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The nucleophilic substitution reactions of bis(Y-aryl) chlorophosphates (1) with substituted anilines and
deuterated anilines are investigated kinetically in acetonitrile at 35.0 °C. The kinetic results of 1 are compared
with those of Y-aryl phenyl chlorophosphates (2). The substrate 1 has one more identical substituent Y
compared to substrate 2. The cross-interaction between Y and Y, due to additional substituent Y, is significant
enough to result in the change of the sign of cross-interaction constant (CIC) from negative pxy =-1.31 (2) to
positive pxy =+1.91 (1), indicating the change of reaction mechanism from a concerted Sx2 (2) to a stepwise
mechanism with a rate-limiting leaving group departure from the intermediate (1). The deuterium kinetic
isotope effects (DKIEs) involving deuterated anilines (XCsHsND,) show secondary inverse, ku/kp = 0.61-0.87.
The DKIEs invariably increase as substituent X changes from electron-donating to electron-withdrawing,
while invariably decrease as substituent Y changes from electron-donating to electron-withdrawing. A stepwise
mechanism with a rate-limiting bond breaking involving a predominant backside attack is proposed on the basis
of positive sign of pxy and secondary inverse DKIEs.
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Introduction

The first work of this lab on the phosphoryl transfer
reaction was the kinetic study on the anilinolysis of Y-aryl
phenyl chlorophosphates [2; (YCsH4O)(PhO)P(=O)CI] in
acetonitrile.'® A concerted mechanism with a late, product-
like transition state (TS) was proposed on the basis of a large
negative cross-interaction constant (CIC; pxy = —1.31) and
relatively large secondary inverse deuterium kinetic isotope
effects (DKIEs) with deuterated anilines (XC¢H4ND:) (kn/kp
= 0.61-0.87). Continuing the studies on phosphoryl transfer
reactions (anilinolysis,! pyridinolysis,> benzylaminolysis,’
and theoretical study?), the nucleophilic substitution reac-
tions of bis(Y-aryl) chlorophosphates [1; (Y CsH4O),P(=O)Cl]
with substituted anilines and deuterated anilines are investi-
gated kinetically in MeCN at 35.0 £ 0.1 °C (Scheme 1). The
aim of this work is to study the dual substituent effects on
the reaction rate and mechanism where the substrate has the
very same substituent Y in each phenyl ring, and to gain
further information into the phosphoryl transfer reactions,
as well as to compare the reactivity, mechanism and DKIEs
of the anilinolyses of chlorophosphate substrates, (RO);-
(RO),P(=0)Cl-type: Y-aryl phenyl (2),'* Y-aryl ethyl [3;
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Scheme 1. The studied reaction system.

(YC¢H4O)(EtO)P(=0)CI],'" diethyl [4; (EtO).P(=0)CI],'s
and dimethyl [5; (MeO),P(=O)CI]'¢ chlorophosphates.
Herein, the difference between 1 and 2 is nothing but one
substituent Y in the other phenyl ring, i.e., substrate 1 has
one more same substituent Y compared to substrate 2. The
numbering of the substrates (1-5) follows the sequence of
the size of the two ligands, (RO); and (RO)s.

Results and Discussion

The observed pseudo-first-order rate constants (kopsa) were
found to follow eq. (1) for all of the reactions under pseudo-
first-order conditions with a large excess of aniline nucleo-
phile. The ko values were negligible (ko = 0) in acetonitrile.
The second-order rate constants (k2) were determined for at
least five concentrations of anilines. The linear plots of eq.
(1) suggest that there is no base-catalysis or noticeable side
reactions and that the overall reaction is described by
Scheme 1.

kobsa = ko + k2 [ XCsH4NH;] 1)

The second-order rate constants (k2) are summarized in
Table 1, together with the selectivity parameters, px, fx, Py,
and pxy.” The pK, values of the anilines in water are used to
obtain the Bronsted fx values in MeCN, and this procedure
are justified experimentally and theoretically.® The py values
are calculated from the plots of log k> against oy although all
of the studied substrates contain the two Y-substituted
phenyl rings with same substituent Y. Figures 1, 2, and 3
show the Hammett (log k> vs ox), Bronsted [log k> vs
pKa(X)], and Hammett (log k> vs oy) plots, respectively.
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Table 1. The second-order rate constants (k» x 10%/M™' s™!) and selectivity parameters” (px, Bx, Py, and pxy) of the reactions of 1 [bis(Y-aryl)

chlorophosphates] with XCsH4NH> in MeCN at 35.0 °C

X\Y 4-MeO 4-Me H 3-MeO o
4-MeO 50.2+0.7 57.7+0.4 65.9+0.2 73.8+1.4 0.41+0.01
4-Me 172+0.1 20.7+0.3 22406 32.0+0.1 0.62 + 0.04
H 3.07+0.01 4.15+0.02 4.43+0.02 8.24+0.12 0.96 + 0.08
4-Cl 0.277 £ 0.002 0.409 + 0.002 0.568 +0.007 1.10+0.03 1.43£0.06
3-Cl 0.0751 + 0.0001 0.119 = 0.004 0.202 + 0.001 0.334 = 0.003 1.61+£0.02

