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Abstract—The rate constant hydrolysis of o-(p-nitrophenyl)cinnamonitrile(NCPN) and its derivatives have
been determined at various pH, and the rate equation which can be applied over a wide pH range is obtained.
On the basis of the rate equation, hydrolysis product, general base, and substituent effects, a plausible mecha-
nism of hydrolysis has been proposed: At pH < 4.0, the hydrolysis was initiated by the addition of water to
B-carbon of the carbon—carbon double bond. At pH > 8.5, the addition of hydroxide ion to the double bond was
rate controlling. In the range of pH 4.0-8.5, these two reactions occurred competitively.

DOI: 10.1134/S0023158407050047

INTRODUCTION

A carbon—carbon double bond does not generally
act as an acidic site. However, when the electron den-
sity of a carbon—carbon bond is reduced by strongly
electron withdrawing substituents, nucleophilic attack
at one of the vinylic carbons may occur. In addition to
substituents and isomerizations, nucleophilic additions
are one of the three major classes of reactions of car-
bon—carbon double bonds [1-7].

Extensive studies of nucleophilic addition to the dou-
ble bond of activated olefins have led to a quantitative
understanding of the relationship between the structure-
reactivity and changes in the reactant structure or reaction
conditions. Esterbauer et al. [9-10] prepared adducts from
the reactions of many sulfhydryl compounds with o3
unsaturated carbonyl compounds. Kharash [11] and Hurd
[12] et al. studied the mechanism for the addition of mer-
captan to carbonyl compounds in basic media. Truce and
coworkers [13] have studied the stereochemistry of the
mercaptan addition reaction. The addition of thiols to c,[3-
unsaturated compounds is interesting because much infor-

_CN
X@CH=C +H,0 — XOC—H
NO, 1l

mation has appeared in the literatures [14—17] concerning
the antiviral and antitumor activities of their adducts.
Walker and Young [18] determined the rate constants and
activation energies for the hydrolytic decomposition of
chalcone and six ring substituted mononitro derivatives.
The hydrolysis of olefins which are activated by electron-
withdrawing substituents has also been studied in
50% Me,SO-50% water by Bernasconi et al. [19-23].
They have suggested a four-step mechanism involving a
carbanionic intermediate or zwitterionic intermediate.

As shown in the above references, some Kkinetic
studies for Michael addition and their related reactions
in alkali solution have been presented. However,
nucleophilic additions to alkenes in the neutral pH and
acidic media have not been studied as much nor their
mechanisms systematized as well as basic media. In the
present study, it is attempted to determine each rate
constant over a wide pH range and to reveal the reaction
mechanism of the hydrolysis of o-(p-nitrophenyl)cin-
namonitrile, especially in the acidic media which has
not been studied carefully before (Eq. (1)).

(0]
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CN—CHZONOZ

X =H (a), OCH; (b), CH; (¢), Cl (d), NO, (e)

! This article was submitted by the authors in English.
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Fig. 1. Plot of log absorbance vs. time for the hydrolysis of
NCPN at pH 3.0 and 40°C.

EXPERIMENTAL

General procedure. All of the reagents were com-
mercially available and used without further purifica-
tion. The ionic strength was kept constant to 0.1 M by
adding sodium chloride except below pH < 1.0. Kinetic
runs were obtained with a Shimadzu Spectrophotome-
ter 210 A. IR spectra were taken with a JASCO A-210
infrared spectrophotometer. NMR spectra were
obtained with a Bruker JYK 2C.100 NMR spectrome-
ter (300 MHz). Elemental analysis was performed by
an HP 185D CHN Analyzer, and melting points were
measured with an Electrothermal IA 8100 digital MP
apparatus. All of the buffer solutions were prepared
from reagent grade chemicals. o-(p-nitrophenyl)cinna-
monitrile and its derivatives 1a—1c¢ were synthesized by
reacting substituted benzaldehyde, p-nitrobenzyl cya-
nide, and sodium hydroxide in water as described pre-
viously [24, 25].

Product of hydrolysis. o-(p-Nitrophenyl)cinna-
monitrile(1.25 g, 5.0 mmol) was dissolved in 50 ml of
a buffer solution (pH 9.0) of boric acid and sodium
hydroxide containing 40% dioxane. The solution was
stirred for 5 h at 50°C. The resulting solution was
extracted twice with 50 ml of benzene. The solvent was
evaporated, and the 2,4-dinitrophenylhydrazine was
then added. After the remaining residue was acidified
with 6 N HCI solution, the orange crystal was formed.
The precipitate was filtered, washed twice with water,
and dried in vacuo. The structural identity of the precip-
itate was confirmed by comparison of this data with
reported data [26]. The melting point and IR spectral
data of the crystal were consistent with the 2.4-dinitro-
phenylhydrazone = (C,HsCH=N-NHCH;-2,4-(NO,),).
Therefore, the reaction for the hydrolysis of NCPN pro-
duced benzaldehyde. mp 238°C (237°C [24]); IR(KBr)
1620, 1510 cm™.

