
Solvolysis of Diphenyl Thiophosphorochloridate Bull. Korean Chem. Soc. 2009, Vol. 30, No. 2      383

A Kinetic Study on Solvolysis of Diphenyl Thiophosphorochloridate
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Rates of solvolyses of diphenyl thiophosphorochloridate ((PhO)2PSCl, 1) in ethanol, methanol, and aqueous 
binary mixtures incorporating ethanol, methanol, acetone and 2,2,2-trifluoroethanol (TFE) are reported. For four 
representative solvents, studies were made at several temperatures and activation parameters were determined. The 
30 solvents gave a reasonably precise extended Grunwald-Winstein plot, correlation coefficient (R) of 0.989. The 
sensitivity values (l = 1.29 and m = 0.64) of diphenyl thiophosphorochloridate ((PhO)2PSCl, 1) were similar to 
those obtained for diphenyl phosphorochloridate ((PhO)2POCl, 2), diphenylphosphinyl chloride (Ph2POCl, 3) and 
diphenylthiophosphinyl chloride (Ph2PSCl, 4). As with the previously studied of 3~4 solvolyses, an SN2 pathway 
is proposed for the solvolyses of diphenyl thiophosphorochloridate (1). The activation parameters, ∆H≠ (= 
11.6~13.9 kcal․mol-1) and ∆S≠ (= -32.1 ~ -42.7 cal․mol-1․K-1), were determined, and they were in line with values 
expected for an SN2 reaction. The large kinetic solvent isotope effects (KSIE, 2.44 in MeOH/MeOD and 3.46 in 
H2O/D2O) are also well explained by the proposed SN2 mechanism.

Key Words: Diphenyl thiophosphorochloridate, Extended Grunwald-Winstein equation, SN2 mechanism

Introduction

Phosphoryl transfer from phosphate monoesters and dies-
ters is an important class of reaction that is involved in many 
aspects of chemistry and biochemistry ranging from organic 
synthesis to enzyme catalyzed reactions such as DNA repli-
cation and repair.1 A considerable amount of work has been 
carried out to clarity the problem as to whether phosphoryl 
transfer reactions proceed concertedly with a single transition 
state (TS) or stepwise with a pentacoordinated phosphorane 
intermediate.1,2 

Bourne and Williams,2a and Skoog and Jencks2b measured 
the rates of the pyridinolyses of phosphoryl pyridinium com-
pounds and used the slopes, βnuc and βlg of the Brϕnsted plots, 
as a probe of the existence of intermediates in phosphoryl 
transfer reactions. They showed that the most likely mecha-
nism is a concerted substitution reaction with an “exploded” 
TS, with weak bonds to both the attacking and leaving groups.

The Grunwald-Winstein equation in its original form3 cor-
relates the rates of solvolyses of ionization reactions against 
the solvent ionizing power values.4 Whereas the Hammett 
equation involves changes in a remote constituent under 
otherwise constant conditions, this equation involves changes 
in the solvent composition under otherwise constant condi-
tions. The Grunwald-Winstein equation can be extended to 
cover reactions in which the solvent also acts as a nucleophile 
by the addition of a second term, involving a scale of solvent 
nucleophilicity.5 The basic philosophy of this extension is 
same as that of the Taft equation, which extends the Hammett 
equation by adding a second term involving a scale of steric 
parameters.

The extended Grunwald-Winstein equation can be expre-
ssed as in eq. 1 ; k and ko represent the specific rates of 
solvolysis of a substrate RX in a given solvent and in the 
standard solvent (80% ethanol), respectively; l is the sen-

sitivity of the solvolysis towards changes in solvent nucleo-
philicity (NT);5 m is the sensitivity of the solvolysis towards 
changes in solvent ionizing power (YX, for a leaving group 
X);4 and c is a constant (residual) term. 

         log (k/ko) = l NT  ＋  m YX  ＋  c (1)

