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Abstract. The rate constant of the addition of hydrogen cyanide to a-cyano-g-piperonylacrylic
acid (CPA) were determined by UV spectrophotometry at various pH and a rate equation which
can be applied over wide pH range was obtained.

From this equation, one may conclude that bhelow pH 3 the reaction is started by the addition of
hydrogen cyanide molecule to CPA, however, at pH 6~8, hydrogen cyanide is added to a-cyano-3
~piperonyl acrylate anion. From pH 3 to 6, these two reaction arc competitive. Above pH9, the
reaction is proceeded by the addition of cyanide ion to a-cyano-S-piperonyl acrylate ion. From:
pH 3 to 9, the complex reaction mechanism can also be fully explained by the ratc equation.
obtained.

olefinic double bond, nucleophilic addition re--

Introduction actions have been the subject of only a few

Unlike the electrophilic addition to carbon kinetic studies, 2 In previous papers,3* we in

* Department of Chemistry, Cotlege of Science and vestigated the rate and mechanism of hydrolysis:

Engineering Korea University, Seoul, Korea of CPA and the addition of #~propyl~mercaptan.
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Table 1. The changes of opticaal deosity (OD) of CPA with time at pll 4.10 & 25°C.

(HON] =1X107* M (HCN)=2X10*M | [HCN)=3x10"'M | (HCN)=4x10°M
time X 10° OD time X 10° OD time % 10° OD ! time % 10°' OD
(sec) (sec) (sec) ; {sec)

0 0. 305 0 0. 307 0 0. 306 0 0 306
1.9 0. 304 0.72 0. 305 1.25 0. 034 1.26 0. 303
3.72 0.300 3.75 0. 299 3.75 0.296 | 372 0. 298
8.52 0. 296 8. 56 0,292 8. 56 0. 292 I 8.52 0. 289
18.7 0.290 13.76 0.285 13.75 0.283 | 13.72 0.280
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Fig.1 The plots of log(CPA) vs. time at pH=4. 10
25 °C and 0. 10 iomic strength.

over wide pH range. In present studies it is
attempted to determine each rate constant over
wide pH range and to reveal the reaction me-
chanism of the addition of hydrogen cyanide to
CPA.

Experimental

CPA was prepared by condensation of pipe-
ronal and a-cyanoacetic acid.® Reagent grade
(kanto) potasium cyanide was used. All buffer
solution were prepared from rcagent grade che-
micals(F. Mark) and distilled water. The pH
of buffer solutions were determined by Zeromatic
11 pH meter(Beckman) and the ionic strength
was kept constant 0. 1 by adding sodium chloride
solutioa.

The reaction vessels used were 100 m/ volu-

metric flask in the thermostat(25°C). At zero
time, 2ml of a freshly prepared methanol solu-
tion (1x107*M) of CPA was pipetted into 100
mi flask containing 94~97 m! of buffer solution
and 1~3 mi solution of potasium cyanide (0.1
M). The sample were analyzed on a Beckman
model DU spectrophotometer at 347 nm.

Results and Discussion

The initial concentration of hydrogen cyanide
was always in a large excess to the concentration
of CPA, while the initial concentration of CPA
(2x10-5M) Kas kept constant over wide pH
range. The rates of the reaction of CPA
with hydrogen cyanide were followed by recor-
ding the decrease in optical density of CPA at
347 nm. Table 1 gives an example of the cha-
nge of optical density of CPA with time at pH
4,10 and Fig.1 shows a logarithmic plots of
optical density (OD) vs. time at various concen-
tration of hydrogen cyanide.
Fig.1,
giving a straight line. Fig. 2 shows a plots of

AS Sho“'n i]'l
this reaction is typically first-order,

£, vs. various concentration of hydrogen cyanide
at pH 4.10. The second-order rate constants
(%) calculated from the slope of the straight
line are given in Table2 and Fig. 3 shows pH
-rate profile of this reaction.