—px’ 4.43+0.02 421+0.03 3.93 £0.06 3.67+0.02 Pxy=
B 1.56+0.07 1.48 +0.07 1.38+0.10 1.29+0.04 1.91+0.05¢

“The o values were taken from ref 5. The pK, values of X-anilines in water were taken from ref 6. “Correlation coefficient, » > 0.999. “ > 0.997.

4r>0.924. °r = 0.998.
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Figure 1. The Hammett plots (log k> vs ox) of the reactions of 1
[bis(Y-aryl) chlorophosphates] with XCsH4NH, in MeCN at 35.0
°C.
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Figure 2. The Bronsted plots [log k> vs pKau(X)] of the reactions of
1 [bis(Y-aryl) chlorophosphates] with XCsH4sNH» in MeCN at 35.0
°C.

The substituent effects on the reaction rates are compatible
with a typical nucleophilic substitution reaction. The stronger
nucleophile leads to the faster rate with positive charge
development at the nucleophilic nitrogen atom (px < 0 and
Px > 0) and a more electron-withdrawing substituent Y in
the substrate leads to the faster rate with negative charge
development at the reaction center phosphorus atom (py > 0)
in the TS. The magnitudes of px and fx values are relatively
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Figure 3. The Hammett plots (log k» vs ov) of the reactions of 1
[bis(Y-aryl) chlorophosphates] with XC¢H4NH, in MeCN at 35.0
°C.

large and comparable with those of 2. The magnitudes of py
values are approximately two times greater than those of 2.
However, the variation tendencies of px and py values for
substituents Y and X variations, respectively, are opposite to
those of 2.

When both the nucleophile and substrate have only one
substituent X and Y, respectively, a Taylor series expansion
of log kxy around ox= oy = 0 leads to eq. (2a).” Herein, pure
second- (e.g., PxxOx° o pyyoy?), third- (e.g., pxxyox’oy or
Pxyyoxoy’), and higher-derivative terms (e.g., pxxxyox’ oy
or pPxxyyox oy, etc) are neglected since they are normally
too small to be taken into account. The sign of the CIC (oxy)
is negative in a normal Sx2 reaction (or in a stepwise
reaction with a rate-limiting bond formation), and positive in
a stepwise reaction with a rate-limiting leaving group
expulsion from the intermediate.” The magnitude of the CIC
is inversely proportional to the distance between X and Y
through the reaction center; the tighter the TS, the greater the
magnitude of the CIC.”

log (kxy/kum) = pxox + py oy + pxyox oy (2a)
PXYy = 8210g (kxy/kHH)/aO'xaGY = 6px/6c5y= apy/an (2b)

In the present work, the modified eq. (3) is introduced in
which the cross-interaction between Y (in one phenyl ring)
and Y (in the other phenyl ring) is included, since all of the



Anilinolysis of Bis(aryl) Chlorophosphates

2_
s
g

,2_

4 -

e Prr=1.80+0.02
T T T T
-0.2 0.0 0.2 0.4

Oy (or o)

Figure 4. Determination of pxy according to eq. (2b) and (3a), pxy
= 0px/Oov = Opy/0ox. The plots of px vs oy and py vs ox of the
reactions of 1 [bis(Y-aryl) chlorophosphates] with XC¢H4NH> in
MeCN at 35.0 °C. The value of pxy = 1.91 £ 0.05 (r = 0.998) is
obtained by multiple regression.

studied substrates have identical substituent Y in each
phenyl ring. The third and fourth term on the right-side of
eq. (3a) indicate the cross-interaction between X and two Y,
and Y (in one phenyl ring) and Y (in the other phenyl ring),
respectively. The value of pyy reflects the cross-interaction
between the two substituents, Y and Y, in the TS. Herein, Y
and Y denote the substituent in each phenyl ring in the same
substrate. In eq. (3a), pure second-, third-, and higher-
derivative terms are not considered as in eq. (2). The values
of px, py, pxy, and pyy obtained by multiple regression are
described in eq. (3b). The values of px=-3.93 when Y = H
(oy=0) and py= 0.96 when X = H (ox = 0) in Table 1 are
not far from those of eq. (3b), px=-3.91 and py=1.08. As a
matter of course, the value of pxy = 1.91 (Fig. 4) has the
same value both in eq. (2) and eq. (3b) since pxy is defined
as 0px/0oy = Opy/Oox. Note that the pyy value is as large as
0.90, i.e., nearly half of the value of pxy. To understand the
contribution of pure second-derivative term (pyyov>) on the
reaction rate, eq. (3a) is applied to the anilinolysis of 2 in
which the substrate has only one substituent Y, and eq. (3¢)
is obtained. Herein, the pyyoy® is pure second-derivative
term and reflects Y-Y self-interaction. The values of px =
—3.74 when Y = H (ov= 0)"* and py= 0.54 when X = H (ox
=0)" are close to those of eq. (3¢), px=-3.76 and py=0.52.
In eq. (3¢), the pyy=0.02 implies that there is little Y-Y self-
interaction in the TS, i.e., too small to be taken into account
as expected.'” These results support that the value of pyy =
0.90 in eq. (3b) is absolutely attributed to the cross-
interaction between Y and Y in each phenyl ring.

