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The kinetic studies on the pyridinolysis of diisopropyl thiophosphinic chloride have been carried out in
acetonitrile at 55.0 °C. The free energy correlations for substituent X variations in the X-pyridines are biphasic
concave upwards with a break point at X = 3-Ph. A concerted Sx2 mechanism is proposed with a change of the
attacking direction of the X-pyridine from a frontside attack for the strongly basic pyridines to a backside attack
for the weakly basic pyridines. The factors to determine the rates and thio effects on the rates for the
pyridinolyses of thiophophinic chloride, chlorothiophosphate, phosphinic chloride, phosphonochloridothioate,
and chlorophosphate systems are briefly reviewed on the basis of the magnitude of the positive charge of the
reaction center P atom and steric effects of the two ligands.
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Introduction

The kinetic studies of the pyridinolyses of tetracoord-
inated phosphorus in acetonitrile (MeCN) have been studied
extensively by this lab.! Herein, the nucleophilic substitution
reactions of diisopropyl thiophosphinic chloride (3) with
substituted X-pyridines are investigated kinetically in
MeCN at 55.0 £ 0.1 °C (Scheme 1) to gain further informa-
tion into the reactivity and mechanism depending on the
variation of the two ligands. The pyridinolysis rates of the
studied thiophophinic chloride [RiR,P(=S)Cl-type], phos-
phinic chloride [RiR,P(=O)Cl-type], chlorothiophosphate
[(R1O)(R20)P(=S)Cl-type], chlorophosphate [(RiO)(R,O)P
(=O)Cl-type], and phosphonochloridothioate [R1(R2O)P(=S)
Cl-type] systems in MeCN are discussed on the basis of the
magnitude of positive charge of the reaction center P atom
and steric effects of the two ligands. The so-called ‘thio
effect’ on the rate difference between the P=0O and P=S
system is investigated for the pyridinolyses of tetracoord-
inated phosphorus.
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Scheme 1. The reactions of diisopropyl thiophosphinic chloride (3)
with substituted X-pyridines in MeCN.

Results and Discussion

The reactions were carried out under pseudo-first-order
conditions with a large excess of pyridine. The observed
pseudo-first-order rate constants (kopsa) for all reactions
obeyed eq. (1) with negligible 4 (= 0) in MeCN. The
second-order rate constants were determined with at least
five pyridine concentrations. The linear plots of eq. (1)
suggest a lack of any base-catalysis or side reactions, and the
overall reaction is described by Scheme 1.

kobsa = kot ko[ XCsH4N] (1

The second-order rate constants [k (M~ s71)] are summar-
ized in Table 1. The Bronsted fx value was calculated by
correlating log k» (MeCN) with pKy(H,0),> which was
justified theoretically and experimentally.’> The substituent
effects of the nucleophiles upon the pyridinolysis rates
correlate with those for a typical nucleophilic substitution
reaction where the stronger nucleophile leads to a faster rate.
However, both the Hammett (log k> vs px; Fig. 1) and
Bronsted [log k» vs pKai(X); Fig. 2] plots are biphasic
concave upwards with a break point at X =3-Ph. The
magnitudes of px (=-3.62) and Sx (= 0.74) values with the
strongly basic pyridines (X = 4-MeO, 4-Me, 3-Me, H, 3-Ph)
are greater than those (px =—0.90 and fx =0.14) with the
weakly basic pyridines (X = 3-Ph, 3-MeO, 3-Cl, 3-Ac, 4-Ac,
3-CN).

The second-order rate constants (k) with unsubstituted

Table 1. Second-Order Rate Constants (k2 x 105/M™! s!) of the Reactions of Diisopropyl Thiophosphinic Chloride (3) with XCsH4N in

MeCN at 55.0 °C

X 4-MeO 4-Me 3-Me H

3-MeO 3-Cl 3-Ac 4-Ac 3-CN

k% 10° 137+1 64.0+04 27.7+0.1

144+£0.1 9.04£0.06 8.41+0.06 4.99+0.02 496+0.02 3.79+0.03 3.19+0.03
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Figure 1. The Hammett plot (log k> vs ox) of the reactions of
diisopropy! thiophosphinic chloride (3) with X-pyridines in MeCN
at 55.0 °C. The values of px are —3.62£0.02 (r=0.999) with
X = (4-MeO, 4-Me, 3-Me, H, 3-Ph) and —0.90 £ 0.01 (r=0.998)
with X = (3-Ph, 3-MeO, 3-Cl, 3-Ac, 4-Ac, 3-CN).
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Figure 2. The Bronsted plot [log k> vs pKa(X)] of the reactions of
diisopropy! thiophosphinic chloride (3) with X-pyridines in MeCN
at 55.0°C. The values of fx are 0.74 £0.02 (r=0.999) with
X = (4-MeO, 4-Me, 3-Me, H, 3-Ph) and 0.14 £0.02 (r=0.997)
with X = (3-Ph, 3-MeO, 3-Cl, 3-Ac, 4-Ac, 3-CN).

