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Mechanism of the Cyanide lon-catalysed Cleavage of Benzils by Amines in
Aqueous Dioxan

By Yoshiro Ogata,” Atsushi Kawasaki, and Ken’ichi Akutagawa, Department of Applied Chemistry, Faculty
of Engineering, Nagoya University, Chikusa-ku, Nagoya, Japan 464

Kinetics and product distributions of the cyanide ion-catalysed reaction of benzils with ammonia or amines, to give
benzaldehydes (or benzaldimines) and benzamides, have been studied. The rate of reaction of benzil with ammonia
in aqueous dioxan is expressed as v = ks [Benzil][CN-]1{NH;3]. The rates depend on the aliphatic amine,
decreasing in the order MeNH, > EtNH, > Bu®NH; > NH, > PriNH, > Bu*NH,. The rate constants for
substituted benzils fit the Hammett relationship with Zo, giving a g value of 2.70. Addition of ammonium chloride
or potassium hydroxide decreases the rate. The reactivity order of amines for this reaction differs from that for
the reaction with benzoyl chloride. Ammonolysis of a-cyanobenzyl benzoate in basic aqueous dioxan is much
slower than cyanide ion-catalysed ammonolysis of benzil. These results suggest a mechanism involving reversible
addition of cyanide ion and amine to the two carbonyl groups of benzil, followed by protonation and cleavage of
the C—C bond assisted by electron withdrawal by the cyano-group and by electron release by the oxyanion or the
hydroxy-group. The ratio of products (Ar'1CHO : Ar2CHO) from the reaction of unsymmetrical benzils (Ar1COCO-

Ar?) varies with the substituents in benzil and amine.

THE reaction of benzil with ammonium cyanide under-
goes C—C bond cleavage to yield mandelonitrile and benz-
amide,! which is quite different from the reaction of most
monocarbonyl compounds with ammonium cyanide to
give Strecker aminonitriles.2 In analogous cleavage re-
actions of benzil with cyanide ion in alcohol solution, a
mechanism involving a rate-determining formation of
a-benzoyloxy-a-cyanobenzyl carbanion has been pro-
posed on the basis of second-order kinetics which are in-
dependent of alcohol concentrations.3 The formation of
the carbanion was confirmed by trapping experiments in
aprotic solvents.%® However, the mechanism for the
reaction of benzil with cyanide ion and ammonia is
obscure and no kinetic study has been done. We carried
out product and kinetic studies of cyanide ion-catalysed
reactions of some benzils with ammonia or amines in
aqueous dioxans, where the product distribution from
unsymmetrical benzils, the dependence of the rates on
ammonia, the structural effects of benzil and amines on
the rate, and the possibility of the intermediacy of
a-cyanobenzyl benzoate were examined.

RESULTS

The reaction products were identified and estimated by
means of g.l.c.. The results are summarised in Table 1.
The reaction of benzil with ammonia in the presence of 10
mole 9%, KCN or NaCN gave nearly equivalent amounts of
benzaldehyde (70%) and benzamide (709%), while the re-
action of benzil with primary amines instead of ammonia
yielded N-benzylidenealkylamines and N-alkylbenzamides
together with a small amount of benzaldehyde.

N-Benzylidenealkylamine is the condensation product of
the resulting benzaldehyde and unchanged amine. Since
only 0.1 mol. equiv. KCN is sufficient for complete reaction,
KCN is a true catalyst. However, the reaction of benzil

1 H. D. Dakin and C. R. Harington, J. Biol. Chem., 1923, 55,
487.
2 D. T. Mowry, Chem. Rev., 1948, 42, 236.

3 H. Kwart and M. M. Baevsky, J. Amer. Chem. Soc., 1958, 80,
580.

4 J.P. Kuebrichand R. L. Schowen, J. Amey. Chem. Soc., 1971,
98, 1220.

with 0.1 mol. equiv. KCN to give benzoic acid and benz-
aldehyde stopped at ca. 109, conversion when no KOH was
added, as benzoic acid makes KCN ineffective.? The

TABLE 1

Typical examples of the KCN (0.1 mmol)-catalysed reaction
of some benzils (1 mmol) with amines (7 mmol) or water
(110 mmol) in aqueous dioxan (679, v/v)