log (kxv/kin) = pxox + pyoy + pxyoxoy + pyyovoy  (3a)
log (kXY/kHH) =-3910x+ 1.080v + 1.910x0v + 0.900v oy (3b)
log (kxy/kHH) =-3.760x+0.520v —1.31oxov + 0.020‘Y2 (30)

The difference between 1 and 2 is one substituent Y in the
other phenyl ring, i.e., substrate 1 has one more same
substituent Y in the other phenyl ring compared to sub-
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strate 2. It is evident that the cross-interaction, pyyoyoy =
0.900v oy, between the two substituents, Y and Y, in 1 is
really significant. An additional substituent Y to the other
phenyl ring actually affects the values of px and py.
Although the overall magnitudes of px and py values of 1
are comparable to those of 2 [px = —1.29 to —1.56 (1) and
—1.24 to -1.68(2); py = (0.41-1.61)/2 = 0.21-0.81(1) and
0.22-0.87(2)], the variation tendencies of the px and py
values of 1 are completely opposite to those of 2. In 2, the
values of px and py invariably decrease (Gpx < 0 and dpy <
0) as the substituent Y and X change from electron-donating
to electron-withdrawing (0oy > 0 and dox > 0): px = —3.42
(Y =4-MeO) > -3.55(4-Me) > —3.74(H) > —4.09(4-Cl) > —4.63
(4-CN) and py = 0.87(X = 4-MeO) > 0.77(4-Me) > 0.54(H)
> (.22(4-C1)."* As a result, the negative sign with relatively
large magnitude of pxy (=—1.31 + 0.20 with » = 0.998) was
obtained according to eq. (2b); pxy = Opx/Ooy = Opy/Oox =
(9)/(+) < 0. On the contrary, in 1, the values of px and py
invariably increase (0px> 0 and 0py> 0) as Y and X change
from electron-donating to electron-withdrawing (doy > 0
and Odox > 0): px = —4.43(Y = 4-MeO) < 4.21(4-Me) <
-3.93(H) < -3.67(3-MeO) and py = 0.41(X = 4-MeO) <
0.62(4-Me) < 0.96(H) < 1.43(4-Cl) < 1.61(3-Cl). Thus, the
positive sign with great magnitude of pxy = +1.91 £ 0.05 (»
= 0.998) is obtained according to egs. (2) and (3a); pxy =
Opx/doy = Opy/dox = (+)/(+) > 0. Thus, the authors suggest
that an additional substituent Y to the other phenyl ring
changes the reaction mechanism from a concerted Sx2 in 2
to a stepwise with a rate-limiting leaving group departure
from the intermediate in 1on the basis of the change of sign
of pxy from negative (pxy = —1.31 in 2) to positive (oxy =
+1.91in1).

In addition to the CICs, the DKIEs (kn/kp) are also one of
the strong tools to clarify the reaction mechanism. When
partial deprotonation of the aniline occurs in a rate-limiting
step by hydrogen bonding, the ku/kp values are greater than
unity, primary normal (ku/kp > 1.0)."" In contrast, the DKIEs
can only be secondary inverse (kn/kp < 1.0) in a normal Sn2
reaction, since the N-H(D) vibrational frequencies invariably

Table 2. The DKIEs (kw/kp) for the reactions of 1 [bis(Y-aryl)
chlorophosphates] with XCsH4NH2(D>) in MeCN at 35.0 °C

X Y  kux10YM7'sT kpx 104/M'sT! kn/kp
4-MeO  502+0.7 68.3+0.3 0.74 +0.01¢
4-Me 57.7+0.4 88.7+0.4 0.65 = 0.01
MOy 659402 115+ 1 058+ 0.01
3-MeO  73.8+14 134+ 1 0.55+0.01
4-MeO  3.07+0.01 3.56+0.01 0.86 = 0.01
H 4-Me  4.45+0.02 5.02+0.02  0.83+0.01
H 4.43+0.02 5.74+0.01 0.77 £0.01
3-MeO  8.24+0.12 1134001  0.73+0.01
4-MeO 0277+0.002 0283+0.002 0.98+0.01
4-Me  0.409+0.002 0428+0.001 0.96+0.01
4-cl H 0.568 +0.007  0.596+0.001  0.95+0.01
3-MeO  1.10+0.03 1.17£0.01 0.94 + 0.03

