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Continuing the kinetic studies on the pyridinolyses of the
phosphonochloridothioates, the nucleophilic substitution
reactions of O-propyl (4) and O-isopropyl (5) phenyl
phosphonochloridothioates with X-pyridines have been
carried out kinetically in acetonitrile (MeCN) at 35.0 + 0.1
°C (Scheme 1). The kinetic results of the present work are
compared with those of the pydidinolyses of Y-O-aryl
methyl [1; Me(YC¢H4sO)P(=S)CI],'"* O-methyl phenyl [2;
Ph(MeO)P(=S)CI],"* O-ethyl phenyl [3; Ph(EtO)P(=S)CI],'
Y-O-aryl phenyl [6; Ph(YCsH4O)P(=S)CI]'¢ and Y-S-aryl
phenyl [7; Ph(YCsH4S)P(=S)CI]'¢ phosphonochloridothio-
ates, based on the reactivities, selectivity parameters, free
energy correlations and reaction mechanisms.

Results and Discussion

The second-order rate constants [kx (M s)] of the
pyridinolyses of 4 and 5 in MeCN at 35.0 °C are sum-
marized in Table 1, together with the selectivity parameters,
px and fx. The pyridinolysis rates of 4 are 1.4-1.7 times
faster than those of 5. The substituent effects of the nucleo-
philes on the rates are in consistent with those for a typical
nucleophilic substitution reaction with a positive charge
development at the nucleophilic N atom in the transition
state (TS). The free energy correlations for both 4 and 5,
however, exhibit biphasic concave upwards with a break
point at X = H (Fig. 1). Similarities of the substituent effects
of X on the pyridinolysis rates between 4 and 5 strongly
suggest that the pyridinolyses of both 4 and 5 proceed
through the same mechanism. The magnitudes of fx [= 2.09
(4) and 2.01(5)] values with more basic pyridines (X = 4-
MeO, 4-Me, 3-Me, H) are ca. four times greater than those
[Bx = 0.48(4) and 0.47(5)] with less basic pyridines (X = H,
3-Ph, 3-Cl, 3-Ac, 4-Ac, 3-CN, 4-CN). The magnitudes of
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Scheme 1. Pyridinolyses of O-propyl (4) and O-isopropyl (5)
phenyl phosphonochloridothioates in MeCN at 35.0 °C.

Table 1. Second-Order Rate Constants (k2 x 10>’M™'s™) and Selec-
tivity Parameters (px and fx) of the Reactions of O-Propyl (4) and
O-Isopropyl (5) Phenyl Phosphonochloridothioates with X-Pyri-
dines in MeCN at 35.0 °C

X kax 103M 57! (4) kx 1M s (5)
4-MeO 1200 £ 10 729+ 1
4-Me 1571 91.4+0.1
3-Me 174402 123+£0.1
H 3.22+0.01 235+0.01
3-Ph 236+0.01 1.54+0.03
3-Cl 0.350 + 0.004 0.236 + 0.001
3-Ac 0.312+0.001 0.203 + 0.001
4-Ac 0.129 + 0.002 0.0923 + 0.0007
3-CN 0.0925 + 0.0001 0.0702 + 0.0002
4-CN 0.0444 + 0.0003 0.0326 + 0.0002

—px  9.51+0.054%/2.82 £0.03%¢ 9.15 +0.04“¢/2.77 + 0.02°"
Lx 2.09 + 0.024¢/0.48 £ 0.16%/  2.01 +0.0147/0.47 £ 0.17%

“More basic pyridines; X = (4-MeO, 4-Me, 3-Me, H). °Correlation
coefficient, r = 0.999. “Less basic pyridines; X = (H, 3-Ph, 3-Cl, 3-Ac, 4-
Ac, 3-CN, 4-CN). 4 =0.999. °r =0.999./r = 0.977. ér = 0.999. "r = 0.999.
1=0.999./r=0.976.

selectivity parameters with more basic pyridines are consi-
derably larger than with less basic pyridines, indicating
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Figure 1. Bronsted plots [log k> vs pKa(X)] of the reactions of O-
propyl (4) and O-isopropyl (5) phenyl phosphonochloridothioates
with X-pyridines in MeCN at 35.0 °C.
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Table 2. Summary of the Second-Order Rate Constants, NBO Charges at the Reaction Center P Atom, Summations of the Taft Steric
Constants of Ph and R; [2Es = Es(Ph) + Es(R;)], Bronsted Coefficients, CICs and Free Energy Correlations for Substituent X and Y

Variations of the Reactions of 1-7 with X-Pyridines in MeCN

Substrate 10%k° charge at P —XE¢¢ Px PXY X variation Y variation

1: Me(YCsH,0)P(=S)ClI 14.3 1.432° <2.48"  0.66-1.04/2.08-2.38¢  —1.76/0/2.80/0° discrete’ A

