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The rate constants and kinetic solvent isotope effects (KSIE, ZcMeOH / ^mcod) for solvolyses of pas-substituted 
phenylchloroformates in CH3OH, CH3OD, H2O, D2O, 50% D2O-CH3OD were determined at 15.0 and 25.0 °C 
using conductometric method. Kinetic solvent isotope effects for 나冷 solvolyses of ^^-substituted pheny] 
chloroformates were 2.39-2.51, 2.21-2.28, and 1.67-1.69 for methanol, 50% aqueous methanol, and water, re
spectively. The slopes of Hammett plot for solvolysis of p^ra-substituted phenyl chloroformates in methanol, 
50% aqueous methanol, and water were 1.49, 1.17 and 0.89, respectively. The Hammett type plot of KSIE, log 
(KSIE) versus p, can be a useful mechanistic tool for solvolytic reactions. The slopes of such straight lines for 
para-substituted phenyl chloroformates are almost zero in methanol, 50% aqueous methanol, and water. It was 
shown that the reaction proceeds via an associative Sv2 and/or general base catalysis addition-elimination 
(SaN) mechanism based on activation parameters, Hammett p values, and slopes of Hammett type plot of KS
IE.

Introduction

Many acyl transfer reaction and nucleophilic substitution 
reactions in pr아ic solvent involving esters,1 amide 
derivatives2 and acid chlorides are third order overall, and it 
is though that one molecule of solvent acts as a nucleophile 
and a second molecule acts as a general base.3 Methanolysis 
of bromo- and chlorocarboxyl acid proceeds via a second 
order and third order simultaneously.4 The other possible 
process for the nucleophilic substitution and acyl transfer 
reactions may be pseudo-second order in which first order 
with respect to the substrate and methanol, respectively, and 
may involve methanol as nucleophile with acetonitrile, 
present in large excess, acting as general base.4b Similar 
results have been obtained for the aminolyses reaction 
involving primary and secondary amines.5 According to the 
change of reaction condition as variation of substituent or 
solvent composition, nucleophilic substitution reaction of 
acyl halides were reported as an addition-elimination, SN1 or 
Sn2 reaction mechanism.67 Based on product-rate studies, 
benzoyl chloride solvolyzes by an SN2 mechanism in more 
polar solvents, where it favors general-base catalyzed or 
possible addition-elimination pathway (SaN) in less polar 
media.8

The effect of ring substitution on kinetic solvent isotope 
effect (KSIE), feoH / fcoo, for solv이yses of aromatic com
pounds has received little attention. Most of the previous 
work on solvent isotope effects has involved H2O and D2O.5 
In this work we also utilized MeOH 거nd MeOD to show that 
the KSIE on Hammett's p values can be a promising mecha
nistic tool for identifying different reaction channels in sol
volytic reactions. We determined the KSIE for solvolyses of 
para-substituted phenylchloroformate where an oxygen 
atom is adjacent to the carbonyl group in methanol, water, 

and 50% methanol-water mixture, we also estimated activa
tion enthalpy and entropy, AH 十 and A5 十 to propose transi
tion structure or related properties.

Experimental Section

Rj四-substituted phenylchloroformates were commercial 
samples (Aldrich GR-grade > 99%). Merck GR-grade (< 
0.1% H2O) methanol was used without further purification. 
D2O and CH3OD were from Aldrich (99.9% D). Distilled 
water was redistilled with Buchi Fontavapor 210 and treated 
using ELGA UHQ PS to obtain specific conductivity of less 
than lxlO-6 mhos/cm. Rates were measured conductimetri- 
cally at least in duplicate as in previous work.8 9

Results and Discussion

The rate constants and KSIE values for solvolyses of 
pizra-substituted phenylchlorofomate in MeOH-H2O are 
summarized in Tables 2-4. Reference to these tables reveals 
that rate increases in the order P-NO2 > p-Cl > p-H > /7-CH3 
> P-OCH3 which is the order of electron withdrawing ability.

The activation parameters for the reaction at 25 °C are 
summarized in Table 5. The large negative 鶴弋 and large 
positive AH v reveal that the solvolytic reaction proceeds via 
an Sn2. The NH、is increased as the water content of the 
mixtures increases, suggesting that bond breaking in the 
transition state is a little important.

Kinetic S이vent Isotope Effect (KSIE). Several KSIEs 
are summarized at Table 1 for the reactions which are known 
to solvolyse by an Sn\, SM type SnL Sn2 or SAN mecha
nism.81017 Solvolysis of r-butyl 아iloride (I)10 is known to 
proceed by SN1 with KSIE of 1.0614 which is close to unity. 
For both p-methoxy benzylchloride (2)18 and p-methoxy 
benzoylchloride (3)11,12''15 KSIEs are L2기%i5 which is larger
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Table 1. Rate constants (s-1) and kinetic solvent isotope effects for 
solvolyses of various substrates in methanol at 25 °C