Yield ¢
Run Substrate Reagent Product (%)
1 Benzil Ammonia Benzaldehyde 71
Benzamide 71
2 Benzil Ethylamine Benzaldehyde 32
N-Benzylidene(ethyl)- 63
amine
N-Ethylbenzamide 96
3 Benzil Water Benzaldehyde 9
Potassium benzoate
Unchanged benzil 89
4 Benzil Water ? Benzaldehyde 84
Potassium benzoate 65°
5 p-Methoxy- Ammonia Benzaldehyde 50
benzil p-Anisamide 45
p-Anisaldehyde 24
Benzamide 24
6 p-Chloro-p’- Ammonia  p-Chlorobenzaldehyde 61
methoxy- p-Anisamide 41
benzil p-Anisaldehyde 27
p-Chlorobenzamide 26
7 p-Chloro-p’- Ethylamine N-p-Chlorobenzylidene- 46
methoxy- (ethyl)amine
benzil N-Ethyl-p-anisamide 42
N-p-Methoxybenzilidene- 104
(ethyl)amine
N-Ethyl-p-chloro- 24
benzamide
8 p-Methoxy- Ethylamine N-Benzylidene(ethyl)- 4314
benzil amine
N-p-Methoxybenzylidene- 18 ¢
(ethyl)amine

N-Ethylbenzamide
N-Ethyl-p-anisamide

@ Determined by means of g.l.c. and based on benzil. ?1In
the presence of KOH (2.8 mmol). ¢Converted into methyl
ester by refluxing with H,S0,~MeOH. ¢ Includes a small
amount of the corresponding aldehyde.

5 W.G. Reardon, J. E. Wilson, and J.C. Trisler, J. Org. Chem.,
1974, 39, 1596.
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stoicheiometry of the reaction
(H—(3)-

is given in equations
KCN
PhCOCOPh + RNH, ~——» PhCHO 4 PhCONHR (1)
PhCHO 4 RNH, ~——» PhC=NR 4 H,0O (2)
KCN
PhCOCOPh + KOH ~—— PhCHO + PhCO,K (3)

The reaction with unsymmetrical benzils gave four
products (Table 1, runs 5 and 6), that is, heterolysis of the

TABLE 2

Effect of substituents on cleavage ratio of unsymmetrical
benzils by ammonia ¢

R1C4H,COCOCsH,R? Product ratio ?
R! R2 RIC,H,CHO : R®C;H,CHO
p-Cl H 0.95 4- 0.05
$-Cl p-OMe 2.6 + 0.3
H p-OMe 2.6 4- 0.3
p-Cl p-NMe, 1.6 4+ 0.1
H p-NMe, 3.44+14
2 See equation (4; R = H). ? Average value of 2—3 runs.

central C—C bond occurs in two ways (a) and (b) as shown in
equation (4). If Ar!hasa more electron-withdrawing group

Ar'iCOCOAr? 4+ RNH,

than Ar?, path (a) is generally more predominant, as seen in
Table 2. That is, major products are benzaldehydes de-
rived from a benzoyl group with a more electron-withdraw-
ing group (Ar!) and benzamides derived from a benzoyl
system with a less electron-withdrawing group (Ar?) except
for the reaction with p-chlorobenzil, which gave a less
amount of p-chlorobenzaldehyde than that of unsubstituted
benzaldehyde. Therefore, the aldehyde component in the
products decreases in the order H > $-Cl > p-MeO >
p-Me,N. The order is not strictly the same as the rate-
decreasing one: p-Cl > H > p-MeO > p-Me,N (see Table
5).

Kinetics.—The reaction in aqueous dioxan (80 and 67%,)
at 23° was followed by spectrophotometry of decreasing
benzil concentration. The initial concentrations used were
0.01—0.02M-benzil, 0.001—0.02m-NaCN, and 0.23—0.92m-
ammonia. The rate of reaction can be expressed as v =
kops[Benzil}[NH][CN~]. The kinetic data for the reaction
of benzil with cyanide ion and ammonia in aqueous dioxan
are shown in Table 3, where the third-order rate coefficients
are satisfactorily constant. A slight decrease (ca. 30%,) in
the third-order rate constants with an increase in concen-
tration of ammonia from 0.23m is probably due to the change
of solvent acidity (pH), since the addition of unreactive tri-
ethylamine resulted in a decrease of the rate. As shown in
Table 4, the rate constants decrease on addition of am-
monium chloride and also KOH. This is essentially the
effect of medium acidity, though it is partly due to a salt
effect, since a slight decrease of the rate constants (35%,) was
observed on addition of NaBr (0.25M). There is a broad
maximum between 11 and 13 in plots of log %, against pH,
as shown in Figure 1.

