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Solvolyses of phenyl chloroformate in water, D2O, CH3OD, 50% D2O-CH3OD, and in aqueous binary mixtures of acetone, 

ethanol and methanol are investigated at 25.0 t. Product selectivities are reported at 25 t for a wide range of 

ethanol-water and methanol-water solvent compositions. The Grunwald-Winstein plots of first-order rate constants 

for phenyl chloroformate with YCi (based on 2-adamantyl chloride) show marked dispersions into three separate lines 

for the three aqueous mixtures with a small m value (例〈0.2) and a rate maximum for aqueous alcohol solvents. 

Third-order rate constants, kww, kaw, kwa and 瞄 were calculated from the observed kww and kaa values together with 

kaw and kwa calculated from the intercept and slope of the plot of 1/S vs. Calcohol]/[waterl The calculated rate 

constants, kcak and mol % of ester agree satisfactorily with those of the observed rate constants, kobs and mol % 

of ester, supporting the stoichiometric nivation effect analysis. The kinetic solvent isotope effects determined in 

water and methanol are consistent with the proposed mechanism of the general base catalyzed and/or carbonyl addition 

for phenyl chloroformate solvolyses based on mass law and stoichiometric nivation effect studies.

Introduction

Many acyl transfer reactions in protic solvents involving 

esters,1 amide derivatives2 and acid chlorides3 are third order 

overall, and it is thought that one molecule of solvent acts 

as a nucleophile and a second molecule acts as a general 

base.4 In the third order process, methanol probably acts 

as both nucleophile and general base, because large rate 

enhancements are observed when chloride ion (a base in 

acetonitrile) is added while only minor rate enhancements 

are observed when phenol is added.3

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 involving primary and secon­

dary amines.5 According to change of reaction condition as 

variation of substituent or solvent composition, nucleophilic 

reactions of acyl halides were reported as an addition-elimi­

nation, S"L or Sn2 reaction mechanism.6,7 Based on product­

rate study, benzoyl chloride (I) solvolyzes by an Sv2 mecha­

nism in high polarity solvents, whereas it favors general-base 

catalyzed or possible addition-elimination pathway (SaN) in 

less polar media.8,9

Nucleophilic substitution reactions of furoyl chloride (II) 

and thenoyl chloride (III) were reported to proceed via diffe­

rent reaction mechanisms, the former by an addition-elimi­

nation and the latter by an S^2 mechanism based on a pro- 

duct-rate study.10 Though the only difference between two 

substrates is sulfur atom in thenoyl chloride which is repla­

ced by an oxygen atom in furoyl, two substrates show a 

remarkable change in reaction mechanism.5

Therefore, it will be very interesting to test product-rate 

behaviors for solvolyses of IV, which has an oxygen atom 

adjacent to carbonyl gro냐p, in alcohol-water mixtures.

Competing nucleophilic substitution reactions in alcohol- 

water mixtures are interpreted in terms of product selectivi­

ties, S, defined from molar ratios of products and of solvents 

[equation (1)]. If these reactions simply involved competitive
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attack upon the substrate by either water or alcohol, S values 

would be independent of solvent composition.11 Contrary to 

trend expected from the reactivity-selectivity principles 

(RSP)」3 S values often increase in more aqueous media with 

the increase in reactivity.912

S = [alcoholysis prod.] [water solvj

/[hydrolysis prod.] [alcohol solv.] (1)

1/S=z(slope)([alcohol solv.]/[water solv.]) +(intercept) (2)

We recently reported a new equation (2), accounting for 

the solvent dependence of product s이ectivities in alcohol- 

water mixtures;14 this equation is successful for the product­

forming step of reactions of free cation,15 for concerted nuc­

leophilic substitution reactions,10'16 and also for the general­

base or addition-eliminatin reactions.10

In this study, we determined rate constants and products 

selectivities for solvolyses of IV in alcohol-water mixtures 

at 25 QCf and we calculated third order rate constants, kww, 

kwa, kaw, and kaa using observed first-order rate constants 

and selectivity values. We will discuss stoichiometric solva­

tion effects of solvolytic reacton of phenyl chloroformate 

using third order rate constants.

Results and Discussion

The rate constants for solvolyses of IV in methanol-w저ter, 

ethanol-water and acetone-water mixtures at 25.0 °C are su­

mmarized in Table 1.