Substrate CH3OH ch3od ^MeOH/^MeOD

1 2.90x10-6 2.73X10-6 1.0伊
2 2.86〉시 （尸 2.35X10顼 1.22±0.03h
3 1.13X1O-2 9.25X10-3 1.22±0.01a
4 2.64X10 -6 1.94X10顼 1.36b
5 4.29X10-2 1.89X10-2 2.27±0"

"this work. "See reference 13a. *'See reference 16.

than r-butylchloride. KSIE of benzylbromide (4)16 which is 
known to proceed by SnI is 1.3614 and KSIE of p-nitroben- 
zoylchloride (5)lld which is known to proceed by SaN is rel
atively larger value of 2.27.14 The increase of KSIE as the 
substrates varied from Svl to SaN type indicates that the 
transition state formulated by them was actually a general
base catalysis type in which deprotonation of an attacking 
nucleophile, methanol, is catalyzed by second methanol 
molecule.11*3 Bentley reported a small KSIE value even for 
the Sn2 solvolyses of methyl tosylate,19 21 but he also found 
larger I and KISE vahies for the Sv2(p) solvolysis of 
(PhO)2POCl. Perhaps the small kinetic solvent isotope 
effects indicate an early transition state, and the large kinetic 
s이vent isotope effects indicate a late transition state in typi
cal Sv2 solvolyses.21 Therefore, the large KSIE is important 
of bond-formation in the transition state nucleophilic dis
placement reaction.21 The KSIE is not criterium of the reac
tion mechanism but indication of a degree of bond
formation in the transition state of nucleophilic displacement

reaction.
Reference to Table 2, in which KSIE of 网^-substituted 

phenyl chloroformates are summarized, the magnitude of the 
KSIE is varied from 2.39 (p-methoxy) to 2.51 (p-nitro) at 25 
°C. KSIE for the p-methoxy group which is the strongest 
electron donating substituent in the Table 2 is larger than the 
one for the benzyl bromide in Table 1. This implies that the 
bond-formation in TS, which is an indication of general base 
catalytic reaction, is important for the solvolytic reaction of 
phenyl chloroformates (Scheme 1).

KISEs for the reactions in 50% aqueous methanol are 
summarized in Tables 3 and 4. Reference to the Tables 2, 3 
and 4, KSIE values are slightly decreased as increase of 
water content in the solvent mixture. Bond formation is a lit
tle important in the transition structure as water content 
increases in the solvent mixture, but the general-base cata
lytic effect is also decreased which is due to the partial bond 
breaking. However, KSIE of p-methoxy phenyl chlorofor
mate which has a strong electron donating substituent is still

Scheme 1
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Table 3. Rate constants (s니) and kinetic solvent isotope effect for 
solvolyses of ^-substituted phenyl chloroformates in 50% methanol 
at 15 °C and 25 °C

Substrate temp/°C 50%CH3OH 50% CH3OD ^MeOH/^MeOD

P-OCH3 15 9.00X10-3 3.9皈10口 2.31
25 1.96X10-2 8.88x10-3 2.21

P-CH3 15 8.54x10-3 3.68x10-3 2.32
25 1.80x10 - 2 8.22x10-3 2.22

p-H 15 1.22x10-2 5.24x10-3 233
25 2.48x10-2 l.lOxlO"2 2.25

p-C} 15 2.55x10-2 1.08xl0-2 2.36
25 5.14x10- 2 2.25X10-2 2.28

P-NO2 15 1.50X10-1 6.36X10-2 2.36
25 2.05x10-1 1.25x10-* 2.28

Table 2. Rate constants (s_,) and kinetic solvent isotope effects for 
solvolyses of p-substituted phenyl chloroformates in methanol at 
15 °C and 25 °C
Substrate temp/°C CH3OH CHjOD ^MeOH^MeOD

/"OCH3 15 1.97X10- 3 8.32X1时 2.37
25 4.14X10- 3 I.73X10-3 2.39

p-CH3 15 2.28X10 - 3 9.59X1" 2.38
25 4.87x10-3 2.04X10-3 2.35

p-H 15 3.55X10-3 1.43X10 一 3 2.48
25 6.94X10- 3 2.95X10-3 2.35

p-Cl 15 9.74X10-3 3.87X1Q-3 2.52
25 1.90X10-2 8.13X10-3 2.34

P-NO2 15 7.26X10-2 2.85X10-2 2.55
25 1.34X1(尸 5.34X10-2 2.51

Table 4. Rate constants (s시) and kinetic solvent isotope effect for 
solvolyses of p-substitutedphenyl chloroformates in water at 15 °C 
and 25 °C