Previous studies by Kevill and co-workers have been 
conducted with diphenyl phosphorochloridate, (PhO)2POCl, 
2,6 diaryl6 and dimethyl7 phosphorochloridates, (RO)2POCl, the 
sulfur-for-oxygen substituted dimethyl phosphorochlori-
dothionate, (MeO)2PSCl,7 N,N,N’,N’-tetramethyldiamido- 
phosphorochloridate, (Me2N)2POCl,8 and diphenylphosphinyl 
chloride, Ph2POCl, 3.9 The extended Grunwald- Winstein plot 
for solvolyses of those substrates containing the P-atom as the 
reaction center, led to acceptable correlations with very simi-
lar l and m values except for the poorly correlated solvolyses 
of diaryl phosphorochloridates with phenyl or p-chlorophenyl 
as the aryl group.6 The mechanisms of reactions of phos-
phinothioyl compounds such as diphenyl thiophosphoro-
chloridate ((PhO)2PSCl, 1) have been less studied, in spite of 
their importance as highly reactive chemical intermediates.2j 

In this work, to gain further understanding of the mech-
anism of phosphoryl transfer, we carried out kinetic inves-
tigations of the solvolysis of diphenyl thiophosphorochlori-
date ((PhO)2PSCl, 1) in a variety of pure and binary solvents 
at 55.0 oC, eq. 2. Specifically, we were interested in the differ-
ence depending on a phosphoryl (P=O) or  thiophosphoryl
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Table 1. Specific rates of solvolysis (k) of diphenyl thiophosphoro-
chloridate ((PhO)2PSCl, 1)a at 55.0 oC and NT and YCl values of the 
solvents.

Solventb 103 kc(s-1) NT
d YCl

e

100% EtOH 0.0585 ± 0.0007 0.37 -2.52
90% EtOH 0.526 ± 0.003 0.16 -0.94
80% EtOH 0.789 ± 0.007 0.00 0.00
70% EtOH 1.10 ± 0.03 -0.20 0.78
60% EtOH 1.64 ± 0.04 -0.38 1.38
50% EtOH 2.41 ± 0.07 -0.58 2.02
40% EtOH 4.58 ± 0.04 -0.74 2.75
20% EtOH 10.2 ± 0.3 -1.16 4.09
100% MeOHf 0.205 ± 0.004 0.17 -1.20
90% MeOH 1.12 ± 0.03 -0.01 -0.20
80% MeOH 2.18 ± 0.05 -0.06 0.67
70% MeOH 2.75 ± 0.06 -0.40 1.46
60% MeOH 4.26 ± 0.05 -0.54 2.07
50% MeOH 7.25 ± 0.06 -0.75 2.70
40% MeOH 11.6 ± 0.3 -0.87 3.25
20% MeOH 19.7 ± 0.5 -1.23 4.10
95% Acetone 0.00178 ± 0.00005 -0.49 -3.19
90% Acetone 0.0204 ± 0.0004 -0.35 -2.39
80% Acetone 0.141 ± 0.003 -0.37 -0.83
70% Acetone 0.417 ± 0.006 -0.42 0.17
60% Acetone 0.776 ± 0.008 -0.52 1.00
50% Acetone 2.02 ± 0.05 -0.70 1.73
40% Acetone 3.74 ± 0.07 -0.83 2.46
30% Acetone 6.35 ± 0.07 -0.96 3.21
20% Acetone 10.8 ± 0.3 -1.11 3.77
10% Acetone 25.9 ± 0.4 -1.23 4.28
100% H2Og 10.2 ± 0.3 -1.38 4.57
80% TFEh 0.102 ± 0.003 -2.19 2.90
70% TFE 0.154 ± 0.004 -1.98 2.96
50% TFE 0.525 ± 0.003 -1.73 3.16

aUnless otherwise indicated, a 10-3M solution of the substrate in the in-
dicated solvent, also containing 0.1% CH3CN within the solvent. bOn a 
volume-volume basis at 25.0 oC. cWith associated standard deviations. 
dValues from ref. 5. eValues from ref. 4. fValue for k of 0.0840(±
0.0005) × 10-3s-1 in methanol-d (MeOD), corresponding to kMeOH/kMeOD
value of 2.44 ± 0.06 [with associated standard error (Crumpler, T. B.; 
Yoh, J. H. Chemical Computations and Error; Wiley: New York, 1940; 
p 178)] gValue for k of 2.95 (± 0.04) × 10-3 s-1 in D2O, corresponding to 
kH2O/kD2O value of 3.46 ± 0.05. hOn a weight-weight basis at 25.0 oC.