The solid line in Fig.3 is a theorelical value
caleulated acoerding to the equation(25) and the
dashed lines show the contribution of individual

Journal of the Korcan Chemical Society
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rate termns, As shown in Fig. 3, the change of A /CN Kz
log %, vs. pH is very complicated; from pH ¢ to —CH=C Ng + HCN — (2)
3.90, the log %, increases gradually and at pH CN K
3.90, the maximum point is obtained and from Ar—CH=C < + CN° =< 3)
pH 3.90 to 8.0, the log %, remains constant and CO0
. . CN
from pH 8 to 10, %, is directly proportional to Ar—CH= C< + OHP @
the hydroxide ion concentration and above pH Coo®
10, the log %, remains again constant, CN
A ‘ e Ar~CH=c{ + CN°  —> ()
ne may expect that the following eight re- NCOOH
actions will proceed at various pH range. CN
Ar—~CH=< + OH® — (8
COOH
/CN
CH=C CN
\COOH Ar—CH=¢{ + HO —
ka “COOH
4+ HCN — O
O-\O\ Ar—~CH=C<C009 + HO — (&
CH,
Table 2. Second-order rate-constant(%,) for the reaction of CPA with hydrogen cyanide at 25 °C.
B (M-iosec.™)
Buffer solution pH
Observed Calculated
HCl 0 250 X 10°° pH=0 520 X 10°°
0.55 6.0 X 10t 110 1.84 X 107
1.10 .74 X 107! 1. 50 5.82 X 107*
1.9 55 X 107 2.00 6.10 X 107*
2.2¢ 4.57 X 107 2.50 800 x 10°¢
2.70 6.66 X 107* 3.00 8.00 X 167
NaAc+HAc 3. 00 8.42 x 107 3.50 7.92 x 107¢
3.50 800 X 107 400 ' 7.8 X 107
4.10 7.50 X 107¢ 4. 50 7.50 X 1t
4.50 | 7.50 X 107 5.00 6.21 X 107*
5. 00 6.21 X 107 5.60 7.50 X 107
5. 50 7.50 X 107* i 6. 00 6.20 X 10°*
KH,PO, x K- HPQ, 6. 10 500 X 107 6.50 712 X 10
6. 90 555 X 107 7. 00 2.40 X 107
7.25 7.50 X 107* 7.50 9.90 xX 107
7.90 .02 X 107° 8.00 1.0¢ X 10
8.30 2.80 X 107 8. 50 2.12 x 107
NaOH+H,BO, 8.75 4.48 X 1077 9. 00 6.30 X 107
9.05 1.55 X 10°? 9. 50 .10 X 107
9. 20 9.00 X 107 10. 00 1.32 X 107
9.50 .00 X 107 10.50 1.06 X 10°%
10. 00 1.20 X 107 11. 00 .06 X 10°°
10. 70 .06 X 10°* 11. 50 1.06 X 107
11.50 .14 X 10°% 12. 60 L06 X 107

Val. 18, No. 6, 1974
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Fig.2. The plots of %, vs. (HCN) at pH=4.10

Fig.3. pH-rate profile for the reaction of hydrogen
cyanide with CPA at 25 °C and ionic strength.

Among these above reactions, (5) and {6) can
be ruled out, since the dissociation constant of
CPA(Kcpa=1.59%107%) determined by poten-
tiometric titration is much larger than that of
hydrogen cyanide (Kycx=7.2x1071%). The
veaction (7) and (8) are also neglected, since
the ratc constant® (3=6.91:10""sec"!) of the
addition of water to CPA and a carboxylate
anion is much smaller than that of hydrogen

cyanide, The reaction (4) is also neglected,
since the rate constant® (k==1.05x10~* M.
sec™!) of the addition of hydroxide ion to a
carboxylate anion is smaller than that of cyanide
ion. Consequently, reaction (1}, (2) and (3) are
remained and the over-all rate equation for this
addition reaction is given by the following;

Rate==— —d—[%i—’é—]— =%, (CPA)r (HCN) ¢

==y (CPA) THCN) -+ &3 (CPA) 2 (HCN) --
ke (CPA®) (CN®) {9)
Where (CPA) 7 is the total concentration of CPA
added and (CPA) is the concentration at equil-

ihria, respectively. since the CPA is dissociated
partially in the solution.