Reference to Table 1 reveals that the rate increases in 

the order Acetonitrile-RO < Acetone-H20 < EtOH-〕％。< 

MeOH-HQ, and it shows maximum rate constants 거t near

Table 1. Solvolyses of phenyl chloroformate in aqueous alcohol 

and aqueous acetone binary mixtures at 25 QC

v/v %
MeOH EtOH

- Acetone
/?X103

100 7.93 2.19

90 12.9 4.13

80 16.7 5.05 0.781

70 19.4 5.78 1.25

60 22.2 6.64 1.95

50 24.5 7.92 2.89

40 24.8 10.1 4.28

30 24.7 12.7 6.56

20 22.0 14.3 8.97

10 17.5 13.7 11.5

0 13.3 13.3 13.3

1.5

Figure 1. Logarithms of first-order rate constants for solvolyses 

of phenyl chloroformate at 25 vs YCi. For acetone-water: 

slope=0.23, r=0.999; for ethanol-water: slope=0.12, r—0.995.

40% methanol in alcohol-water mixtures.

The rate increases slowly as the water content of the mix­

tures increases; this means that the rate is small accelerated 

by the solvent with higher ionizing power, Y, suggesting that 

bond breaking in the TS is little important. First-order rate 

constants for solvolysis of IV vary onyl over six-fold range 

in alcohol-water mixtures, whereas the observed first-order 

rate constants for thenoyl chloride vary over 7000-fold range 

10 which is known to react via an SN2 reaction mechanism. 

This results indicate that the rate determining step is not 

the bond breaking step which was found in the reaction of 

thenoyl chloride but the addition step for the reaction of 

phenyl chloroformate where transition state is not sensitive 

to solvent ionizing power. These results are very similar 

to those of solvolytic reaction of />-nitrobenzoyl chloride,1618 

/)-nitrobenzenesulfonyl chloride1114 and furoyl chloride,10 but 

they are different from the results of solvolytic reaction of 

thenoyl chloride and /)-methoxybenzoyl chloride.

The Grunwald-Winstein plots of the rates in Table 1 are 

presented in Figure 1 using solvent ionizing power scale 

Ya based on 2-adamantyl chloride.17 Examination of Figure 

1 shows that the plots for the three aqueous mixtures exhibit 

dispersions into three separate lines of different phenominon, 

the maximum rate contant at near 40M in methanol aqueous 

mixtures and also maximum rate constant at near 20E in 

ethanol aqueous mixtures.

The plots for 20E-10E and acetone-water show very small 

m values, m = 0.12 0=0.995) and 彻= 0.23 (r= 0.999), respec- 

tiv이y. Such a small m value implies that the solvolysis of 

phenyl chloroformate in the binary mixtures proceeds by 

the addition-elimination (SAN) or SN2 mechanism channel 

rather than by an SN1 channel.

log饱為)破Ya (3)

The product selectivities, S, for the solvolysis of IV in 

aqueous alcohols are summarized in Table 2. Examination 

of Table 2 reveals that for the solvolysis of IV in aqueous 

methanol mixtures the selectivity increase with increasing
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Table 2. Selectivities (S) for solvolyses of phenyl chloroformate 

in alcohol-water mixtures at 25 砂 

a Determined (eq. 1) by duplicate HPLC analyses of each solvent 

composition; average deviation <± 1%. 6Injected 5 pL of a 10% 

so나tion of phenyl chloroformate in acetonitrile into 5 mL of sol­

vent.

v/v %

Methanol/Water Ethanol/Water

[Ester]/[Acid] S [Ester]/[Acid] S

90 9.085 2.28 3.813 1.37

80 6.598 3.71 2.540 2.06

70 5.418 5.23 1.938 2.69

60 3.997 6.00 1.526 3.30

50 3.042 7.70 1.156 3.75

40 2.175 7.80 0.827 4.02

30 1.482 7.80 0.534 4.04

20 0.861 7.76 0.301 3.88

10 0.402 8.12 0.122 3.56

water contents, whereas 나】e s이ectivity exhibits a maximum 

behavior in aqueous ethanol; thus the reactivity-selectivity 

principle (RSP)13 is not obeyed in methanol and partially 

obeyed (up to the 20E) in ethanol mixtures. Generally, S 

values decrease with increasing water content because the 

amount of alcoholysis product increases. However, the grea­

ter value of S in more aqueous media for IV is a strong 

indication that the role of ale아lol as a nucleophile is impor­

tant while the effect of ionizing power is insignificant in the 

product determining step of the reaction of IV. These types 

of s이ectivity changes with IV have been 아lown to be typical 

for a general-base catalyzed and/or a carbonyl addition-elimi­

nation channel in aqueous alcohol media.20 Moreover the 

RSP is violated for the solvolysis of IV in aqueous alcohol,

i.e.,  the s이ectivity is propotional to the reactivity; the same 

argument as to the importance of nucleophilicity and low 

sensitivity to the ionizing power of 나le solvent mixtures 

should apply to the rate determining step. Thus the favoured 

channel for IV in the aqueous alcohol mixtures is most likely 

to be a carbonyl addition-eliminatiom pathway.