Table 2. Constancy of the specific rates of solvolysis (k) of di-
phenyl thiophosphorochloridate ((PhO)2PSCl, 1) with variation of 
the concentration of the substrate at 55.0 oC

Solvent [(PhO)2PSCl], Ma 104kb, s-1

100% EtOH
0.540
1.042
2.162

0.586 ± 0.006 
0.580 ± 0.007
0.589 ± 0.007

80% EtOH
0.540
1.042
2.162

7.88 ± 0.06
7.92 ± 0.06
7.87 ± 0.08

50% EtOH
0.540
1.042
2.162

24.3 ± 0.6
24.8 ± 0.8
24.2 ± 0.8

aConcentration of stock solution in CH3CN, prior to addition to solvent 
(see experimental). bThe k values are the averages of more than two 
runs and errors are standard deviations.

(P=S) of the P-atom as the reaction center of the substrates (1 ~ 4). 
In addition to the application of the extended Grunwald- 
Winstein equation to the specific rates, the influence of the 
temperature on the specific rate (for four solvents) allows 
enthalpies and entropies of activation to be calculated. 
Measurements in deuterated methanol (MeOD) and deu-
terated water (D2O) also allow the determination of the kinetic 
solvent isotope effect (KSIE). This study could be helpful in 
clarifying the phosphoryl transfer mechanism, as well as to 
compare the reactivities among diphenyl phosphorochlo-
ridate ((PhO)2

‑
 POCl, 2),6 diphenylphosphinyl chloride (Ph2-

POCl, 3)9 and diphenylthiophosphinyl chloride (Ph2PSCl, 4).10
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Results and Discussion

The specific rates of solvolysis of 1 have been determined 
in 30 solvents at 55.0 oC. The solvents consisted of ethanol, 
methanol, and binary mixtures of water with ethanol, meth-
anol, acetone and TFE. The specific rates of solvolysis are 
presented in Table 1, together with NT

5 and YCl
4 values. The 

specific rates of solvolysis of 1 were found to be independent 
of the initial concentration of the substrate, as shown in Table 2.

For four solvents, specific rates of solvolysis were mea-
sured at three additional temperatures, and these values are 
reported in Table 3. The enthalpies and entropies of activation 
for each solvolysis calculated using all four values are also 
presented in Table 3. 

In the present study, we are concerned with the specific 
rates of the solvolyses represented in eq. 2. In most solvents, 
the reactions were reasonably fast, and therefore an apparatus 
allowing a rapid response to the changes in conductivity11 was 
a convenient way of following the extent of reaction as a 
function of time. In order to promote a rapid dissolution in the 
solvent, the substrate was usually added as a small volume of 
a concentrated stock solution in acetonitrile, such that the 
reaction solution contained about 0.1% acetonitrile.

The specific rates were observed to increase with increa-
sing water content for binary aqueous mixtures. The specific 
rate of ethanolysis of 1 was lower (extrapolated value; k = 
2.30 × 10-6 s-1 at 0.0 oC, experimental value;  k = 8.22 × 10-6 s-1 
at 25.0 oC) than that of ethanolysis of 26  (k = 4.8 × 10-5 s-1 at 
0.0 oC). This means that in the reaction of 1, eq. 2, the solvents 
are somewhat loosely bound in transition state (TS) and the 
extent of bond cleavage of the leaving group (Cl) at the TS is 
rather low. The difference in the magnitude, i.e., a lower rates 
of solvolysis of 1 than of solvolysis of 2 reflects that, under 
similar conditions, the P=S group favours the Cl-bonded 



Solvolysis of Diphenyl Thiophosphorochloridate Bull. Korean Chem. Soc. 2009, Vol. 30, No. 2      385

Table 3. Specific rates and activation parameters for the solvolysis of diphenyl thiophosphorochloridate ((PhO)2PSCl, 1)a in pure and aque-
ous solvents at various temperatures