—._[H7) [CPA")

KCPA — [CPA] (10)
[CPA) r=: [CPA) + [CPA)® (11
from equation (10) and (11)
_ _[CPA)rH*]
e o HY
(CPA) = (CPA r{l-—— et 13)
Similarly,
o (HY (HCN) 1 _
(HCN) = (0% Ko (14)

. . E=Y
(CN-) = [HCN]T{l e ) as

Substituting equation (12), (13), (14), and (15)
in to cquation(9)

Raee=Ku{[gryEr g CPAYe)

HY a1
{[TI:F]——T-KHCN 3 (HCN) 7)

+ Ka{ ) 3 (CPA)]

(HY) +Kepa

(HY)
{[‘["Hﬂ R HON) }

dowrnal of the Kovean Chemical Society
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{(HH)
+ kc{“‘m] (CPA) T}
(HY
{[l-— N GEy on ] (HCN} T} (16)

Substituting Kcpa=1.59x10°% and Kycy=7.2X
1071%into equation (16)
= (HY)
Rate= £ [H+J+1.59><10-6)
(' (H*) )
HY+7.2x1071

~k ( 1.59 % 10~ )
A THTH1.69%10°°
( 7. 2X10-m ‘)
(H") +7.2%1070
L 1 59x10°¢
kc( (H") +1.59%10" 6)
10 \
(EH+3 2;1; <1671 )} (CPA) 7 {HCN} 1

an

from equation ,(9) and (17), the apparent rate

constant(%,) is,
b ( (H*
T F1.59%10°F
fH*)
HH+7.2x10710

1.59%10°¢
(H*) +1.59x10°¢

)
( )
( )
( 7.2%107% )
( )
)

+2p

H+7.2x10710

1.59x10°¢
(H*)+1.59x10°®

( 7.2x10710
H*)+7.2x1071

ke

(18)

To explain these rate .terms, the following
addition machanisms are proposed as similar to
the case of the nitrostyrene® and ethylcinna-

mate’
/CN &
Ar—-CH=C < + HCN —
COOH ko,
/ B
Ar ——C H—-C 9\ —
COOH %,
HCN@
(I

Vol. 18, No.5, 1974.

CN fast
ae-cr-cod™ L gt
! COOH
CN
(In
' CN
Ar—‘CH—CH—-<
| COOH
CN
and
/ &
Al‘—'CH=C\ + HCN=—-
CO0 by
/CN B
Al’“—CH‘—Ce\ —_—
| CO0® &,
HCN®
CN
Ar---—CH%Ce< ’ -~ HR® f_a_s_t)
! -COQ0P
CN
CN
Ar—CH—CH<
! CO0=
CN

At low pll, neutral hydrogen cyanide would be
added to the CPA or it’s conjugate base. On
the other hand, at high pH, cyanide ion would
be added to the CPA®. Therefore, the mecha.
nism in basic media is,

3
HCN + OH® == CN® + H,0

-1

CN k
Ar—CH=c¢C < CN® —»
slow
CN H,O
Ar—CH—co( =

| NCO0P fast
CN

JCN
Ar--CH— CH"\
| COoQ®
CN

Appling steady-state approximation with respeck
toy the intermediate (I), %, is given by the
following equation.

1 1 + 1
Beh A asey)

(19)
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If only water and hydroxide ion are the
general base(B) present, equation(19) becomes,

1 1 1
ka b (Bi/kay) (RO (H0) -+ £,0H

(OH"} 2

It can be seen that if the concentration of
general base is high, %, will take the limiting
value £=8.00x10"* which is the maximum
point in Fig. 3 at low pH, equation(20) beco
mes,

1 1 1 1
! —l-—k (k110 (H0))
-1

k‘ kﬁ
(21)

The value of %, A9 (H;Q) /-, can be deter-
mined from the %, and observed rate constant
(k) and is found to be 3.25X107>. The data
at pH 6.0 gave the value 2.30x10° for k4%
(QOH")/k;, substituting the % at pH=6.0,
5=8.00x107% hkkH°(H,0) /k1=3.25X107°
and the concentration of hydroxide into equation
(20), kiE%%/E.1=2.30%10° can be obtained.
As the result, ks becomes,