2: Ph(MeO)P(=S)Cl 6.87 1.472 248 1.42/0.467 - Ve -

3: Ph(EtO)P(=S)ClI 5.47 1.478 2.55 1.39/0.467 - Ve -

4: Ph(PrO)P(=S)Cl 322 1.479 2.84 2.09/0.48¢ - V¢ -

5: Ph(i-PrO)P(=S)Cl 2.35 1.488 2.95 2.01/0.47¢ - V¢ -
6: Ph(YCsH40)P(=S)Cl 11.2° 1.462° 4.96° 0.87-0.95 —0.46 linear linear
7: Ph(YCgH4S)P(=S)ClI 1.10° 0.999? >4.96°  1.42-1.49/0.46-0.55¢ 0/0.97/1.42/0.44¢ Ve Vinin'

“The second-order rate constant with unsubstituted pyridine at 35.0 °C. *The value with Y = H. “‘Summations of the Taft steric constants. “More/less
basic pyridines. ‘a-block(stronger nucleophiles and weaker electrophiles)/b-block(weaker nucleophiles and weaker electrophiles)/c-block(stronger
nucleophiles and stronger electrophiles)/d-block(weaker nucleophiles and stronger electrophiles). /Biphasic discrete two plots, neither concave upwards
nor downwards. éBiphasic concave upwards. “Biphasic concave downwards. ‘Biphasic concave upwards with a minimum point.

greater degree of bond formation with more basic pyridines
than with less basic pyridines in the TS.

Table 2 lists the second-order rate constants (k» x 10> /M
s™) with unsubstituted pyridine at 35.0 °C, natural bond
order (NBO) charges in the gas phase at the reaction center P
atom in the substrate [B3LYP/6-311+G(d,p) level of theory],
summations of the Taft steric constants® of Phand R; [ZEs=
Es(Ph) + Es(Ry)],’ Bronsted coefficients (fx), cross-inter-
action constants (CICs; pxy)* and free energy correlations
for the substituent X and Y variations in the nucleophiles
and substrates, respectively, of the pyridinolyses of the seven
phosphonochloridothioates of 1-7 in MeCN. In view of the
pyridinolysis rates of 1-6,° the rates do not show linear
correlation with the positive NBO charge at the reaction
center P atom. These indicate that the inductive effects of the
two ligands do not play any role to decide the pyridinolysis
rates of the phosphonochloridothioates.

Figure 2 shows the Taft plot according to 'log k»= 6XEs+
C'. Note that the numbering of the substrates of 1-6 follows
the sequence of the size of the two ligands.> The pyri-
dinolysis rates of 2-5 with phenyl and alkoxy ligands are
inversely proportional to the size of the two ligands,
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Figure 2. Taft plot of log k> vs ZEs for the reactions of 1-6 with
CsHsN in MeCN at 35.0 °C. The substrate number and two ligands
are displayed next to the corresponding point. The substrates of 2-
5 give good linearity of 6= 0.937 with r = 0.996.

indicating that the steric effects of the two ligands are
major factor to decide the rates. The pyridinolysis rates of 1
and 6 with phenoxy ligand show positive deviations from
the Taft plot of 2-5, and the rate of 1 is faster than that of 6.
The anilinolysis rates of the phosphonochloridothioates
show the similar trend.® Moreover, the same trends were
also observed for the pyridinolyses of the chlorophos-
phates [(R;0)(R,0)P(=0)Cl-type]” and chlorothiophosphates
[(RiO)(R20)P(=S)Cl-type],* and for the anilinolyses of
chlorophosphates® and chlorothiophosphates.”**!° Thus, the
authors conclude that the substrates with phenoxy ligand(s)
of a group differ from those without phenoxy ligand(s) of b
group regarding the steric effects of the two ligands on the
aminolysis rates.

The authors proposed a stepwise mechanism with a rate-
limiting bond formation (or a concerted Sx2 mechanism) for
the pyridinolyses of 6 based on the negative value of pxy.* In
the case of the pyridinolyses of 1 and 7, four values of pxy
were obtained because both the Hammett plots for sub-
stituent X and Y variations are biphasic. In 1, a stepwise
mechanism with a rate-limiting bond formation was pro-
posed with a-block based on the negative pxy value, and a
stepwise mechanism with a rate-limiting leaving group
departure from the intermediate was proposed with b-, c-
and d-blocks based on the positive and null pxy values.'' In
7, a stepwise mechanism with a rate-limiting leaving group
departure from the intermediate was proposed with all
blocks, a-, b-, c- and d-blocks based on the positive and null
pxy values.'" The authors proposed a stepwise mechanism
with a rate-limiting leaving group expulsion from the inter-
mediate for the pyridinolyses of 2 and 3, the same mech-
anism for the pyridinolyses of 7, based on the very similar
trends of the fx values and free energy relationships with X.
In the present work of the pyridinolyses of 4 and 5, a
stepwise mechanism with a rate-limiting leaving group
departure from the intermediate is proposed based on the
same reason as in 2, 3 and 7. Taking into account the consi-
derably larger values of fx = 2.09(4) and 2.01(5) compared
to those of fx = 1.42(2), 1.39(3) and 1.42-1.49(7) with more
basic pyridines, the extents of the degree of bond formation
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Scheme 2. Backside attack TSb and frontside attack TSf for the
reactions of phosphonochloridothioates with X-pyridines.