Solvent Temperature (oC) 105kb (s-1) ∆H≠ (kcalㆍmol-1)c -∆S≠ (calㆍmol-1ㆍK-1)c

100% EtOH

25
35
45
55

0.872 ± 0.002
1.57 ± 0.003
2.91 ± 0.004
5.85 ± 0.007

11.6 ± 0.6 42.7 ± 1.9

80% EtOHd

25
35
45
55

8.36 ± 0.03
17.9 ± 0.4
37.2 ± 0.4
78.9 ± 0.7

13.9 ± 0.2 32.1 ± 0.8

100% MeOH

25
35
45
55

2.41 ± 0.02
4.93 ± 0.03
9.66 ± 0.03
20.5 ± 0.04

13.2 ± 0.4 35.6 ± 1.3

80% Acetoned

25
35
45
55

2.04 ± 0.02
3.98 ± 0.03
7.41 ± 0.04
14.1 ± 0.3

11.8 ± 0.2 40.3 ± 0.6

aA 10-3M solution of the substrate in the indicated solvent, also containing 0.1% CH3CN. bWith associated standard deviation. cThe activation pa-
rameters are accompanied by the standard error. dOn a volume-volume basis at 25.0 oC. 
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Figure 1. Plot of log(k/k0) for solvolyses of diphenyl thiophosphoro- 
chloridate at 55.0 oC against (1.29NT + 0.64YCl)

nucleofuge (Cl-) expulsion less than the P=O group.
According to the inductive effects of Ph (σI = 0.12)12 and 

PhO (σI = 0.40)12 ligands, we can expect that the rate for the 
ethanolysis of 1 is much faster than that of 4 with solely 
considering the positive charge of the reaction center P atom. 
However, the observed rate ratio of k(4)/k(1) was 12 (in 100% 
ethanol at 55.0 oC). This is opposite to expectation, implying 
that the reaction rate does not depend only on the positive 
charge of the reaction center P.2k

In the case of 4, two phenyl groups are attached to the 
reaction center P atom, whereas oxygen atoms are intervening 
between the reaction center P and the phenyl group in 1. As a 
result, the steric hindrance in 4 would be much larger than that 
in 1 when the solvent nucleophile attack the reaction center 
opposite to the Cl leaving group i.e., backside nucleophilic 
attack.2k

Some phosphate systems are more reactive than their 
thiophosphate counterparts by two or more orders of ma-
gnitude.13 Phosphinate systems are generally less sensitive to 
S substitution in the P=O bond than phosphate systems: 
kP=O/kP=S < 10 for the alkaline hydrolysis in 60% DME-H2O 
and H2O in a series of alkyl phosphinates14 and kP=O/kP=S = 
2.4~5.2 for the hydrolysis of (CH3)2P(O)OPhX and (CH3)2-
P(S)OPhX.2j Our rate ratio of  kP=O(2)/kP=S(1) in ethanolysis of 
21 (at 0.0 oC) is consistent with previous work.15 In particular, 
it is in excellent agreement with a very similar value of 34 (at 
25.0 oC) for the corresponding methyl esters.7 The P=O sys-
tems are generally more reactive than their P=S counterparts 
for several reasons, including the so-called thio effect which is 
mainly the electronegativity difference between O and S 
which favors O over S.16

The activation parameters for solvolysis of 1 are shown in 
Table 3. The values of ∆H≠ and ∆S≠ were respectively obtained 
from the slope and intercept of Eyring plots by least-squares 
analysis. The values of ∆H≠ (= 11.6~13.9 k․cal․mol-1) are 
relatively low, whereas the values of ∆S≠ (= -32.1 ~ -42.7 cal․
mol-1․K-1) are large and negative. This observation lies in the 

range of those for typical SN2 reactions.17

Halmann18 found, for the ethanolysis of the related dieth-
ylphosphinyl chloride, Et2POCl,  that the specific rate of sol-
volysis was dependent upon the concentration of the substrate 
for the range from 2.5 × 10-3 to 17 × 10-3 M. We found no 
perturbation of this type over a threefold variation at our lower 
concentrations (0.5~2×10-3 M) of 1 undergoing solvolysis in 
100%ethanol, 80% or 50% ethanol, Table 2. There were also 
no concentration dependent specific rate perturbation for 
solvolyses of 39 or 4.10
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Table 4. Coefficients from the extended Grunwald-Winstein equa-
tion (1) correlations of the specific rates of solvolysis of diphenyl 
thiophosphorochloridate ((PhO)2PSCl, 1) at 55.0 oC and a compari-
son with the corresponding values for other solvolytic displace-
ments of chloride ion from phosphorus (V)