Kinetics studies. Kinetics runs were made in water
at 40°C. The o-(p-nitrophenyl)cinnamonitrile was
introduced as 1 ml of 2.0 X 10> M dioxane solution in
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Fig. 2. pH-log(rate) profile for the hydrolysis of NPCN at
25°C. Circles are experimental points, and the solid line is
drawn according to Eq. (10).

100 ml of final aqueous solution, and the flask was
quickly shaken. Each aliquot (3 ml) of the solution was
removed from the volumetric flask at time intervals and
was placed in a quartz cuvette. The decrease of absorp-
tion at the wavelength of the maximum (A,,,, = 328-
365 nm) for the 1a—1e with time was monitored.

Control experiments. The stability of la—le in
dioxane solutions was determined by periodical scan-
ning of the solution with the UV spectrophotometer.
The solutions in dioxane were stable for at least one
month when stored in the refrigerator.

RESULTS AND DISCUSSION

Determination of rate constants. Figure 1 shows
the typical plot of logarimathic absorbance vs. time for
the hydrolysis reaction of o-(p-nitrophenyl)cinnamoni-
trile. The observed rate constant (k.,,) was estimated
from the slope of plot log absorbance vs. time in Fig. 1.

Similar plots were obtained for the hydrolysis reac-
tions of all compounds at all pH ranges (plots not
shown). As shown in Fig. 1, the observed rate of 1a was
always of the first-order. The observed rate constant
(k,,s) obtained from the slope at various pH are given in
Table 1, and Fig. 2 shows the pH-log (rate) profile of
this reaction.

The observed rate constants of the other derivatives
were also determined by the same method (Table 2).

Substituent effect. The influence of the P-aryl sub-
stituent upon hydrolysis rates correlated satisfactorily
with the Hammett equation using the values (Fig. 3).
The Hammett p values were 0.8 and 0.47 for pH 3.0 and
9.0, respectively. This result indicates that the rate of
hydrolysis is accelerated by electron withdrawing groups
at all pH ranges. In addition, the observed p at pH 3.0 is
larger than that calculated at pH 9.0. This result indicates
less negative charge development in the reaction site of the
transition state under basic conditions.
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Fig. 3. Hammett plots for the hydrolysis of NPCN at (/)
pH 3.0 and (2) pH 9.0 and 40°C.

General base catalysis. To make sure that this reac-
tion is catalyzed by a general base, the rate constants
were determined at various acetate ion concentrations
at pH 4.78. As shown in Fig. 4, this reaction is catalyzed
by a general base at [AcO7] < 0.1 M. However, as the
amount of base becomes larger, the rate of hydrolysis
approaches the limiting values.

Rate equation and mechanism. The hydrolysis
reaction of la—1le produced benzaldehyde derivatives

Table 1. Rate constants for the hydrolysis of NCPN at vari-
ous pH and 40°C

PYUN et al.
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Fig. 4. General base catalyzed hydrolysis of NCPN at
pH 4.78 and 40°C. Circles are experimental points, and the
solid line is drawn according to Eq. (11-3).

and 4-nitrobenzyl cyanide as the products. The reaction
is first-order to the substrate (Fig. 1), and the change of
logk vs. pH is complicated (Fig. 2). From pH 1.0 to
4.0, the logk, remains constant. However, from pH 4.0 to
8.5, the logk, increases gradually, and above pH > 8.5,
the slope is 1.0; i.e., k, is directly proportional to the
hydroxide ion concentration. A reasonable mechanism
consistent with these results is shown in Scheme 1 and 2.

Table 2. Rate constants for the hydrolysis of NCPN deriva-
tives at various pH and 40°C

k,x 109, 57!
pH Buffer solution
kobs kcalc
1.0 HCl 1.82 1.83
2.0 HC1 1.82 1.83
3.0 HCl 2.05 1.84
4.0 HOACc + NaOAc 2.07 1.98
5.0 HOACc + NaOAc 3.16 3.19
5.5 HOACc + NaOAc 5.25 5.26
6.0 HOACc + NaOAc 9.12 8.47
7.0 KH,PO, + K,HPO, 12.6 12.9
8.0 H;BO; + NaOH 17.3 16.9
8.5 H;BO; + NaOH 24.3 25.0
9.0 H;BO; + NaOH 48.4 50.1
9.5 H;BO; + NaOH 120 129
10.0 H;BO; + NaOH 360 380
10.5 H;BO; + NaOH 1148 1174
11.0 NaOH 3587 3683

Note: [Substrate] = 2.0 X 10~ M. The ionic strength of the buffer
solutions was kept constant to 0.1 M by adding sodium chlo-
ride except at pH 1.0. Average rate constant for two or more
kinetic runs. Estimated uncertainty, +3%.