J.C.S. Perkin I1

The effect of substituents is shown in Table 5. Plots of
log kg against the sum of Hammett ¢ constants gave a

TABLE 3

Rate constants for cyanide ion-catalysed ammonolysis
of benzil in aqueous dioxan (809, v/v) at 23 4 0.5°

[Benzil))  [NH,ly/ [NaCNJo/ 10%app®/ kovs?

M M M s71 12 mol™2s71
0.02 0.23 0.005 0.97 8.5
0.02 0.46 0.005 1.57 6.9
0.02 0.46 0.005 1.52 6.6
0.02 0.92 0.005 2.63 5.8
0.02 0.23 0.01 2.21 9.6
0.02 0.23 0.02 3.94 8.6
0.01 0.23 0.01 2.16 9.3
0.01 0.46 0.002 5 1.06 9.2
0.01 0.46 0.005 2.10 9.1
0.01 0.46 0.007 5 2.98 8.6
0.01 0.46 0.01 3.82 8.3
0.01 0.46 0.001 5 4.85 7.1
0.01 0.46 0.015 5.18 7.5
0.01 0.46 0.02 7.9 8.6
0.01 0.69 0.01 4.66 6.8

Av.8.0+ 1.0

¢ Apparent first-order rate constant &gy, in v = Rapp[Benzil].
® Third-order rate constant Eobs in Zops = Rapp/[NHg]o[NaCN],.

straight line with a slope (p) of 2.70 (Figure 2). The p value
is smaller than the reported value of 3.45 for cyanide ion-
catalysed alcoholysis.?

KCN
|—— Ar'CHO (and Ar’CH=NR) + Ar!CONHR (a)

(4)

l— » AriCONHR -+ Ar2CHO (and ArC?H=NR) (b)

The rates of cyanide-catalysed reactions of benzil with
aliphatic amines decreased in the order MeNH, > EtNH, >
BusNH, - NH,; > PriNH, > Bu'NH, when the concen-
tration of NaCN used was only one tenth of benzil; hence

10—

log kobs

Ficure 1 Plots of log kovs versus pH for the cyanide ion (0.01M)
catalysed ammonolysis of benzil in aqueous dioxan at 23°

the rates did not follow third-order kinetics (Figure 3). The
reactivity order of amines depended on their size and
basicity, suggesting that they act as nucleophiles but not
simple bases.

Relative reactivities of amines for the cyanide ion-
catalysed reaction of benzil and those for the reaction of



1976

benzoyl chloride * were evaluated from competitive re-
actions (Table 6). Reactivities toward benzil varied over
30-fold, while those toward benzoyl chloride varied only by
a factor of 4. Moreover, the order of relative reactivity
toward PhCOC], PhCH,NH, > PhCH,CH,NH, > MeNH,
> EtNH, > PriNH,, is not parallel with that toward

TABLE 4

Effect of added salts and base on the cyanide ion-catalysed
ammonolysis of benzil in aqueous dioxan (679, v/v) at
23 4- 0.5°; [NH,], = 0.46m; [NaCN], = 0.01m; [Benz-
il]y = 0.01m

(NH,Cl/ [NaBr]/ [KOH]/ Eova|
M M M pH 12 mol™2s71

0 0 0 12.5 8.4
0 0 0 7.6
0 0 0 8.0
0 0 0 8.2
0 0 0 8.2
0.001 0 0 12 8.8
0.0056 0 0 11.3 11.1
0.005 0 0 11.2
0.005 0 0 11.4
0.005 0 0 7.8
0.0125 0 0 11 9.2
0.031 0 0 10.6 6.7
0.05 0 0 10.2 4.7
0.05 0 0 5.1
0.05 0 0 5.0
0.125 0 0 9.9 3.5
0.20 0 0 9.7 2.9
0.35 0 0 9.4 1.85
0.36 0 0 1.76
0 0.056 0 7.5
0 0.056 0 7.4
0 0.25 0 5.2
0 0.25 0 5.3
0 0.25 0 5.3
0.001 0.249 0 5.9
0.005 0.245 0 8.2
0.01 0.24 0 8.9
0.025 0.225 0 7.6
0.05 0.20 0 5.9
0.10 0.15 0 4.7
0.25 0 0 2.0
0 0 0.002 13.5 7.0
0 0 0.002 7.2
0 0 0.005 (13.9) ° 4.1
0 0 0.005 3.9
0 0 0.01 (14.2) @ 2.0
0 0 0.01 2.0

o Calculated using the equation pH = pKy 4 log[OH-],
where pKvw was assumed to be 16.2 from the pH reading of 13.5
of a 0.002M-KOH solution.