Substrate na l b mb cb Rc

(PhO)2PSCl 30 1.29 ± 0.07 0.64 ± 0.02 0.11 ± 0.04 0.989
Ph2PSCld 29 1.03 ± 0.08 0.66 ± 0.05 -0.06 ± 0.08 0.933
Ph2PSCle 25 1.00 ± 0.04 0.64 ± 0.03 0.03 ± 0.04 0.983
Ph2POClf 31 1.44 ± 0.13 0.58 ± 0.09 0.15 ± 0.14 0.920
Ph2POCle 27 1.42 ± 0.10 0.54 ± 0.07 0.32 ± 0.11 0.956
Ph2PClg 29 1.31 ± 0.14 0.51 ± 0.09 0.12 ± 0.14 0.899
Ph2PCle 25 1.25 ± 0.09 0.46 ± 0.06 0.24 ± 0.09 0.954
(MeO)2POClh 22 1.36 ± 0.23 0.54 ± 0.13 -0.02 ± 0.17 0.844
(MeO)2POCle,h 18 1.24 ± 0.14 0.45 ± 0.08 0.18 ± 0.11 0.941
(MeO)2PSClh 31 1.21 ± 0.10 0.60 ± 0.04 0.22 ± 0.07 0.943
(MeO)2PSCle,h 28 1.16 ± 0.08 0.55 ± 0.03 0.30 ± 0.06 0.966
(Me2N)2POCli 31 1.20 ± 0.07 0.69 ± 0.04 0.03 ± 0.32 0.958
(Me2N)2POCle,i 27 1.14 ± 0.05 0.63 ± 0.03 0.17 ± 0.21 0.982
(PhO)2POClj 38 1.72 ± 0.18 0.68 ± 0.06 0.42 ± 0.15 0.885
(p-ClC6H4O)2POCj 31 1.79 ± 0.20 0.58 ± 0.08 0.11 ± 0.18 0.863
 aNumber of data points. bFrom eq. 1. cCorrelation coefficient. dFrom ref.
10. eData points for TFE-ethanol mixtures excluded. fFrom ref. 9. gFrom
ref. 32. hFrom ref. 7. iFrom ref. 7. jFrom ref. 11.

The solvolyses of organophosphorus halides have been the 
subject of several studies. At tetracoordinated phosphorus, 
reactions with nucleophilic reagents were found to usually 
proceed by bimolecular mechanisms.19 Pentacovalent inter-
mediates or transition states were most frequently proposed,20 
though unimolecular mechanisms with a rate determining 
dissociation of the  phosphorus-halogen bond have been occa-
sionally postulated.21

A useful tool for quantitatively estimating the rate-con-
trolling influence of nucleophilic participation by solvent 
during a solvolysis involves the application of the extended 
Grunwald-Winstein equation, eq. 1.7-9  Application of eq. 1 to 
the solvolyses of 1 led to good correlations with only minor 
dispersal for different binary mixtures. For 30 solvents, values 
were obtained of 1.29 ± 0.07 for l, 0.64 ± 0.02 for m, and 0.11 
for c; the standard error of the estimate was 0.04 and the R 
value was 0.989, Figure 1. The sensitivity values, l and m, and 
the goodness-of-fit parameters are reported in Table 4, where 
they can be compared with literature values for related sub-
strates.

