'*'” and furoyl chloride,” but they
are different from the results of solvolytic reactions of
thenoyl chloride and p-methoxybenzoyl chloride.

The Grunwald-Winstein plots (equation 4) of the rates in
Table 1 are presented in Figure 1 using the solvent ionizing
power scale Y, based on 1-adamantyl chloride. Examina-
tion of Figure 1 shows that the plots for the three aqueous
mixtures exhibit dispersions into three separate curves with
maximum rate constants at near 30 M in methanol aqueous
mixtures and near 20E in ethanol aqueous mixtures.

The plot for 100E-20E and acetone-water show a very
small m value, m=0.15 (=0994) and m=0.27 (r=1.00),
respectively, implying that the solvolysis of p-methoxy-
phenyl chloroformate in the binary mixtures proceeds by
the addition-elimination (SN} or associative Sy2 mechan-
ism channel rather than by an Syl channel.

log(k/k,)rx=m Yo, (4)
The product selectivities, S, for the solvolysis of IV in

aqueous alcohols (Table 2) reveal that aqueous methanol
mixtures the selectivity increases with increasing water con-
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Figure 1. Logarithms of first-arder rate constants for solvolyses
of p-methoxypenyl chloroformate at 25 °C vs. Vo
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Table 2. Selectivities (S) for solvolyses of p-methoxyphenyl

chloroformate in alcohol-water mixtures at 25 °C*"
Methanol/Water Ethanol/Water
Vol %
[Ester)[Acid] S [Ester)/[Acid] S
90 10.21 2.55 5.803 2.18
80 7.244 4.07 3.087 2.99
70 4.470 4.61 2.526 3.5
60 3.381 5.08 1.873 397
50 2.459 5.54 1.675 4.40
40 1.692 571 0.944 4.58
30 1.045 5.48 0.535 4.04
20 0.594 528 0.246 3.18
10 0.269 5.25 (0.100 2.92

’ Determined {eq. 1) by duplicate HPLC analyses of each solvent
composition: average deviation<+1%. "Injected 5 L of a 10%
solution of p-metoxyphenyl chloroformate in acetonitrile into 5
mL of solvent.

tents, whereas the selectivity exhibits a maximum behavior
in aqueous ethanol; thus the reactivity-selectivity principle
(RSP)" is not obeyed in alcohol and partially obeyed {(up to
the 40% alcohol solvent) in alcohol-water mixtures. Gen-
erally, § values decrease with increasing water content be-
cause the amount of alcoholysis product increases. However,
the greater value of S in more aqueous media for IV is a
strong indication that the role of alcohol as a nucleophile is
important while the effect of ionizing power is insignificant
in the product determining step of the reaction of IV. These
types of selectivity changes with IV have been shown to be
typical for a general-base catalyzed carbonyl addition-el-
imination channel in aqueous alcohol media.? Moreover the
RSP is violated for the solvolysis of [V in aqueous alcohol,
i.e., the selectivity is proportional to the reactivity; the samc
argument as to the importance of nucleophilicity and low
sensitivity to the ionizing power of the solvent mixtures
should apply to the rate determining step. Thus the fa-
voured channel for IV in the aqueous alcohol mixtures is
most likely to be a carbonyl addition-¢climination pathway.

The Grunwald-Winstein plot (Figure 1) for IV shows a
low response to solvent ionizing power, and shows a max-
imum reactivity at near 30M with a non-linear plot in
methanol-water mixtures. In order to examine the non-
linear Grunwald-Winstein plot, it is necessary to take into
account the stoichiometric solvation effects based on a
third order reaction mechanism. For corresponding sol-
volyses in alcohol-water mixtures, interpretations based on
a third order mechanism are more complex, but significant
new information is available because two products are
formed. Thus there are four possible third order rate con-
stants in the solvolysis reaction: (i) &,, for a mechanism in
which one molecule of alcohol acts as a nucleophile and
second molecule acts as a general base; (ii) &,,, in which al-
cohol acts as a nucleophile and water acts as a general
base; (iii) k,, in which water acts as nucleophile and al-
cohol acts as general base; (iv) k., in which water acts as
both nucleophile and general base.>'*'""” Therefore, ob-
served first-order rate constants in alcohol-water mixtures
are given by equation (5).
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Table 3. The third-order rate constants, X,.., X,.. k., and &,, for
p-methoxyphenyl chloroformate solvolysis in alcohol-water mix-
tures