Table 2. Summary of the Second-Order Rate Constants (k> with CsHsN at 35.0 °C), NBO Charges at the Reaction Center P Atom,
Summations of the Taft’s Steric Constants (XEs) of the Two Ligands, and Bronsted Coefficients (fx) for the Pyridinolyses of Thiophosphinic

Chloride system (1, 2, 3, and 4) in MeCN

Substrate ka x 10% Charge at P —XE;s Px Ref.
1: S(Me,Me) 0.744 1.180 0 0.97/0.27¢ 1h
2: S(Et,Et) 0.0960 1.208 0.14 0.92/0.344 Ip
3: S(i-Pr,i-Pr) 0.0760° 1.247 0.94 0.74/0.14¢ this work
4: S(Ph,Ph) 1.83¢ 1.236 4.96 1.53/0.38¢ 1d

Second-order rate constant with unsubstituted pyridine (X = H) at 35.0 °C. *Empirical kinetic data. See ref. 4. “Extrapolated value in the Arrhenius plot
with kinetic data: k» = 0.371, 0.940, and 1.35 x 107 M~' s™ at 5.0, 15.0, and 25.0 °C, respectively, from ref. 3. “Strongly/weakly basic pyridines.

pyridine (CsHsN) at 35.0 °C, natural bond order (NBO)
charges at the reaction center P atom in the gas phase
[B3LYP/6-311+G(d,p) level of theory],” summations of the
Taft’s steric constants [Es= Es(R;) + Es(R»)]° of the two
ligands, and Bronsted coefficients (fx) for the pyridinolyses
of four thiophosphinic chloride system [R;R2P(=S)Cl-type]
in MeCN are summarized in Table 2. When the magnitude
of the positive charge of the reaction center P atom in the
substrate plays an important role to determine the
pyridinolysis rate, the sequence of the pyridinolysis rate
should be 3 >4 > 2 > 1. On the other hand, when the steric
effects of the two ligands, R; and R,, play an important role,
the sequence of the rate should be 1> 2 > 3 > 4. However,
the observed sequence of the pyridinolyses rates of 4 >1>2
> 3 [the relative rate ratio of 24(4):9.8(1):1.3(2):1(3)] does
not show systematic consistency with the NBO charge at P
atom or Ejs of the two ligands. These results indicate that the
pyridinolysis rates of thiophosphinic chloride system in
MeCN are not dependent upon one dominant factor but on
many factors.

The second-order rate constants (k2) with CsHsN at 35.0 °C,
relative rate ratios, and NBO charges at the reaction center P
atom for the pyridinolyses of chlorothiophophate [(R;O)
(R20)P(=S)Cl-type], phosphonochloridothioate [R;(R,O)P

(=S)Cl-type], phosphinic chloride [R;R>P(=O)Cl-type], and
chlorophosphate [(R;O)(R,O)P(=0)Cl-type] systems in MeCN
are summarized in Table 3. The sequence of substrates in
each system follows the size of the two ligands. Henceforth,
for convenience to express the substrate, the P=0 and P=S
systems are denoted as O and S, respectively, and the two
ligands are represented in parenthesis. The rates of chloro-
thiophosphate system with unsubstituted pyridine in MeCN
at 35.0 °C give the relative rate ratio of 11.2 [S(MeO, MeO)]:
8.7[S(EtO,EtO)]:2.4[S(PhO,PhO)]:1[S(EtO,PhO)], indicating
that the pyridinolysis rates are not dependent upon one
dominant factor. In the case of phosphonochloridothioate
system, the trends of the pyridinolysis rates depending on
the two ligands are hard to say because of the lack of
information. Meanwhile, the reaction rates of phosphinic
chloride system with unsubstituted pyridine in MeCN at
35.0°C give the relative ratio of 7.59 x 10° [O(Me,Ph)]:
6.14 x 10° [O(Me,Me)]:7.65 x 10° [O(Et,Et)]:3.29 x 10° [O(Ph,
Ph)]:1 [O(cHex,cHex)] where the rates are strongly depend-
ent upon the two ligands and the rates are not dependent
upon one dominant factor but on many factors. In the case of
chlorophosphate system, the relative rate ratio of 27.7 [O
(PhO,Ph0O)]:6.7 [O(MeO,Me0)]:5.5 [O(EtO,EtO)]:3.7 [O(Et
0,PhO)]:1 [(i-PrO, i-PrO)] also indicates that the rates are
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Table 3. Summary of the Second-Order Rate Constants (k> with CsHsN at 35.0 °C), Relative Rate Ratios, and NBO Charges at the Reaction
Center P Atom for the Pyridinolyses of Chlorothiophophate, Phosphonochloridothioate, Phosphinic chloride, and Chlorophosphate Systems