The extended Grunwald-Winstein equation is a very useful 
indicator of the extent of nucleophilic participation by the 
solvent, as indicated by the magnitude of the parameter, l, 
which, in turn, is directly related to whether a substitution 
reaction follows a unimolecular or bimolecular pathway. In 
general, for an ionization reaction without any nucleophilic 
assistance, l will be zero and m close to unity. Whereas for a 
reaction proceeding with extensive nucleophilic assistance, 
the l value will be in the region of 0.7 to 1.7 and the m value in 
the region of 0.3 to 0.5.22

Therefore, determination of these values will be a valuable 
source of information concerning the structure of the tran-

sition state for these solvolyses.23  The l  and m values for the 
solvolysis of 1 compared with those follows recently repo-
rted, after an analysis in terms of eq. 1, for the specific rates of 
solvolysis of isopropylsulfonyl chloride (l = 1.28 ± 0.05, m = 
0.64 ± 0.03),24 N,N-dimethylsulfamoyl chloride (l = 1.20 ± 
0.04, m = 0.72 ± 0.03),24 2-phenyl-2-ketoethyl tosylate (l = 
1.03 ± 0.04, m = 0.56 ± 0.04),25 dimethyl thiophosphoro-
chloridate (l = 1.16 ± 0.08, m = 0.55 ± 0.03),7 and N,N,N',N'- 
tetramethyl dimidophosphorochloridate (l = 1.14 ± 0.05, m = 
0.63 ± 0.04).8 The l value of 1.29 and the m value of 0.64 for 
the solvolysis of 1 were very similar to the previously reported 
values for the bimolecular solvolyses of other substrates 
(Table 4),7,8,24,25 which indicates an SN2 mechanism involving 
an attack by the solvent at the phosphorus of 1. The treatment 
of specific rates for solvolysis of 1, with both substantial bond 
making (l = 1.29) and bond breaking (m = 0.64), also supports 
a bimolecular mechanism, reflecting appreciable nucleophilic 
assistance from a solvent nucleophile.23c

The l to m ratios have been also suggested as a useful mech-
anistic criteria. The l/m values from the extended Grunwald- 
Winstein equation could be classified into three classes of 
mechanism; l/m values of 1.2 to 2.0 for bimolecular mech-
anism (SN2), 2.3 to 3.5 for an addition-elimination pathway 
(A-E), and below 0.7 for an ionization pathway (I).26  For the 
solvolysis of 1, the l/m value was 2.0 which is very similar to 
those of previous studies investigating the solvolyses of 
isopropylsulfonyl chloride,27 N,N-dimethyl sulfamoyl chlo-
ride,24 2-phenyl-2-ketoethyl-tosylate,25 dimethyl thiophosph-
orochloridate,7 and N,N,N’,N’-tetramethyldiamidophosphoro-
chloridate,8 and these similarities suggest the SN2 mech-
anism.

Bentley, Jones, and Koo23d suggested that dual mechanisms 
can operate for sulfonyl chloride solvolyses, with the con-
certed mechanism being favored in more polar solvents. A 
review28 has suggested an interpretation in terms of a con-
certed bimolecular displacement (SN2) mechanism, involving 
an attack at sulfur by solvent. Our results also seem to be 
consistent with such an explanation. The similarity of both the 
l and the m values for an attack at sulfur to those for an attack 
at the phosphorus of 1 gives an indication that the solvolysis 
of 1 could also proceed via a concerted mechanism, Scheme 1.

We found that the use of NT values in conjunction with YCl 
values leads to acceptable correlations, with l and m values 
similar to those obtained in analyses of the specific rates of 
solvolyses for other entries in Table 4. The only difference is 
smaller l value for the solvolysis of 1, possibly reflecting a 
decreased nucleophilic participation at the transition state due 
to reduced electronegativity of the phosphinyl sulfur (P=S) 
compared to the P=O bond. 

In methanol and methanol-d (MeOD), a KSIE(kMeOH/kMeOD) 
of 2.44 ± 0.05 at 55.0 oC is observed (kMeOD = 8.40 (± 0.22) × 10-5 

s-1). This result is in the range of values from 1.58 ± 0.05 to 
2.31 ± 0.07 which have been observed29 for the correspond-
ing methanolyses of a series of benzenesulfonyl chlorides at 
25.0 oC, in which the reactions are believed to be SN2 in 
character. The methanolyses of meta- and para-chlorobenzyl 
chloride and para-nitrobenzyl chloride, believed to be SN2 in 
character, also show values in the 1.49 ± 0.05 to 1.89 ± 0.07 
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range.30 Previous studies have indicated that values in these 
ranges can be considered as good supporting evidence for the 
postulation of an SN2 mechanism for a methanolysis. In water 
(H2O), and deuterated water (D2O) a KSIE of 3.46 ± 0.05 at 
55.0 oC is also observed (kD2O = 2.95 (± 0.04) × 10-3 s-1). On the 
basis of the observed KISE value the possibility of a SN1 
mechanism for the hydrolyses of 1 (Scheme 2) could be 
excluded.29,30