- N0 M5!
Solvent k.. Ko Ko k,,
Methanol 0.383 2.36 0.116 0.672
Ethanol 0.383 1.95 0.222 0.367

k =k, [alcohol|+-(k,.+k..)[alcohol|[water] +k,.[water)* (5)

The k,, tenms can be calculated from observed first order
rate constants in pure alcohol (K..=k.,./[ROH]?); similarly
k... can be obtained from the observed first order rate con-
stant in water (k,,.=ks,/[H;0])."*"® In order to determine k,,,
and %,, terms, it is necessary to have product selectivity
data as well as kinetic data. Also, S [equation (1)] is then
given by equation {6), and the reciprocal of equation (5)
simplifies to equation (7).*"°

S=({%...Jalcohol][water]}/{k,,[alcohol][water] +
k,.[water]*}) X [water]/[alcohol] (6)

1/8=(k.../k,, X[alcohol/[water]) + &,./k,,, (7)

The above derivation of equation (7) implies that it may
be possible to calculate the observed first-order rate con-
stants if one of the three third-order rate constants is known.
We calculated %,,, from the observed first-order rate con-
stant in water divided by the square of the molar con-
centration of water, and then k,, and %, were obtained
from the intercept and slope of Figure 2, respectively. The
third-order rate constants are summarized in Table 3.

The third-order rate constants, k,, and k., in which al-
cohol acts as nucleophile are larger than &, and %, terms
in which water acts as nucleophile (Table 3). In (k,.+k,,)
[water][alcohol] terms of equation (5), &, is indeed greater
than %, in the second term in equation (5), and third-order
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Figure 2. Correlation of 1/S and alcoholfwater molar ratio for
solvolyses of p-methoxyphenyl chloroformate. For methanol-wat-
er slope=0.05, intercept=0.16, r=0.994. For cthanol-water slope=
(.11, intercept=0.19, r=0.995.
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rate constant for methanol is greater than the one for
ethanol.

It appears therefore that the maximum rate behaviour of-
ten observed” in the solvolysis of methanol mixtures is due
to exceptionally greater contribuion of %, term, ie.,
methanol is acting as a nucleophile and water is acting as
general base catalysis (Figure 1).

Catalysis of nucleophilic attack by water is favoured in
the decreasing order of water (%,,=0.383x107° dm® mol~*
s~ ') > ethanol (X,,=0.222X 10° dm® mol ? s ') > methanol
(k,.=0.116x 10 ° dm® mol ? s "); as this is not accepted
order of pK, value for these weak acids,” the second sol-
vent molecule may act not only as general base but also as
a hydrogen bond donor to the carbonyl oxygen. The large
value of k., shows greater general base catalysis by water
inspite of smaller pK, values than that of ethanol.

The third-order rate constants observed, calculated third-
order rate constants, k.., using eq. (7), observed percent of
ester, and calculated percent of ester using eq. (8) are sum-
marised in Table 4.

koon=k mfwaterP+(k,, +k,,)[water][alcohol |+, {alcohol]* (7)
mol % of ester=(k,,[water](alcohol]+k,,[alcohol k...  (8)

The maximum difference between calculated and ob-
served rate constant is about 22%, but the one between cal-
culated and observed mol % of ester is only 11% (Table 4).
Agreement between calculated and observed results for
methanol-water mixtures are reasonably good: in 40%
ethanol-water, the difference in the first-order rate constant
is only 10% and the difference in the mol % ester is only 1.
3%. Such good agreements between calculated and ex-
perimental values (Table 4) imply that the use of equation