“Standard error {= 1/kp[(Aku)? + (ku/ko)? % (Akp)*]"2} from ref 12.
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increase upon going to the TS because of an increase in
steric congestion in the bond-making process."" In the
present work, the DKIEs are all secondary inverse, ku/kp <
1.0, (Table 2), indicating that partial deprotonation of the
aniline does not occur in a rate-limiting step by hydrogen
bonding. The DKIEs invariably increase as substituent X
changes from electron-donating to electron-withdrawing,
kn/kp(X = 4-MeO) < kn/kn(H) < kn/kp(4-Cl) (contrary to 2),
while invariably decrease as substituent Y changes from
electron-donating to electron-withdrawing, kuw/kn(Y = 4-
MeO) > ku/kp(4-Me) > ku/kp(H) > ku/kp(3-MeO).

Thus, when X = 4-MeO and Y = 3-MeO, the min value of
DKIE (kn/kp = 0.55) is observed (Table 3), indicating that
the degree of bond formation is largest and the steric
congestion is greatest in the TS. The smallest magnitudes of
px=-3.67 (Y =3-MeO) and py = 0.41 (X =4-MeO) suggest
that the positive and negative charge developments at the
nitrogen and phosphorus atom, respectively, are smallest in
the TS. This implies that the TS is very tight in which the
degree of bond formation is largest while the degree of bond
breaking is smallest. When X = 4-Cl and Y = 4-MeO, on the
contrary, the max value of DKIE (ku/kp = 0.98) is observed
(Table 3), indicating that the degree of bond formation is the
smallest and the steric congestion is the smallest in the TS.
The largest magnitudes of px=—4.43 (Y =4-MeO) and py =
1.61 (X = 4-CI) suggest that the positive and negative charge
developments at the nitrogen and phosphorus atom, respec-
tively, are greatest in the TS. This implies that the TS is
somewhat looser compared to that when X = 4-MeO and Y
= 3-MeO in which the degree of bond formation is smallest
while the degree of bond breaking is largest. This suggestion
is completely contrary to normal expectation: (i) the greater
degree of bond formation leads to a greater magnitude of
px value and greater positive charge development at the
nucleophilic reaction center; (ii) the greater degree of bond
breaking leads to a greater magnitude of py value and

Table 3. The DKIEs (ku/kp), px, and py for the reactions of 1
[bis(Y-aryl) chlorophosphates] with XCsH4sNH»(D>) in MeCN at
35.0°C

X\Y  4-MeO 4-Me H 3-MeO Py

4-MeO 0.74+0.01 0.65+0.01 0.58+0.01 0.55+0.01 0.41+0.01

H 0.86+0.01 0.83+0.01 0.77+0.01 0.73£0.01 0.96+0.08

4-Cl1 0.98+0.01 0.96+0.01 0.95+0.01 0.94+0.03 1.61+0.02
—-px  443+0.02 421+0.03 3.93+0.06 3.67+0.02

Table 4. The DKIEs (ku/kn), px, and py for the reactions of 2 [Y-
aryl phenyl chlorophosphates] with XC¢H4NH>(D») in MeCN at
55.0 °C?

X\Y 4-Me H 4-Cl %
4-MeO 0.87+0.03 0.77£0.05 0.65+0.02 0.87+0.01
H 0.85+0.01 0.75+0.06 0.64+0.05 0.54=0.01
4-C1  0.81+0.01 0.71+0.02 0.61+£0.02 0.22+0.01
-px  3.55+£020 3.74+£021 4.09+0.19

“All of the values are taken from ref la.
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greater negative charge development at the substrate reac-
tion center.

On the contrary, in 2, the results of DKIEs are consistent
with normal expectation for the magnitudes of px and pv
values. When X = 4-MeO and Y = 4-Cl, the min value of
DKIE (kn/kp = 0.65) is observed (Table 4), indicating that
the degree of bond formation is largest and the steric
congestion is greatest in the TS. The largest magnitudes of
px=-4.09 (Y = 4-Cl) and py = 0.87 (X = 4-MeO) suggest
that the positive and negative charge developments at the
nitrogen and phosphorus atom, respectively, are largest in
the TS. This implies that the TS is very late in which both
the degrees of bond formation and breaking are largest.
When X =4-Cl and Y = 4-Me, the max value of DKIE (kn/
kp=0.81) is observed (Table 4), indicating that the degree of
bond formation is the smallest and the steric congestion is
the smallest in the TS. The smallest magnitudes of px =
-3.55 (Y =4-Me) and py = 0.22 (X = 4-Cl) suggest that the
positive and negative charge developments at the nitrogen
and phosphorus atom, respectively, are smallest in the TS.
This implies that both the degrees of bond formation and
breaking are smallest.