Substrate temp/°C H2O d2o 加/加

P-OCH3 15 3.24x10- 3 1.96xl0-3 1.65
25 8.76xl(*3 5.24x10—3 1.67

P-CH3 15 4.00X10-3 2.40X10-3 1.66
25 1.07X10-2 6.41X10-3 1.67

p-H 15 5.06X10-3 3.04x10-3 1.66
25 1.33X10-2 7.76x10-3 1.71

p-C\ 15 8.50x10- 3 5.00X10-3 1.70
25 2.25X10-2 1.31X10-2 1.72

/7-NO2 15 2.89x10-2 1.73X10-2 1.67
25 7.40x10- 2 4.38x10- 2 1.69
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large value of 1.65 at 25 °C in water. Since this value is 
larger than the one for 卜butyl chloride (1.06) in methanol, 
the possibility that the phenyl chloroformates solvolyse via 
an Sn\ mechanism in water can be excluded. The KSIE of 
1.65-1.70 at 15 °C in Table 4 are smaller than the KSIE of 
Table 3 at same temperature, but they are still larger than the 
value of benzyl bromide (1.36). This leads to the conclusion 
that the reaction proceeds via associative Sv2 mechanism or 
general base catalyzed addition-elimination reaction mecha
nism.17

Hammett R이athmshipM In Figure 1 we present the 
Hammett plots18 for the solvolyses of p-substituted phenyl-

Figure 1. Hammet plot for the solvolysis of p-substituted phenyl 
chloroformates in CH3OH, 50% CH3OH, H2O at 25 °C (solvent 
codes: methanol; • , 50% methanol; ■ , water; ▲).
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Figure 2. Plot of log(Ksoh〃【sod) V5 ct for the solvolyses of p- 
substituted phenyl chloroformates in CH3OH, 50% CH3OH, H2O 
at 15 °C.

Table 5. Activation parameters for solvolysis of p-substituted 
phenyl chloroformates at 25°C

Sustrate solvent A/f * 
(kcal/mol)

△S丰 

(cal/mol)
AG中 

(kcal/mol)
P-OCH3 H2O 16.4 -13.1 20.3

50% MeOH 12.8 -23.4 19.8
MeOH 12.4 -30.8 21.2

p-ch3 H2O 16.3 -12.7 20.1
50% MeOH 12.4 -24.8 19.8

MeOH 12.0 -28.8 20.6
p-H H2O 15.9 -13.6 20.0

50% MeOH 11.2 -28.2 19.6
MeOH 10.8 -32.0 20.3

p-Cl H2O 15.9 -12.5 19.6
50% MeOH 11.2 -26.8 19.2

MeOH 10.8 -30.0 19.7
P-NO2 H2O 15.5 -12.5 19.2

50% MeOH 10.0 -27.3 18.1
MeOH 10.0 -28.8 18.6

chlorofoimate at 50% methanol-water and water, respec
tively. The slopes (Hammett p) of the plots are all positive 
and decreases in the order methanol (1.49, r = 0.991, stan
dard deviation (s.d) = 0.06) > 50% methanol (1.17, r = 
0.993, s.d. = 0.02) > water (0.89, r = 0.995, s.d. = 0.02). The 
magnitude and sign of these p values represent that the tran
sition state of the reaction has the structure where the large 
negative charge is developed at the reaction center by mov
ing some of electron of imcleophile to the reaction center of 
substrate, indicating that bond formation is dominant at the 
transition structure. All compounds in methanol are charac
terized by a larger slope and also by the fact that all com
pounds fall on a single straight line. In contrast, in more 
polar aqueous media the slope is smaller and the strongly 
electron-donating substituent, p-OCH3 (also p-CH3 in water) 
deviates slight positively from straight line. This is consis
tent with associative S*2 or addition-elimination mechanism 
discussed above in methanol, suggesting the reduction of 
general-base catalyst in more polar aqueous solvent.

In Fig냐re 2 we present the plots of log(/cSoH/^soD)Ham
mett's (y values in methanol, 50% aqueous methanol and 
water, respectively.17 The straight line is a good indicative of 
the sin읺e mechanism for the substituents of this work.

Analysis with Cross Interaction Coefficients.19 It may 
be possible to correlate the magnitudes of the slope with 
Ipxyl, a measure of the degree of bond formation in the tran
sition state, and hence with the different channels of the 
reaction path for each separate straight line. The plots in Fig
ures 2 can be represented as

△ (10g*s0H/*SOD)= z\p (])
Aoy y

where 시君 is the change in py due to the change in nucleo
phile (also solvent) from SOH to SOD.17 If we divide this 
value of Apy by the difference in nucleophilicity of nucleo
philes (expressed by a hypothetical substituent constant), 
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△bx the result is none other than the cross-interaction con
stant pxY and can be defined by equation (2).

八書 ⑵

Assuming approximately the same A(7x for MeOH and 
H2O, the magnitude of pxy, which is inversely proportional 
to the distance between reaction centres, is proportional to 
△Py. Hence the magnitude of △內 in equation (1), i.e. the 
slopes of the straight lines in Figures, should represent the 
relative degree of bond formation in the transition state. 
Therefore a larger value of △內 i.e. slope, for methanolysis 
is consistent with a general-base catalyzed associative Sn2 

pathway, in which extensive bond formation has progressed 
in the transition state; in contrast, a smaller Apx in more 
polar media represents a lesser degree of bond formation in 
the transition state, indicating that a mechanism of associa
tive type, S^2 or SaN with tight transition structure or typical 
associative Sv2, applies in water.
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