PhCOCOPhL, MeNH, > EtNH, > PhCH,CH,NH, > Ph-
CH,NH, > PriNH,. The results suggest that the rate-
determining step for the reaction of benzil is not a nucleo-

* Though a synchronous or addition—elimination mechanism is
postulated for the reaction of benzoyl chloride with amines,®
Bender and Jones 7 have presented evidence for the stepwise
mechanism. It is plausible that the reaction with strongly
nucleophilic amines under basic conditions should proceed via
rate-determining attack of amine on the carbonyl carbon, since
chloride ion is a better leaving group than amine or its conjugate
base (k'y > k').7

+
NH,R
| ({: ¥

y
PhCOCI 4 RNH, —;k—_> PhC—O- == PhC-0- 4 H+ ——p
1

NHR

1 1
PhCONHR + H*++ Cl- (5)
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TABLE 5
Rate constants for substituted benzils ¢

RC,H,COCOC:H,R? Substituent kobs/ ®
R! R® constant 12mol™1s™?
p-Cl H 0.23 18.0 + 2.8
H : H 0 8.2 4+ 0.2
p-Cl $-OMe —0.04 3.9+ 0.1
H p-OMe —0.27 0.79 -+ 0.05
p-Cl p-NMe, —0.60 0.16 -+ 0.01
H p-NMe, —0.83 0.027 4 0.001

2In 80% v/v aqueous dioxan at 23°; [NHg], = 0.46Mm;
. [NaCN], = 0.01m; [NH,CI] = 0.0056M.- » Third-order rate
constant. <4 Denotes average deviations of 2—3 runs.

8
‘; p-Cl
2 P -Me,N

p-Me,N
I I [ J

-1-0 -0-5 0

2o
FicUrRE 2 Hammett plot for the cyanide ion (0.01M)-catalysed

ammonolysis of substituted benzils in aqueous dioxan (809,
v/[v) containing NH,CI (0.005M) at 23°: p = 4-2.70 (» 0.996)

60—
~ MeNH,
g 40}~ EtNHz
@ NH,
o
= BuNH,
(=]
o
20 1
Pr NH2
Bu'NH,
1 |
0 5 10

t/ min

Ficure 3 Cyanide ion (0.001m) catalysed reaction of benzil
(0.001M) with amines (0.5M) in aqueous dioxan (679, v/v) at 15°

8 A. Kivinen, ‘ The Chemistry of Acyl Halides,” ed. S. Patai,
Interscience, London, 1972, ch. 6.
7 M. L. Bender and J. M. Jones, J. Org. Chem., 1962, 27, 3771.
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philic attack of amine on the carbonyl carbon as for the
reaction of benzoyl chloride.

Comparison of Rates with Benzil and with a-Cyanobenzyl
Benzoate.—To test the possibility that cyanide ion-catalysed
ammonolysis proceeds via a-cyanobenzyl benzoate or its
carbanion, the rates of reaction of «-cyanobenzyl benzoate in
aqueous dioxan were compared with those of benzil.
Figure 4 shows the reaction of a-cyanobenzyl benzoate

TABLE 6

Relative reactivities of amines toward benzil (in the presence
of KCN) and benzoyl chloride (in the presence of KOH)

Relative reactivity *  Ratio of
toward toward = relative
Amine pKa Taft E; PhaCOCl PhCOCOPh reactivity
Methylamine 10.6 0.0 1.00 1.00 1
Ethylamine 10.6 —0.07 0.81 0.17 5
Butylamine 10.6 —0.36 0.12
Phenethyl- 10.6 1.6 0.063 25
amine
Ammonia 9.3 0.062
Benzylamine 9.4 —0.38 2.3 0.044 50
Isopropyl- 10.6 —0.47 0.53 0.035 15
amine

2 Relative to methylamine. The ratio was determined by
g.l.c. analysis of competitive reaction products (benzamides).

(0.1m) with NaOH (0.03M)-NH, (0.46M) and Figure 5 shows
the reaction of benzil (0.1m) with NaCN (0.023m)-NH,