In this respect, DKIEs have provided a useful means to
determine the TS structures in nucleophilic substitution
reactions, and how the reactants, especially through changes
in substituents, alter the TS structures. Incorporation of
deuterium in the nucleophile has an advantage in that the a-
DKIE:s reflect only the degree of bond formation, especially
for the secondary inverse DKIEs. Thus, the greater the
extent of bond formation, the greater the steric congestion,
and the smaller the kw/kp value becomes. These results
indicate that the DKIEs are one of the strong tools to
substantiate the TS structure, and that the determination of
TS structure with px and px values is not sometimes
adequate.

The second-order rate constants (ki) of the reactions of
five chlorophosphates (when Y =H) with unsubstitued
aniline (CsHsNH,) at 55.0 °C, natural bond order (NBO)
charges at the P reaction center in the gas phase [B3LYP/6-
311+G(d,p) level of theory],”> Bronsted and Hammett
coefficients (fx and py), CICs (pxy), and DKIEs (ku/kp) of
the reactions of five chlorophosphates with XCsH4sNH»(D»)
in MeCN are summarized in Table 5. Solely considering the
magnitudes of the positive charges at the reaction center P
atom, the sequence of the anilinolysis rate should be 4 >3 >
2>5 (note 1=2 when Y =H). However, the observed
sequence of the rate, 5>4>3>2, is not consistent with
expectations for the electronic influence of the two ligands.
It is evident that the magnitude of the positive charge at the
reaction center P atom does not play any role to determine
the anilinolysis rate of the chlorophosphate systems. The
second-order rate constants for the reactions of four chloro-
phosphates (2, 3, 4, and 5) with C¢HsNH> in MeCN at 55.0
°C give the relative rate ratio of 4.8(5)" : 3.2(4)* : 2.2(3)* :
1(2)."® The sequence of the anilinolysis rates of the chloro-
phosphates, 5 > 4 > 3 > 2, is inversely proportional to the
size of the two ligands; PhO,PhO (2) > PhO,EtO (3) >
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Table 5. Summary of the second-order rate constants (ky x 10¥M™ s7!) with C¢HsNH, at 55.0 °C, NBO charges at the P reaction center,
Bronsted and Hammett coefficients (fx and py), CICs (pxvy), and DKIEs (ki/kp) of the reactions of 1, 2, 3, 4, and 5 with XC¢HsNH»(D>) in

MeCN

Substrate ku x 10° charge at P oy XY k/ko ref
1; (YCsH40),P(=0)Cl 0.891¢ 2.230¢ 1.29-1.56° 0.41-1.61° +1.91° 0.55-0.98"  this work
2; (YCcH4O)(PhO)P(=0)C1 0.891¢ 2.230¢ 1.24-1.68° 0.22-0.87¢ -1.31°¢ 0.61-0.87¢ la
3; (YCcH4O)(EtO)P(=0)Cl 2.00¢ 2.233¢ 1.09-1.20¢ 0.41-0.90¢ —0.60¢ 1.07-1.28° 1f
4; (Et0),P(=0)Cl 2.82 2.236 1.06¢ - - 0.71-0.92° Ig
5; (MeO),P(=0)Cl 4.28 2.226 0.962°¢ - - 0.80-0.98“ g
“The values of Y = H at 55.0 °C. *The values at 35.0 °C. “The values at 55.0 °C.
EtO,EtO (4) > MeO,MeO (5). The greater the size of the two

. - . . XC.H ¥ ¥
ligands, the anilinolysis rate becomes slower. This means A o
that the steric effects of the two ligands are the predominant \ [ | S CeHX
factor to determine the reactivity of the anilinolysis of % Ta ™ WP
chlorophosphates. L/ c % ‘ cr
The values of py of 1 are almost two times greater than OR, OR, RO