Conclusions

The solvolysis of 1 proceeds rapidly at 55.0 oC and the 
progress of reaction as a function of time can be conveniently 
monitored using a rapid-response conductivity technique. 
The rates of solvolyses of 1 in ethanol, methanol, and aqueous 
binary mixtures incorporating ethanol, methanol, acetone and 
TFE are reported. For four typical solvents, activation para-
meters were determined and the large negative entropies of 
activation are consistent with a bimolecular process. Kinetic 
solvent isotope effects for the solvolyses also support the 
mechanism proposed.

Application of the extended Grunwald-Winstein equation 
(eq. 1) in 30 solvents led to an l value of 1.29 and an m value 
of 0.64 (correlation coefficient of 0.989). These values are 
shown (Table 4) to be similar to previously determined values 
for nucleophilic attack by solvent at phosphorus compounds. 
They are, also, very close to literature values for the solvoly-
ses of sulfonyl chlorides. Previously-studied solvolytic dis-
placements at phosphorus or sulfur have usually been pro-
posed to follow an SN2 pathway, and such a pathway is also 
proposed for the solvolyses of 1, Scheme 1.

Experimental

The purification of acetone, methanol, ethanol and TFE 
were carried out as previously described.30 The substrate did 
not react with the pure acetonitrile within the stock solution.

Diphenyl thiophosphorochloridate 1 was prepared by rea-
cting phenyl phosphorodichloridothionate (Sigma-Aldrich’s 
Rare Chemical Library) with phenol. A solution of phenyl 
phosphorodichloridothionate 0.01 mol in 15 mL of HPLC 
grade acetonitrile was added to a solution of the required 
amount of phenol for 0.01 mol and 0.01 mol of triethylamine 
in 15 mL of the same acetonitrile in an ice bath. The solution 
was stirred in an ice bath for 2 hours. Triethylamine hydro-
chloride salt was separated by filtration. Acetonitrile was 
evaporated and the remaining product was treated with ether 
and water for work-up. After work-up, anhydrous MgSO4 was 
added, kept 4 hours, the MgSO4 was removed by filtration and 
the solvent was removed under reduced pressure. Finally, the 
product was subjected to column chromatography (ethyl 
acetate + n-hexane) for purification. (PhO)2PSCl : m.p. 64-65 
oC. Calc. for C12H10O2PSCl : C, 50.62; H, 3.54. Found : C, 
50.17; H, 3.30%.  

Kinetic runs were performed with 10 µL of the stock 
solution of the substrate (1 M) and 5 mL of the reaction 
solvent. All kinetic runs were performed, at least, in duplicate. 
The reaction cell was washed with water and acetone several 
times and dried prior to each run. A 5 mL portion of solvent 
was added to the reaction cell and allowed to sit for a few 
minutes until it reached a temperature equilibrium with the 
constant temperature bath. A 10 µL portion of the stock solu-
tion was then added and the reaction cell was shaken vigo-
rously. The change of the conductance in the reaction with 
time was saved in the computer as a data file.

Rates were measured conductimetrically at 55.0 oC. All 
kinetic measurements were carried out in a constant tem-
perature bath maintained within ± 0.05 oC. The conductivity 
bridge used in this work was a self-made computer automatic 
A/D converter conductivity bridge. First-order solvolysis rate 
coefficients (kobs), with the solvent in large excess, were 
determined by a curve fitting analysis of the computer data 
with a modified version of the Origin Program, which fits 
conductance vs. time data to the equation, A = A∞ + (Ao - A∞) 
exp(-kobs*t), where A is the observed conductivity and A∞, Ao - 
A∞, and kobs are iteratively optimized to achieve the best 
possible least-squares fit.
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