Kiops(s ™) X 10°
pH
p-OCH; p-CHj p-Cl p-NO,
1.0 0.997 0.891 2.51 7.94
2.0 1.38 1.29 2.50 7.89
3.0 1.39 1.45 3.55 7.93
4.0 1.51 1.43 3.58 9.12
5.0 2.09 1.69 5.62 12.9
5.5 4.47 3.55 10.9 224
6.0 7.59 5.49 13.5 38.0
7.0 10.7 8.13 24.5 523
8.0 12.9 8.27 28.2 63.1
8.5 16.2 15.8 34.7 69.2
9.0 355 355 70.8 101
9.5 178 70.8 178 355
10.0 229 257 794 1071
10.5 | 1023 708 1549 3715
11.0 | 2691 2512 7079 8709

Note: [Substrate] =2.0 X 107 M. Average rate constant for two or
more kinetic runs. Estimated uncertainty, +3%.
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At high pH, since the rate constant is directly proportional to hydroxide ion concentration, the following reac-

tion mechanism is proposed (Scheme 1).
/CN

KSH

_ CN
X@CHZC +OH™ WX@CH—C +H,0
NO, i @N%
1

S

_ CN
fast | X@QH—CH + OH-
S X@g—H + CN—CHQONOZ
o)

Scheme 1.

The o-carbon of carbanionic intermediate I is
expected to be basic enough to abstract a proton from
water under the reactions. The formation of an interme-
diate such as I has been previously proposed by Ber-
nascon [27] and Rappoport [28] et al. in the nucleo-
philic additions to olefins. Even though the intermedi-
ate I has not been observed directly in the nucleophilic
additions, they have been detected under reaction con-
ditions conductive to nuclelphilic vinylic substitution
[29, 30].

The rate-limiting step may be assessed by the Ham-
mett p value. The magnitude of p, whether positive or
negative, provides information about the rate-determin-

_CN
X—Q CH=C +H,0
O
s
. _ CN
— X Cin—C +BH*
e

ing step of the reaction. A larger p indicates high sensi-
tivity to substituent groups and implies that there is a
large redistribution of charge involved in forming in the
transition state [31]. Figure 3 shows that the Hammett
p value 0.47 at pH 9.0 indicates a negative charge
development at the reaction site in the transition state.
Since the electron density at the reaction site increases
in the first step and decreases in the second step, the
positive p value would be consistent if the first step is
rate limiting.

A plausible mechanism under acidic conditions is
Scheme 2, which is similar to that shown in the basic
condition except that water is added to [S].

N _ CN
=X CH-C +B
k71 I @NOZ

-*OH,
I

CN
fast C{‘I
— - X CH— +B
OH NO,

_fast x@g—H + CN_CHZONOZ
O

Scheme 2.

Although the intermediate II could not be detected
experimentally, Bernasconi et al. have previously pro-
posed that the nucleophilic additions to activated ole-
fins proceed through a zwitterionic intermediate I [32—
35]. In the first step, either H,O or OH™ may added to
[S]. However, the second possibility has been ruled out
because the hydroxide ion concentration is much
smaller than that of water.
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In the acidic media, the rate-determining step of the
reaction may be deduced by the p value and general
base effect. In the acidic solution, the third step is not
rate limiting because the o-carbon of the carbanionic
intermediate is expected to be basic enough to abstract
a proton from hydronium. The p value measured at pH
3.01s 0.80, indicating a negative charge development at
the reaction site in the transition state. Since the addi-
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tion of water and deprotonation from the intermediate I
are expected to accelerate by the electron withdrawing
group with the positive p value at pH 3.0, the rate deter-
mining step will be the first and second steps. On the
other hand, the first step is expected to decrease but the
deprotonation of the second is expected to increase by
the electron withdrawing substituent at the B-aryl ring.
Since the two effects are in opposition, the rate constant
k. should be insensitive to change in the basic solution.