(0.46m). Apparently, ammonolysis of benzil was much
100
:C:_
S 50
3
>
c
o
(8]
] | |
0 50 100 150 200

t/ min

FiGURE 4 Ammonolysis of «-cyanobenzyl benzoate (0.1M) in
aqueous dioxan (809%, v/v) containing NaOH (0.03m) and NH,
(0.46M): @, RhC(CN)HOCOPh; O, PhCHO; ji, PhCONH,

more rapid than that of «-cyanobenzyl benzoate in spite of

J.C.S. Perkin II

of conjugate acid-base system in aqueous dioxan (67%) at
25° to be 10.2 and 9.2, respectively. HCN and NH,* have
almost the same pK, values in water (ca. 9.2), but the change
of the solvent from water to aqueous dioxan gives different

100

g —
c

R

wn

5 50

>

(=

(=]

o

®— t —®
0 50 100 150

t/ min

FIGURE 6 Ammonolysis of benzil (0.1M) in aqueous dioxan
(80% v[v) containing NaCN (0.023m) and NH, (0.46M):
@, PhCOCOPh; O, PhCHO; W, PhCONH,

pK, values. This is probably due to the solvent effect on
the dissociation of ionic and neutral acids.

DISCUSSION

The results are summarised as follows, (i) The rate
is v = kope[Benzil][CN-][NH,]. (ii) The pH-rate profile
has a broad maximum between pH 11 and 13. (iii) The
rates with amines instead of ammonia depend on the con-
centrations of amine. (iv) The reactivity of amines for
the reaction differs from that toward benzoyl chloride
which is a model compound for nucleophilic attack on a
carbonyl group. (v) The rate constants with substi-
tuted benzils fit the Hammett correlation with =, giving
a p value of +2.70. (vi) The reaction with unsym-
metrical benzils (Ar'COCOAr?), in which Ar! is a more
electron-withdrawing aryl group than Ar? gives more
ArlCHO and Ar2CONH, than Ar2CHO and Ar'CONH,
except for p-chlorobenzil. (vii) The rate of ammono-
lysis of a-cyanobenzyl benzoate in basic aqueous dioxan
is lower than that of cyanide ion-catalysed ammonolysis
of benzil.

In view of the observed third-order kinetics, v = kg,
[Benzil][NH3][CN~], the nucleophilic reagent NH, parti-
cipates in the rate-determining step. The mechanism in

higher concentration of base for the latter reaction. Inthe Scheme 1, which involves the formation of a tetrahedral

CN NH N

CN NH

_ O L R G ™
~C—C- + CNtNH, ==-C—C- =—= ~C—C~ —"> Products

[ T I
0O O 0O O OH O

{1) {Ia) (Ib)

ScHEME 1

a-cyanobenzyl benzoate reaction (Figure 4), there was a
difference between the yields of benzaldehyde and benz-
amide which corresponds to benzoic acid formation resulting
from attack of hydroxide ion. Analogous results were also
obtained in that the benzil (0.2M)-KCN (0.03m)-NH,
(2.8M) reaction was much more rapid than the a-cyano-
benzyl benzoate (0.20M)-KCN (0.03m)-NH;j (2.8M) reaction.

pK, Deteyminations.—The pK, values for HCN and NH,*
were determined by half-neutralisation or pH measurements

intermediate (IIa) followed by the partially rate-deter-
mining transfer of a proton (#;) and then by the cleavage
of the C—C bond (%,), is consistent with observations
(1)—(vii).

Steady-state approximation leads to the rate ex-
pression (6). Here, Knox, Kxn,+ and K, denote ioniz-
KKyox &y [H,O)[H']
Kuon + [H*] b~ K[k, + [HY]