in MeCN
System Substrate k2 x 10% Rate ratio Charge at P Ref.
S(MeO,MeO) 1.547 11.2 1.687 g
chlorothiophosphate S(EtO,EtO) 1.19° 8.7 1.701 1g
(RIO)(R20)P(=S)Cl-type S(EtO,YCsH40) 0.137 1 1.687 Is
S(PhO,YCsH,0) 0.333 24 1.661 1j
phosphonochloridothioate S(Me,YCsH10) 14.3 1.3 1.432 1k
Ri(R2O)P(=S)Cl-type S(Ph,YCsH40) 112 1 1.462 1f
0O(Me,Me) 102,000 6.14 x 10° 1.793 1h
- . O(Et,Et) 127 7.65 x 10° 1.817 li
phosphinic chloride O(Me,Ph) 126,000° 7.59 % 10° 1.821 Im
RleP(—O)Cl-type 3
O(Ph,Ph) 54.6 329 % 10 1.844 1d
O(cHex,cHex) 0.0166 1 1.863 In
0O(MeO,MeO) 64.7 6.7 2226 lg
chlorophosphate O(EtO,EtO) 52.8 5.5 2.236 lg
(R10)(R20)P(=0)Cl-type 0(i-Pr0,i-PrO) 9.60 1 2.269 1q
O(PhO,YCeH40) 266" 27.7 2.230 la

“In the case of the presence Y substituent in the substrate, the second-order rate constant is with Y = H. ®The superscript of asterisk indicates that the
second-order rate constant at 35.0 °C is obtained by extrapolation in the Arrhenius plot.

Table 4. Second-Order Rate Constants of the Pyridinolysis of the P=0 and P=S Systems (k> with CsHsN at 35.0 °C), Differences of Positive
Charge at the Reaction Center P Atom, and Rate Ratios of P=0 and P=S Systems

Two ligands 10° ky(P=0) 10% kx(P=S) A (Charge at P) k(P=0)/k(P=S)
(Me, Me) 102,000 0.744 1.793-1.180=0.613 137,000
(Et, Et) 127 0.0960 1.817-1.208 = 0.609 1,320
(Ph, Ph) 54.6 1.83 1.844-1.236 = 0.608 30
(MeO, MeO) 64.7 1.54 2.226-1.687 = 0.539 42
(EtO, EtO) 52.8 1.19 2.236-1.701 = 0.535 44
(PhO, PhO) 266 0.333 2.230-1.661 = 0.569 799

not dependent upon one predominant factor. The authors
conclude that the pyridinolysis rates of mentioned systems
are not dependent upon one major factor but many factors.
On the contrary, the anilinolysis rates of the thiophosphinic
chloride, phosphinic chloride, chlorothiophosphate, and
chlorophosphate systems are predominantly dependent upon
the steric effects of the two ligands.’

The second-order rate constants of the pyridinolyses of the
P=0 and P=S systems (with CsHsN at 35.0 °C), differences
of positive charge (NBO charge) at the reaction center P
atom [A(charge at P) = (charge at P with P=0) — (charge at P
with P=S)], and rate ratios of P=0 and P=S systems [k
(P=0)/kx(P=S)] are summarized in Table 4. It is well known
that the P=0 systems are generally more reactive than their
P=S counterparts for several reasons, the so-called ‘thio
effect’, which is mainly the electronegativity difference
between O and S and favors O over S.* The magnitude of the
positive charge of the reaction center P atom for the P=0O
system are greater (0.54-0.61) than that for its P=S counter-
part system which may represent the electronegativity
difference between O and S, although the calculated NBO
charges are not in MeCN but in the gas phase. However, the
obtained range of the order of magnitudes of i (P=0)/

k2(P=8)=10'-10 is too wide to be substantiated only by the
electronegativity difference between O and S. The variation
trends of k2(P=0)/k2(P=S) do not show systematic consistency
depending on the two ligands, and more experimental data
should be accumulated to clarify the thio effects.