However, the rate constant k?H would be less sensitive

to change in G than k, because the hydroxide ion should

be more reactive than water in the addition step (p =
0.80 at pH 3.0 and p = 0.47 at pH 9.0). Additional evi-
dence in support of this conclusion is provided by the

general base catalysis. Figure 4 shows that logk,y
increases linearly with the acetate ion concentration
when [AcO7] < 0.1 M. This indicates that the general
base catalyzes the deprotonation step and that klz3 is

involved in the rate-limiting step under these condi-
tions. On the other hand, the rate of hydrolysis
approaches the limiting values when [AcO7] > 0.1 M

under this condition, k]; [AcO] > k_, and k, becomes
the rate-determining step.

The pH-rate profile shown in Fig. 2 provides con-
vincing evidence in support of the proposed mechanism
under all reaction conditions. The observed rate con-
stants (k,) can be divided into two parts, each represent-
ing a different mechanism

k= kyy + kM [OH], 2)
where k,; is the first order rate constant for the sponta-

neous hydrolysis and k?H is the catalytic rate constant
for the base catalyzed reactions.

If the reaction proceeds as shown in Scheme 2, one
can apply the steady-state approximation with respect
to [II] [36, 37]. The rate equation can be expressed as

Eq. 3)

Rate = ]il-k—z—[l;-tl—agjy—] = k,;[NPCN]
3
= klkz—Et[B][NPCN] )
k. +kzz[B] ’
kiky ) [BI

1= 7 N “4)

ki +kzz[B]
1 ki+k ) [B] )

ky k1k22[B] ’
I N B ©

R B

PYUN et al.

From Eq. (6), it can be shown that if the concentra-
tion of the general base is high (k,[B] > k_,), then k|, =
k,. Therefore, if the concentration of the general base is
high, k;, will take 1.34 x 107 s~! which is the limiting
value of general base catalysis in Fig. 4. If water and the
hydroxide ion are the only general bases present,
Eq. (6) becomes

i:l_k 1 (7)

o (o1 K on Ty
-1

Below pH 3.0, the concentration of hydroxide ions is
negligible; then Eq. (7) becomes

L ! . ®)

fu -k (,f—ll){k?omzon

The value of (k,/k_) ks> can be determined from the

k, = 1.34 x 107 s~! and the observed rate constant k, =
1.82x 10°s™" at pH 2.0. The value is 2.11 X 10°s”!. By
substituting k, = 5.25 x 107% s7! at pH 5.5 into Eq. (7),

(kJk_)kS™ =2.06 % 103 s~ can be obtained. As a result
k,, becomes

1 1 1
. =t s 3 >
11 1.34 x 10 2.11x10 +2.06x 10°[OH ]

1 _ 155x107 +2.06x 10°[OH ]
ki 2.83x107" +2.76x 10 °[OH |

€))

2.83x 107" +2.76 x 10°[OH ]
1.55% 107 +2.06 x 10°[OH]

ki =

At pH 10.0, where the rate is directly proportional to
the hydroxide ion concentration, k, was found to be

3.67 x 10* s7'. By substituting the above data into
Eq. (2), k" =3.67 s™! can be obtained.

As a result, the overall rate constant equation
becomes

—11

- 2:83x107 +2.76 % 10 °[OH ]
1.55% 107 +2.06 x 10°[OH ]

+3.67[OH ].

(10)

Table 1 and Fig. 2 show that the values of the overall
rate constant, k,, calculated by Eq. (10) are good agree-
ment with observed values.
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If an acetate ion is present as a general base catalyst,
Eq. (6) becomes

1 1

ok
1 (11)
(?){k?zo[mO] +kM[OH ] + kY™[OAC ]}
-1

+

of k, = 134 x 10° s,

(k)2 TH,01 = 2.11 X 106 57, (ky kKO =2.06 %
10 s71, [OH] = 6.03 x 1071 M, [CH;COO] =0.1 M,
and observed rate constant k;, the value of the catalytic
constant of the acetate ion (k,/k_) ko™ =8.81 x 103 s~!

can be obtained. By substituting the above data into
Eq. (11), k;, is given by Eq. (11-1).

From the values

1 1.68 x 107 + 8.91 x 10°[OAc ]

= T 7 =, (I-1)
ki 449%107"" +1.18 x 10 '[OAc™]
-11 -7 -

ki, = 4.49><1075 +1.18><1073[OA07]' (11-2)
1.68 x 10~ +8.81 x 10 "[OAc ]

As a result, the overall rate constant becomes

. 449x107" +1.18 x 10 [OAcT]

L 168x 1074881 x 10°[0AcT]  (11-3)

+3.67[OH ].

Figure 4 shows that the values of the overall rate
constant, k;, calculated by Eq. (11-3) are in good agree-
ment with the observed values.
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