those of 2 since the values of py of 1 are calculated not with TSb TSf

2 x oy but with 1 x o, i.e., the contribution of one Y to py is
the same as in 2. It is worthy of note that the magnitudes of
the selectivity parameters (fSx and py) of 1 and 2 are similar
[Bx = 1.29-1.56 (1) and 1.24-1.68 (2); py = (0.41-1.61)/2 =
0.21-0.81(1) and 0.22-0.87 (2) as mentioned already] despite
the different reaction mechanism of a concerted (2) and
stepwise with a rate-limiting bond breaking step (1). This
implies that the clarification of the reaction mechanism with
the values of px, fBx, and/or py is sometimes dangerous, and
the CICs are one of strong tools to substantiate the
mechanism. The anilinolyses of the chloro(or thiochloro)-
phosphate derivatives normally proceed through a normal
Sx2 concerted mechanism because of a good leaving group
mobility of Cl. Until now, only the reactions of O-aryl
methyl phosphonochloridothioate [Me(YCsH4O)P(=S)CI]
with the weakly basic anilines in MeCN at 55.0 °C yielded a
positive value of pxy = +0.77,'% and now the present work
yields a positive value of pxy = +1.91. Considering the two
Ys in the two phenyl rings, the magnitude of pxy per one Y
would be 1.91/2 =+0.96.

The DKIEs of four chlorophsphates [1 (ku/kp = 0.55-
0.98), 2 (ku/kp = 0.61-0.87), 4 (ku/kp = 0.71-0.92), and 5 (ku/
kp = 0.80-0.98)] are secondary inverse. However, in 3, the
subtle combination of small ethoxy and large phenoxy
ligand gave primary normal DKIEs (ku/kp = 1.07-1.28). The
authors proposed that the anilinolyses of 2, 4, and 5 proceed
through a concerted mechanism involving a predominant
backside attack TSb on the basis of the negative sign of pxy
and the secondary inverse DKIEs, whereas the anilinolysis
of 3 proceeds through a concerted mechanism involving a
predominant frontside attack with a hydrogen-bonded, four-
center-type TSt on the basis of the negative sign of pxy and
the considerably large primary normal DKIEs. In the present
work, the authors propose a stepwise mechanism with a rate-
limiting leaving group expulsion from the intermediate
involving a predominant backside attack TSb on the basis of
the positive sign of pxy (= +1.91) and the secondary inverse
DKIEs (ku/kp = 0.55-0.98).

Experimental Section

Materials. Bis(phenyl) chlorophosphate (GR grade) and
MeCN (HPLC-grade; water content is less than 0.005%)
were used for kinetic studies without further purification.
Anilines were redistilled or recrystallized before use. Deute-
rated anilines were prepared by heating anilines, deuterium
oxide (99.9 atom % D), and one drop of HCI catalyst at 90
°C for 72 hours, and after numerous attempts, anilines were
deuterated more than 98%, as confirmed by '"H NMR.

Kinetic Measurement. Conductometric rate measure-
ments were carried out using self-made computer-interfaced
automatic A/D converter conductivity bridges. The pseudo-
first-order rate constants (kopsa) Were determined using large
excess of nucleophiles where [X-anilines] = 0.10-0.30 M
and [Substrate] = 3.00 x 10~ M. Rates were measured as
previously described.! The values of pseudo-first-order rate
constants were average of at least three runs that were
reproducible within £ 3%.

Synthesis of Substrates. The substrates, bis(Y-aryl) chloro-
phosphates (Y =4-MeO, 4-Me, and 3-MeO), were synthe-
sized by reacting phosphorus oxychloride with Y-phenol in
the presence of triethylamine in methylene chloride at
—10 °C."* Triethylammonium chloride was separated by
filtration. The remaining mixture was treated with water and
diethyl ether for work up. Organic layer of diethyl ether was
dried over anhydrous MgSQOy for 6-8 hr. The product mix-
ture was separated through column chromatography (silica
gel, ethyl acetate/n-hexane) and dried under reduced pre-
ssure. The substrates were characterized by the spectral
analysis, TLC, '"H-NMR, C-NMR, *'P-NMR, GC-MS and
Element Analysis (EA), as follows:

Bis(4-methoxyphenyl) Chlorophosphate [(4-CH30-
CsH40),P(=0)Cl]: Light brown oily liquid; '"H-NMR (400
MHz, CDCl; & TMS) & 3.80-3.81 (aliphatic, 6H, m), 6.88-
6.90 (aromatic, 4H, m); 7.20-7.22 (aromatic, 4H, m); *C-
NMR (100 MHz, CDCl; & TMS) 4 55.65 (aliphatic, 2C, s),
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114.89-157.68 (aromatic, 12C, m); *'P-NMR (162 MHz,
CDCl; & TMS) 6 1.66 (PO, 1P, s); GC-MS (EI, m/z) 328
(M)

Bis(4-methylphenyl) Chlorophosphate [(4-CH;3-CsH40),-
P(=0)Cl]: Oily colorless liquid; '"H-NMR (400 MHz, CDCl;
& TMS) & 2.26-2.40 (aliphatic, 6H, m), 7.01-7.23 (aromatic,
8H, m); *C-NMR (100 MHz, CDCl; & TMS) & 20.75
(aliphatic, 2C, d, J= 7.0 Hz), 119.84-148.26 (aromatic, 12C,
m); *'P-NMR (162 MHz, CDCl; & TMS) & —3.44 (PO, 1P,
s); GC-MS (EL m/z) 296 (M").