Focus will now shift to the reaction mechanism. As seen
in Table 2, all the Bronsted plots for the pyridinolyses of four
thiophosphinic chlorides (1-4) show biphasic concave upwards
with a break point (X = H with 1 and X = 3-Ph with 2, 3, and
4). The pPx values with the strongly basic pyridines are
greater than those with the weakly basic pyridines. The fx
value of 4 with the strongly basic pyridines is somewhat
large and those of 3 (present work) are more or less small. In
general, the nonlinear free energy correlation of a concave
upward plot is diagnostic of a change in the reaction
mechanism, such as parallel reactions where the reaction
path is changed depending on the substituents, while non-
linear free energy correlation of the biphasic concave
downward plot is diagnostic of a rate-limiting step change
from bond breaking with less basic nucleophiles to bond
formation with more basic nucleophiles.’ It is the suggestion
of the authors that the concave upward Hammett and
Bronsted plots can also be diagnostic of a change in the
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Scheme 2. Backside attack TSb and frontside attack TSf.

attacking direction of the nucleophile depending on the
substituents from backside to frontside.'¢ It is worthy of note
that a frontside attack TSf yields greater magnitudes of px
and fx values compared to a backside attack TSb (Scheme
2).1c

Thus, a concerted mechanism with a dominant backside
nucleophilic attack (TSb) for more basic pyridines and with
a dominant frontside nucleophilic attack (TSf) for less basic
pyridines was proposed on the basis of concave upward free
energy correlation and greater magnitudes of selectivity
parameters with more basic pyridines for the pyridinolysis
of 1 and 2. In the present work, a concerted Sx2 mechanism
is proposed and biphasic concave upward free energy
correlations is rationalized by a change of nucleophilic
attacking direction from a frontside attack TSf (fx = 0.74)
with the strongly basic pyridines to a backside attack (TSb;
Px = 0.14) with the weakly basic pyridines.

In the case of the pyridinolysis of 4, however, the fx value
of 1.53 with more basic pyridines strongly suggests a
stepwise mechanism with a rate-limiting leaving group
expulsion from the intermediate involving a frontside attack.
This suggestion is supported by the fSx values of 1.36-2.33
involving a stepwise mechanism with a rate-limiting bond
breaking step for the pyridinolyses of:'® S(EtO,YC¢H40)
with fx = 2.31-2.33;"* S(PhO,YCsH,40) with fx = 1.36-1.50;"
and S(Ph,YCsH4S) with fx = 1.42-1.49."" A concerted Sx2
process with direct backside nucleophilic attack (or a
stepwise mechanism with a rate-limiting bond formation) is
proposed for less basic pyridines.

Experimental Section

Materals. Diisopropyl thiophosphinic chloride was
prepared as described previously.”” GR grade pyridines and
HPLC grade acetonitrile (less than 0.005% water content)
were used without further purification.

Kinetic Procedure. Conductometric rate measurements
were carried out using self-made computer-aided automatic
A/D converter conductivity bridges."” Pseudo-first-order
rate constants, kopsd, Were measured by curve fitting analysis
in origin program with a large excess of pyridines,
[Substrate] = 5 x 10° M and [Pyridine] = 0.1-0.5 M. Second-
order rate constants, k», were obtained from the slope of a
plot of kopsa vs [X-Pyridine]. The Pseudo-first-order rate
constant values (kqbsa) Were the average of at least three runs
that were reproducible within £ 3%.

Product Analysis. Diisopropyl thiophosphinic chloride
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was reacted with excess 3-chloropyridine, for more than 15
half-lives at 55.0 °C in MeCN. Acetonitrile was removed
under reduced pressure. The product was isolated by adding
ether and insoluble fraction was collected. The product was
purified to remove excess pyridine by washing several times
with ether. Analytical and spectroscopic data of the product
are as follows:

[(-Pr),P(=S)NCsH,4-3-CI|]*CI". Light-yellow gummy-sub-
stance; 'H NMR (400 MHz, CDCl5) 6 1.21-1.32 (12H, m,
4CHs, i-Pr), 2.35-2.45 (2H, m, 2CH, i-Pr), 7.20 (1H, s, pyri-
dinium), 7.61 (1H, s, pyridinium), 8.44 (1H, s, pyridinium),
8.52 (1H, s, pyridinium); *C NMR (100 MHz, CDCl;) &
15.86-16.15 (CHs, i-Pr), 34.63, 35.13 (CH, i-Pr), 124.23,
132.05, 135.79, 147.24, 148.57 (C=C, pyridinium); *'P
NMR (162 MHz, CDCl3) 6 91.90 (1P, s, P=S); m/z 298
(M)
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