The Grunwald-Winstein plot (Figure 1) for IV 아lows a 

low response to solvent ionizing power, and 아}ows a maxi- 

mun reactivity at near 40M with a nonlinear line in metha- 

nol-water mixtures. In order to examine the nonlinear Grun­

wald-Winstein plot； it is necessary to take into account the 

stoichiometric solvation effects based on 아lird order reaction 

mechanism. For corresponding solvolyses in alcohol-water 

mixtures, interpretations based on a third order mechanism 

are more complex, but significant new information is availa­

ble because two products are formed. Thus there are four 

possible third order rate constants in the solvolysis reaction: 

(i) Ka for a mechanism in which one molecule of alcohol 

acts as a nucleophile and second m이ecule acts as a general 

base; (ii) kaw in which alcohol acts as a nucleophile and water 

acts as a general base; (iii) kwa in which water acts as nucleo­

phile and akehol acts as general base; (iv) kww in which 

water acts as both nucleophile and general base.10'11'14'16 The­

refore, observed first-order rate constants in alcohol-water 

mixtures are given by equation (4).

Figure 2. Corr이ation of 1/S and alcohol/water molar ratio for 

solvolyses of phenyl chloroformate. For methanol-water; slope = 

0.088, intercept=0.108, r=0.996; for ethanol-water: slope = 0.233, 

intercept=0.198, r=0.999.

臨s=4况alcohol]2+ Q次+知MalcoholJIwater] + 血湛 water]?

(4)

The kaa terms can be calculated from observed first order 

rate constants in pure ale사】。Is fc=WLR0H]2); similarly 

血扑 can be obtained from the observed first order rate cons­

tant in water (蝠=歸/[压0了尸成 In order to determine 

k做 and klwl terms, it is necessary to have product selectivitiy 

data as well as kinetic data. Also, S [equation (1)] is then 

given by equation (5), and the reciprocal of equation (5) sim­

plifies to equation (6).11,16

S=({mMalcohol][water]}/{^[alcohol][water]

+^[water]2})X[water]/[alcohol] (5)

1/S=(知“/血彻 )([alc사iol]/[water] -\-kww/kaw (6)

The above derivation of equation (6) implies that it may 

be possible to calculate the observed first-order rate consta­

nts if one of 나le three third-order rate constants is known. 

We calculated kww from the observed first-order rate constant 

in water divided by square of the molar concentration of 

water, and then kaw and kwa were obtained from the intercept
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Table 3. The third-order rate constants, kww, kaw, kwa and kau 

for phenyl chloroformate solvolysis in alcohol-water mixtures

/10-5 M-V1

Solvent kww kaw kwa kaa

Methanol 0.432 3.97 0.349 1.30

Ethanol 0.432 2.18 0.508 0.745

and slope of Figure 2, respectively. The third-order rate con­

stants are summarized in Table 3.

The third-order rate constants, kaw and kaa, in which alco­

hol acts as nucleophile are larger than kwa and kww terms 

in which water acts as nucleophile (Table 3). In (知“+A做) 

[water] [alcohol] terms of equation (4), k做 is indeed greater 

than kwa in the second term in equation (4), and third order 

rate constant for methanol is more than twice greater than 

the one for ethanol.

It appears therefore that the maximum rate behaviour of­

ten observed20 in the solvolysis of methanol mixtures is due 

to exceptionally greater contribution of kaw term, i.e., metha­

nol is acting as a nucleophile and water is acting as general 

base catalysis (Figure 1).

Catalysis of nucleophilic attack by w가er is favoured in 

the decreasing order of water (定砌=0.432 X10 dm6 moP1 

s-1)>ethanol fc«=0.363X 10-5 dm6 mol"1 s-1)>methanol 

(^w = 0.310X IO-5 dm6 mol-1 s-1); as this is not accepted 

order of pKa values for these weak acids,19 the second solvent 

molecule may act not only as general base but also as a 

hydrogen bond donor to the carbonyl oxygen. The large va­

lue of kww 아lows greater general base catalysis by water ins­

pite of smaller pKa values than that of ethanol.

The third-order rate constants observed, calculated third- 

order rate constants, kcaic, using Eq. (7), observed percent 

of ester, and calculated percent of ester using Eq. (8) are 

summarised in Table 5.