Table 3. Activation Parameters” for the Reactions of O-Propyl (4)
and O-Isopropyl (5) Phenyl Phosphonochloridothioates with
Pyridine (CsHsN) in MeCN

o k> x 10° AH* —-AS*
Substrate te M'st /kcal mol™ /cal mol™' K™
35.0 3.22+0.01
4: Ph(PrOYP(=S)CI 40.0 451001 11.6+0.1 32+1
450 6.03+0.01
35.0 2.35+0.01
5: Ph(i-PrO)P(=S)CI 40.0 3.08+0.01 92+0.1  40+1

45.0 3.88+0.03

“Calculated by Eyring equation.

of 4 and 5 are greater than those of 2, 3 and 7 in the TS.

In view of biphasic concave upward free energy corre-
lations for substituent X variations of 2-5, and 7, the greater
Px values with more basic pyridines than those with less
basic pyridines indicate a frontside attack TSf with more
basic pyridines and a backside attack TSb with less basic
pyridines (Scheme 2). It is worthy of note that the magni-
tudes of px and fx values involving a frontside attack TSf
are greater than those involving a backside attack TSb.'?

Activation parameters, enthalpies and entropies of activa-
tion, are determined for the pyridinolysis (with CsHsN) of 4
and 5 in Table 3. The enthalpies of activation is relatively
small and entropies of activation is relatively large negative
values in consistent with the typical aminolyses of P=S systems.

In summary, the kinetic studies on the reactions of O-
propyl (4) and O-isopropyl (5) phenyl phosphonochlori-
dothioate with X-pyridines have been carried out in aceto-
nitrile at 35.0 °C. The free energy correlations with X in the
nucleophiles are biphasic concave upwards with a break
point at X = H for both substrates. The steric effects of the
two ligands are major factor to decide the rate. A stepwise
mechanism with a rate-limiting leaving group departure
from the intermediate is proposed based on the fx values and
biphasic concave upward free energy relationship for both
substrates. The biphasic concave upward free energy relation-
ships are rationalized by a frontside nucleophilic attack TSt
with more basic pyridines and a backside attack TSb with
less basic pyridines for both substrates.

Experimental Section

Materials. GR grade pyridines and HPLC grade MeCN
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(water content < 0.005%) were used for kinetic studies
without further purification. O-Propyl (4) and O-isopropyl
(5) phenyl phosphonochloridothioates were prepared as
reported earlier.*

Kinetic Procedure. Rates and selectivity parameters were
obtained as previously described.' Initial concentrations for
the reactions of both 4 and 5 were as follows; [substrate] =5
x 10 M and [XCsH4N] = (0.10-0.30) M.

Product Analysis. O-Propyl (4) and O-isopropyl (5)
phenyl phosphonochloridothioates were reacted with excess
pyridine, respectively, for more than 15 half-lives in MeCN
at 35.0 °C. Solvent was removed under reduced pressure.
The product was isolated after treatment with ether and
acetonitrile, and then dried under reduced pressure. The
analytical and spectroscopic data of the products are sum-
marized as follows:

[(CsHs)(PrO)P(=S)NC;sHs]"CI". Colorless liquid; 'H-
NMR (400 MHz, MeCN-d5) 6 0.87-0.96 (m, 3H), 1.66-
1.1.67 (m, 2H), 2.53-2.56 (m, 2H), 7.95-8.74 (m, 10H); *C-
NMR (100 MHz, MeCN-ds) & 12.62, 23.94, 60.52, 118.6,
128.5, 131.5, 142.3, 142.8, 144.7, 147.2; *'P-NMR (162
MHz, MeCN-d5) & 11.25 (1P, s, P=S); LC-MS (EI, m/z),
313(MY).

[(C6Hs)(i-PrO)P(=S)NCsH;s|"CI". Colorless liquid; 'H-
NMR (400 MHz, CDCl; and TMS) & 2.17-2.19 (m, 6H),
3.52-3.58 (m, 1H), 8.00-8.92 (m, 10H); *C-NMR (100
MHz, CDCl; and TMS ) 4 30.78, 52.83, 104.4, 127.0, 130.7,
141.0, 145.4, 152.7; *'P-NMR (162 MHz, CDCl; and TMS)
578.94 (1P, s, P=S); LC-MS (EI, m/z), 313 (M").
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The null pxy value can be rationalized by a stepwise mechanism
with a rate-limiting leaving group expulsion from the intermediate
where the distance between X and Y does not vary from the
intermediate to the transition state (TS). The null pxy value sug-
gests the absence of the cross-interaction between X and Y. This
phenomenon can be occurred: (i) X and Y are too far apart to
interact; (ii) the distance between X and Y does not vary. Thus, the
null pxy value indicates a special stepwise mechanism with a rate-
limiting bond breaking where the distance between X and Y does
not vary from the intermediate to the TS.
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