Bis(3-methoxyphenyl) Chlorophosphate [(3-CH3O0-
CsH40),P(=0)Cl]: Oily colorless liquid; 'H-NMR (400
MHz, CDCl; & TMS) & 3.81 (aliphatic, 6H, m), 6.81-6.92
(aromatic, 6H, m); 7.26-7.31 (aromatic, 2H, m); *C-NMR
(100 MHz, CDCl; & TMS) & 55.55 (aliphatic, 2C, s),
101.48-160.83 (aromatic, 12C, m); *'P-NMR (162 MHz,
CDCl; & TMS) 6-0.068 (P=0, 1P, s); GC-MS (EI, m/z) 328
(M") and Anal. Caled for Ci4H;4CIOsP: C 51.16, H 4.29;
Found: C 51.26, H 4.15.

Product Analysis. Bis(phenyl) chlorophosphate was
reacted with excess amount of 4-methoxyaniline for more
than 15 half-lives in MeCN at 35.0 °C. The product was
isolated through column chromatography (50% ethyl acetate/
n-hexane) after treatment with ether and dilute HCI, then
dried under reduced pressure. The analytical data are sum-
marized as follows:

(C6H50),P(=0)(NHC¢Hs-4-OCH3): White solid crystal,
mp 139.0-140.0 °C; '"H-NMR (400 MHz, CDCl; & TMS) &
3.79 (aliphatic, 3H, s), 5.73 (aliphatic, 1H, s), 6.83-6.86
(aromatic, 2H, m), 7.04-7.07 (aromatic, 2H, m), 7.13-7.20
(aromatic, 6H, m), 7.21-7.31 (aromatic, 4H, m); *C-NMR
(100 MHz, CDCIl; & TMS) & 55.53 (aliphatic, 1C, s),
114.67-150.37 (aromatic, 18C, s); *'P-NMR (162 MHz,
CDCl; & TMS) 6 —1.43 (P=0, 1P, s); GC-MS (EI, m/z) 355
(M") and Anal. Calcd for CioHsNO4P: C 64.22, H 5.11, N
3.94; Found: C 64.06, H 5.29, N 3.93.
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Substrate: Bis (4-methoxyphenyl) chlorophosphate
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Figure S1. The 'H-NMR spectrum of bis(4-methoxyphenyl) chlorophosphate.
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Substrate: Bis (4-methoxyphenyl) chlorophosphate
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Figure S2. The "*C- NMR spectrum of bis(4-methoxyphenyl) chlorophosphate.

Substrate: Bis (4-methoxyphenyl) chlorophosphate
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Figure S3. The 31P-NMR spectrum of bis(4-methoxyphenyl) chlorophosphate.
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File: ...rianws\data\test_scan\chemistry\prof_leehaehwang\20101019\pos-1.xms
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Figure S4. The GC-MS spectrum of bis(4-methoxyphenyl) chlorophosphate.
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Substrate: Bis (4-methylphenyl) chlorophosphate
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Figure S5. The 'TH-NMR spectrum of bis(4-methylphenyl) chlorophosphate.

Substrate: Bis (4-methylphenyl) chlorophosphate
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Figure S6. The '*C- NMR spectrum of bis(4-methylphenyl) chlorophosphate.
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Substrate: Bis (4-methylphenyl) chlorophosphate
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Figure S7. The *'P-NMR spectrum of bis(4-methylphenyl) chlorophosphate.
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Substrate: Bis (4-methylphenyl) chlorophosphate
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Figure S8. The GC-MS spectrum of bis(4-methylphenyl) chlorophosphate.



Kinetics and Mechanism of the Anilinolysis of Bis(aryl) Chlorophosphate Bull. Korean Chem. Soc. 2011, Vol. 32,No. 6 7

Substrate: Bis (3-methoxyphenyl) chlorophosphate
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Figure S9. The 'H-NMR spectrum of bis(3-methoxyphenyl) chlorophosphate.