Table 4. Calculated rate constants, k., and contributions of thir-
d-order terms to ,,,, with calculated percentage ester product for
p-methoxyphenyl chloroformate solvolysis in aqueous methanol
(M) and ethanol (E)
Alcohol 10 s ! /10 7" % Ester
% (viv) Kot k., k.. k, k, Obs Calk
90M 649 332 291 0143 0.118 911 96.0
80M 817 262 518 0254 0472 879 955
70M 102 201 679 0334 1.06 817 863
60M 115 148 776 0382 1.89 772 803
50M 125 1.02 RO9 0398 295 71.1 729
40M 131 D660 7.77 0382 425 629 644
30M 133 0370 679 0334 578 511 S38
20M 129 0364 471 0255 775 373 378
10M 126 00410 291 0144 955 212 234
YE 285 (.873 167 019 0.118 853 892
80E 447 069 297 0338 0472 787 819
70E 592 0528 3R89 0443 1.06 716 746
60E 724 0383 445 0507 189 652 668
50E 839 0270 4.64 0528 295 626 585
40E 938 0.72 445 0507 425 486 493
30E 102 00970 389 0443 578 349 39.1
20E 1.1 00432 297 0338 775 197 271
10E 11.4 0.0107 166 0.190 995 909 14.6
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Table 5. Kinetic solvent isotope effect for solvolyses of p-
methoxyphenyt chloroformate at 25 °C

Solvent ksox (1) ksop (s71) KSIE
Methanol 414x10°* 1.73%x10 ° 2.29
50% Methanol  1.96x10°7 8.88% 107’ 221
Water 8.76x10 ° 5.24x 10 ° 1.67

(6) in the analysis of stoichiometric solvation effects and
reaction mechanism is justified. It also means that the role
of water as a ageneral base is more important than as a nu-
cleophile as water content is increased. These results are in
a good agreement with the carbonyl addition-elimination
(S\N) mechanism.

Finally we have determined the kinetic solvent isotope ef-
fects (KSIE), ksowksop, for the substrate using deuterated
water (D,0) and methanol (CH,OD), and the results are pre-
sented in Table 5. Previous works indicated that the KSIE
value is relatively large, > 1.7, for a general base catalyzed
reaction but is small, 1.2-1.5, for S,2 reaction.® For p-
methoxyphenyl chlorofvrmate, the KSIE is larger than 1.7
in methanol, 50% ageuous methanol and water, and KSIE
are identical values for methanol and 50% aqueous meth-
anol. These results are agatn in good agreement with our
proposed reaction channels: in aqueous alcohol and acetone
p-methoxyphenyl chloroformate solvolyzes through a gener-
al base catalyzed carbonyl addition-elimination channel in
aqueous alcohol solvents mixtures.

Experimental

Materials. Methanol, ethanol, and acetone were Merck
GR grade (<0.1% H,0), and D,O and CH,0D were from
Aldrich (99.9% D). Distilled water was redistilled with
Biichi Fontavapor 210 and treated using ELGA UHQ PS to
abtain specific conductivity of less than 1% 10°* mhos/cm.
p-Methoxyophenyl chloroformate was Aldrich Gr grade
(99.8%).

Rate Measurement. The rates were measuted conduct-
ometrically at 25 (+0.03) °C at ieast in duplicate as describ-
ed previously,” with concentrations of substrate ca. 107* M.

Product Selectivity. The solvolysis products, ester
and p-nitrophenol, were determined by HPLC analysis des-
cribed previously,”® and the product selectivity, S, were cal-
culated from equation {1).

The S values cajculated from the observed peak area ra-
tios of ester and phenol gave S,,, values, which were di-
vided by a response factor to arrive at true S values. For
HPLC response calibrations, area ratios from pure alcohol
and 40% acetonitile-water mixtures were used. Eluent sol-
vent used was 70% methanol-water mixture and flow rate
was adjusted to 1 mL/min. The HPLC system used was
Hewlett-Packard 1050 Series with 250x4 mm Spherisorb
ODS reversed phase column.
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