1 _ 1

b B00X10-"
: 1 .
P 335%105+2.30 X 10-° [OH )

__ 8.-30x10"*+2.30x10°(OH")
2.60%1073+1.84 X 10°(OH")

2.60x1078+1.84 X 10°(OH )

kA= 3051042, 30 X 10~ (OH )
or
b= 2:60% 1073+1.84x 1078/ (H*Y) (22)
AT 30X 1077+ 2.30 X 1073/ (HY)
Similarly,
4o o 3225107042, 30 X 10"/ (H*)
B=1.00X 103+ 2. 30 X 10-5/ (H*) <23)
 4.87X1077+3.45% 1077/ (HY)
ko= 50% 107+ 2. 30 < 10-5/ (H7) 2H)

WHE -

SFR

For the calculation of kg or 4, the value
of ZAky/k_; for hydroxide ion and water are
the same as above equation(20), since these
value cannot be calculated exactly. As a result,
over-all rate constant becomes,
p=2:60%10°8-+1. 84 x 1078/ (H?)

8.30x107%+2.30 x 1075/ (HH)

( _ (H*) _ )( (HY _)
H*)+1.59 %108 H*) +7.20 10710

, 3.25x1078+2.30% 1078/ (H*)
11,00 X10734-2.30 X 1075/ (HY)

( 1.59x10°° )( 7.2x10°%° _4)
(H*)4-1.59 <1076 HY+7.2x10°1

o 4.87%1077+3.45x10°7/ (HY)
150X 10772, 30 X 105/ (1)

( 1.59%1076 )( 7.20x 10710 )
. (HY) +1.59x107° (H*) +7.20x10710

(25)

Table. 3 and Fig. 3 show that the valus of

over-all rate constant & calculated by equation

(25) are in good agreement with the observed
value. From the rate equation{25), the mechan-
iste of nucleophilic addition reaction of hydrogen
cyanide to CPA over wide pH range is fully
explained; below pH 3, hydrogen cyanide mole-
cule is directly added to CPA moleule, however,
from pH 6.0 to pH 8.0 it is added to conjugate
base of CPA; from pH3.0 to 6.0 hydrogen
cyanide and cyanide ion are competitively added
to carboxylate anion of CPA, above pH 9, more
reactive cyanide anion is added to CPA. At
pH 8.0, the ratio of hydrogen cyanide to cya-
nide ion is 1 to 9, while at pH 10 only the cya-
nide ion is added to the CPA®. A nucleophile
would be added more rapidly to CPA than to
CPAS. This may be the reason why the rate
constant shows a maximum point around pH 4. Q.

Conclusion

(1) A general rate equation which can be ap-
plied over wide pH range was obtained:

Journal of the Korean Chemical! Society
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b 2:60X1075+1. 84X 10°%/ (H*)
830X 1074+ 2.30 X 1075/ (H™)
( (HH) )( (H*) )
(HY) +1.59x10°° (H*) +7.20%x1071¢
. 3.26%10°%+2.30x10°%/ (H"
" 1.00x1073+2,.30x 1075/ (H™)
( 1.59x 106 )( 7.20x 1070 )
(HF +1.59%x10°6 (H¥) +7.20x 19710
. 4.87x10774+3.45x10°7/(H*)
LB X107 +2.30x 1075 (HY)

( 1.59% 1076 )( 7.20x 1G-10 )
(HY) +1.50x10°8 (H*)+7.20x 10710

(2) From the rate eguation, one may conclude
that the following three renction occur,
/CN "
a) Ar—-CH=C\ <4+ HCN¢—-
H

/CN
b) Ar—CHEC\ + HCN —
COO®

/CN _
¢) Ar—CH=C Q + CN® —>
Coo°
Below pH 3, the reaction is started by addition

ofi hydrogen cyanide molecule to CPA, but,
from pH 6 to pH 8 hydrogen cyanide is added

Vol. 18, No.' 8, 1974

to CPA from pH 3 to 6, these two reactions
occur competitively. Above pH 9, the reaction
is proceeded by addition of cyanide ion to CPA.
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