kobs = (6)
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ation constants of HCN and NH,*, and ionic product of
water, respectively, and &, is the third-order rate con-
stant in v = Rup[Benzil][CN-][NHz]. The values of
PKrox, PKgex,+ and pKy, in aqueous dioxan (67%, v/v)
are 10.2, 9.2, and 16.2, respectively. Since [NH,] was
kept constant irrespective of pH as shown in Table 4, the
term Kyg+/(Kyg+ + [HY]) for the fraction of free
ammonia is not required for expression (6). The mechan-
ism satisfies the observed kinetics and shows the depend-
ence of the rate on ammonia [observations (i) and (iii)].
In view of observation (iv), the rate-determining step is
not attack of ammonia on the carbonyl group but a com-
posite of the proton transfer (%, and %_;) and the cleavage
of the C-C bond (k). Introduction of an electron-
attracting group into benzil increases not only K but also
ky [observation (v)], since a partial negative charge
appears at the carbon atoms in the transition state of Z,.
The pH-rate profile is shown in Figure 1, where the
observed points lie close to the theoretical line calculated
from equation (6) with Kgew = 107192 mol 17, K, =
107162 mol? 12, k_,/k, = 1024 mol 1"}, and %K = 0.5 B
mol3 s [observation (ii)]. If the value of _; is taken as
101 1 mol? s! for diffusion-controlled proton transfer
step from (IIb) to OH™, the values of %,, %,, and K can be
estimated to be 3 X 102 1 mol?® s, 4 x 107 s, and
2 x 1072 12 mol?, respectively, by employing the follow-
ing relationship: log %, = log % + pK.(IIb) — pK,
(H,0). Since [H*] is quite low under these alkaline con-
ditions, the proton transfer (IIa) —~ (IIb) with the rate
proportional to %,[H,0O] involving a weaker acid H,O
(pK, in water 15.7) and the conjugate base of the stronger
acid (IIa) (pK, in water ca. 8.2 {) may be partially rate
determining. Another process having %,[H*], %, and
kyo[OH™] instead of %,[H,01, 2,JOH], and %, in equation
(6) is less plausible because it requires an improbably
large value of 10148 for £, K. The alternative pathway
via (IIc and d) instead of (IIa and b) is also consistent
with the observations [pK, of (IId) in water ca. 8.6 }].
They are indistinguishable at present, but (IIb) seems
more likely to produce heterolysis of the C(CN)-C(O")
bond because of electron release by the oxyanion.1%16
Introduction of an electron-withdrawing group into the

1 These pK values of alcohols (IIb and d) can be roughly
estimated to 8.2 and 8.6, respectively, employing the empirical
equation ¢ pK,(RCH,0OH) = —1.316 o* 4 15.74.  Here, the
substituent R and the o* values used are as follows: «-Ph, 0.60
(=0.215 x 2.8); a-CN, 3.64 (=1.30 x 2.8); o-NH, 1.12
(=0.40 x 2.8); B-OH, 0.555;® B-Ph, 0.215;® B-CN, 1.30;®
B-NHg* (= B-NMe,*), 1.90; 8-NH,, 0.40; B-O-, —0.62. Theun-
available o*(CH,NH,) is assumed to be 0.40 which is slightly
smaller than o*(CH,OH),!® based on the acidity constants (K)
in isopropyl alcohol (7.7 for 2-aminoethanol, 8.0 for 2-methoxy-
ethanol, 11 for 2-phenoxyethanol, and 43 for ethylene glycol),
and o*(CH,0™) is based on the Branch-Calvin induction constant
Io—, (—12.4 + 4)/2.82 = —1.06 pK unit 1! and the p value of
—1.72 for pK, (RCO,H).?* However, these pK, values would be
somewhat larger in 679, aqueous dioxan than those estimated
above, since the dielectric constant of solvent decreases from
water (80) to 709, aqueous dioxan (ca. 17) and the transfer of
H,0, AcOH, and PhOH from water to ca. 679, aqueous dioxan
results in an increase of pK, by 2.7, 2.0, and 2.9 units, respec-
tively,'»13 but the difference (pKga — pKuns0) in aqueous dioxan
would be close to that in water. Analogous po* correlations for

the pK, values of alcohols have been observed, where p values are
—1.364 1% and —1.40.1¢
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mandelonitrile portion of intermediates (IIb or d) in-
creases the rate (k,), which is compatible with observ-
ation (vii).

L EN NH,
—C—C— —C—C—
1 | |
O OH OH OH
(Oc) (Id)

Other conceivable mechanisms described in Scheme 2
are inconsistent with our results.

The mechanism in equation (7), which involves a
partially rate-determining addition step instead of the
proton transfer step in Scheme 1, is compatible with all
the observations except (iv). The rate expression with
Koy = 107192 1 mol™, &, = 10 12 mol? s, and %K,/
ky = 107138 mol 17! agrees with the pH-rate profile.
However, it seems to be less probable in terms of observ-
ation (iv), since it involves a partially rate-determining
nucleophilic attack &;.