Substrate: Bis (3-methoxyphenyl) chlorophosphate
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Figure S10. The '>*C-NMR spectrum of bis(3-methoxyphenyl) chlorophosphate.
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Substrate: Bis (3-methoxyphenyl) chlorophosphate
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Figure S11. The *'P-NMR spectrum of bis(3-methoxyphenyl) chlorophosphate.
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Substrate: Bis (3-methoxyphenyl) chlorophosphate

File: ...arianws\data\test_scan\chemistry\prof_leehaehwang\20101006\po-1.xms

Sample: PO-1 Operator: smj
Scan Range: 1 - 2957 Time Range: 0.13 - 32.58 min. Date: 10/6/2010 9:48 AM
i 10.0:1000.0> PO-1.ms ]
GC-MS
5] -
4 -
|
% f E
i
2] / ]
& / -
x 0— \_A_/\ N A .
"k T 25 Sk
Spectrum 1A
BP: 328 (4.505e+8=100%). po-1.xms 23.859 min, Scan: 2163, 10.0:1000.0>, RIC: 5.357e+8, BC|
328
100% 4.505e+8 =
H ]
| 0 ]
G e Q) ]
f ) |
OCeH 5 ? 1
75% Pr o 1
3.008e+8 ||
0—1|>—o
02
1 2.321e+8 ¢
S0 HaCO OCH, .
7 M W 328.68 !
B6fe+8 B
215
52 107 1.246e+8
25% 1.037e4]

0%

" 28

" ' " 360

Figure S12. The GC-MS spectrum of bis(3-methoxyphenyl) chlorophosphate.
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Substrate: Bis (3-methoxyphenyl) chlorophosphate
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Company name:
Method filename:
Method name:
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Printed:

Hasi Rani Barai and Hai Whang Lee

a
[
O 1
|
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Hyed Hy

Anld. Caled : C51.16, H 4.29
Found: C 51.26, H 4.15.
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C:\Program Files\Thermo Electron\Eager 300 for EA1112\2010\CHNS\2010-1\0I\CHNS-DOM

NCHS
2011-04-07 13:40
2011-04-07 14:23

Elemental Analyser method:

Sampler method:

Sample ID: Po-2 (# 23)
Analysis type: UnkNown
Chromatogram filename: B708.dat s
Calibration method: K Factors
Sample weight: 1.78
Protein factor: 6.25

Element Name Ret.Time Area BC Area ratio
Carbon 51.2634 88 4302639 R 1.000000
Hydrogen 4.1513 300 746985 RS 5.760007
Totals 55.4147 5049624

Figure S13. The elemental analysis (EA) of bis(3-methoxyphenyl) chlorophosphate.
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Product: (C¢Hs0),P(=O)(NHC¢H;-4-OCH3;)
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Figure S14. The 'H- NMR spectrum of (CsHs0),P(=0)(NHCsH4-4-OCH3).

Product: (C¢Hs0),P(=O)(NHCsH4-4-OCH3)
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Figure S15. The '*C- NMR spectrum of (CsHs0):P(=0)(NHCsHs-4-OCHj3).
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Product: (C¢Hs0);P(=0)(NHC¢H4-4-OCHs)
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Figure S16. The *'P- NMR spectrum of (CsHs0),P(=0)(NHCsH,-4-OCH3).
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Product: (CsHs0),P(=0)(NHC¢H,-4-OCH3)
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Figure S17. The GC-MS spectrum of (C¢Hs0)-P(=0)(NHCsHs-4-OCH3).
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Product: (CsHs0),P(=0)(NHC¢H;s-4-OCH3)

[=]
olgtth & I
/ \ o—l.'l N OCH;
__ | N\ /
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(mVolt) Anal Caled N 3.94, C64.22, H5.11
Found N 3.93, C 64.06, H 5.29.
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Operator 1D:

Company name: inha

Method filename: C:\Program Files\Thermo Electron\Eager 300 for EA1112\2010\CHNS\2010-1Y01NCHNS-DOM
Method name: NCHS

Analysed: 2011-04-13 19:38

Printed: 2011-04-14 11:24

Elemental Analyser method:
Sampler method:

Sample ID: PO-1(B) (# 11)
Analysis type: UnkNown
Chromatogram filename: B721.dat
Calibration method: K Factors
Sample weight: 1.503
Protein factor: 6.25

Element Name Ret.Time Area BC Area ratio K f
Nitrogen 3.9276 60 117010 RS 38.525280 .198
Carbon 64.0549 88 4507843 RS 1.000000 .467
Hydrogen 5.2914 306 893432 RS 5.045536 .112
Totals 73.2738 5518285

Figure S18. The elemental analysis (EA) of (C¢Hs0).P(=O)(NHCsH4-4-OCH3).

Table S1. Activation parametersa for the reactions of bis(phenyl)
chlorophosphate with X-anilines in MeCN at 35.0 °C

k% 10°* AH —AS*
s kcalmol' cal mol' K™
55 136.2+ 0.3

Y X t°C

4-MeO 45 974+02 6.7+£02 471
35 65.9+0.2
65 143+0.2
55 8.91+0.03
H H 7.6+ 1.0 49+3
45 5.53+£0.03
35 4.43+£0.02
55 1.25+0.01

4-Cl 45 0.823 +£0.003 7.3+0.4 54+1
35 0.568 = 0.007

“Calculated by the Eyring equation. “Standard deviation