血*=A“"water]2+(4应+知的)[water][alc 사iol] + 知“[alcohol^

(7) 

mol % of ester= (^^LwaterJEalcohol] +^[alcohol]2)/^(. (8) 

The maximum difference between calculated and observed 

rate constant is about 20%, but the one between calculated 

and observed m이 % of ester is only 10% (Table 4). Agree­

ment between calculated and observed results for methanol­

water mixtures are reasonably good: in 70% methanol-water, 

나)e difference in the first order rate constant is only 6.7% 

and the difference in the m이 % ester is only 3.1%. Such 

good agreements between calculated and experimental va­

lues (Table 4) implies that 난le use of equation (6) in 나le 

analysis of stoichiometric s이vation effects and reaction me­

chanism is justified. It also means that the role of water 

as a general base is more important than as a nucleophile 

as water content is increased. These results are in a good 

agreement with the carbonyl addition-elimination (SAN) me­

chanism.

Finally we have determined the kinetic solvent isotope 

effects (KSIE), kson/ksoD, for the substrate using deuterated 

water (D2O) and methanol (CH3OD), and the results are pre­

sented in Table 5. Previous works indicated that the KSIE
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Ta비e 4. Calculated rate constants, kcalct and contributions of 

third-order terms to 血泌，with calculated percentage ester pro­

duct for 2-phenyl chloroformate solvolysis in aqueous methanol

(M) and ethan이 (E)

Alcohol

% (v/v)

/10~3s-1 /10~3s-1 % Ester

^ealc kaa kaw kwa kww Obs Calc

90M 11.6 6.42 4.68 0.382 0.133 90.1 95.7

80M 14.6 5.08 8.31 0.680 0.532 86.8 91.7

70M 16.9 3.89 10.9 0.892 1.20 84.4 87.5

60M 18.5 2.86 12.5 1.02 2.13 80.0 83.0

50M 19.4 1.98 13.0 1.06 3.33 75.3 77.2

40M 19.6 1.27 12.5 1.02 4.79 68.5 70.3

30M 19.0 0.714 10.9 0.892 6.52 59.7 61.1

20M 17.8 0.317 8.31 0.680 8.52 46.3 48.5

10M 15.9 0.0793 4.68 0.382 10.8 28.7 29.9

90E 3.87 1.77 1.66 0.311 0.133 79.0 88.6

80E 5.43 1.40 2.95 0.552 0.532 71.6 80.1

70E 6.87 1.07 3.87 0.725 1.20 66.6 71.9

60E 8.17 0.787 4.43 0.828 2.13 60.4 63.9

50E 9.35 0.547 4.61 0.863 3.33 53.6 55.2

40E 10.4 0.350 4.43 0.829 4.79 45.3 50.0

30E 11.9 0.197 4.43 0.725 6.52 34.8 37.0

20E 12.5 0.0876 3.32 0.553 8.52 23.1 27.3

10E 12.8 0.0218 1.44 0.310 10.8 10.9 11.4

Table 5. Kinetic solvent isotope effect of phenyl chloroformate 

at 25 <2

&)H &)D KSIE

Methanol 7.93X107 3.79X10-3 2.09

50% Methanol 24.8X](广 3 11.7X10"3 2.09

Water 13.3X10-3 7.76X10-3 1.71

value is relatively large, >1.7F for a general base catalyzed 

reaction but is small, 1.2-1.5, for S^2 reaction.22 For phenyl 

chloroformate, the KSIE is >1.7 in methanol, 50% aqeuous 

methanol and water, and KSIE are identic기 values for me­

thanol and 50% aqueous methanol. These results are again 

in good agreement with our proposed reaction 아lannels: in 

aqueous ale사10I and acetone phenyl chloroformate solvolyzes 

through a general base catalyzed and/or a carbonyl addition­

elimination channel.

Experimental

Materials. Methanol, ethanol, and acetone were Merck 

GR grade (<0.1% H2O), and 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 1X10~6 mhos/cm. Phenyl 

chloroformate was Aldrich Gr grade (99.8%).

므ate Measurement. The rates were measured conduc­

tometrically at 25 (土 0.03) °C at least in duplicate as descri­

bed previously,8 with concentrations of substrate ca. 10~3 M.

Product Selectivity. The solvolysis products, ester and 
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acid, were determined by HPLC analysis described previou­

sly,10 and the product selectivity, S, were calculated from 

equation (1).

The S values calculated from the observed peak area ratios 

of ester and acid gave Sraw values, which were divided by 

a response factor to arrive at true S values. For HPLC res­

ponse calibrations, area ratios from pure alcohol and 40% 

acetonitile-water mixtures were used. Eluent solvent 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 revesed phase 

column.
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