The mechanism in equation (8) is inconsistent with the
pH-rate profile [observation (ii)], since the values of
PKncx and pKyg,+ are 10.2 and 9.2 in aqueous dioxan,
respectively, and the concentration of NH; was kept
constant in our experiments (Table 4), the term for the
fraction of free ammonia Kyg,+/(Kyu+ + [H*]) being
unnecessary. For the same reasons the mechanism in
equation (11) is inadequate.

The third mechanism, in equation (9), would be com-
patible with the kinetics and the pH-rate profile if 2_;/%,
were 107188, However, this assumption is unacceptable.
The comparison of the rate expression (9) with the
observed rate constants leads to 10 12 mol2 s for %, and
the maximum value for %, can be assumed to be 101
1 mol? s, 7.e. it is a diffusion-controlled rate constant.
From these values, %,/k_; (=K,) is estimated to be over
10% mol? 12, which is much too large for the equilibrium
addition of CN~- and NHj to the carbonyl groups of
benzil,

The fourth mechanism [equation (10)] leads to a wrong
rate expression with regard to the order in ammonia.
Both pathways in equations (10) and (11) are incon-
sistent with observation (vii).

8 S, Takahashi, L. A. Cohen, H. K. Miller, and E. G. Peake,
J. Org. Chem., 1970, 86, 1205.

? R. W. Tafts, jun., ‘ Steric Effects in Organic Chemistry,’ ed.
M. S. Newman, Wiley, New York, 1956, pp. 619 and 607.

1o 7. Hine and M. Hine, J. Amer. Chem. Soc., 19562, 74, 5266.

11 G, E. K. Branch and M. Calvin, ‘ The Theory of Organic
Chemistry,” Prentice-Hall, New York, 1941, p. 201.

12 1, S. Harned and G. L. Kazanjian, J. Amer. Chem. Soc.,
1936, 58, 1912; H. S. Harned and L. D. Fallon, ibid., 1939, 61,
2774.

13 G, A. Rogers and T. C. Bruice, J. Amer. Chem. Soc., 1974, 96,
2473.

1 P, Ballinger and F. A. Long, J. Amner. Chem. Soc., 1960, 82,
795.

15 D, J. Cram, ‘Fundamentals of Carbanion Chemistry,’
Academic Press, New York, 1965, p. 137.

18 E.-J. Moriconi, I'. J. Creegan, C. K. Donovan, and F. A.
Spano, J. Org. Chem., 1963, 28, 2215; J.F. Bunnett and B. F.
Hrutfiord, ibid., 1962, 27, 4152 and references therein.
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ScHEME 2

EXPERIMENTAL

Malterials.—Benzils were prepared by the oxidation of the
appropriate benzoins or deoxybenzoins.l? M.p.s of
benzils are as follows: benzil, 94—95°; p-methoxybenzil,
56—68°; p-chlorobenzil, 75—75.5°; p-chloro-p’-methoxy-
benzil, 128—130°; p-dimethylaminobenzil, 162—162.5°;
p-chloro-p’-dimethylaminobenzil, 145°. «-Cyanobenzyl
benzoate was prepared by the reaction of benzaldehyde,
KCN, and benzoyl chloride, m.p. 59.5—60°.26 Allm.p.s are
identical with those in the literature. Amines used were of
commercial guaranteed grade.

Products—A mixture of unsymmetrical benzil (0.5—1.0
mmol), and KCN or NaCN (0.1 mmol) in 679, v/v aqueous
dioxan (5 ml) was kept at ca. 25°. To this solution, anisole
(0.06—0.1 ml) was added as an internal standard and the

17 R. Adams and C. S. Marvel, Org. Synth., 1941, Coll. Vol. I,
94,

18 H. T. Clarke and E. E. Dreger, ref. 17, p. 87.

19 H. Staudinger, Ber., 1913, 46, 3535.

20 S, S. Jenkins, J. Amer. Chem. Soc., 1933, 55, 703.

2t S, S. Jenkins, J. Amer. Chem. Soc., 1933, 55, 1618.

contents, aldehydes or imines and occasionally benzamides,
were determined by g.l.c. Relative reactivities of amines
were estimated by the relative amounts of amides produced
from the competitive reaction of a pair of amines (each
5—10 mmol) with benzil (0.5—1.0 mmol) and KCN (0.1
mmol). The reaction with benzoyl chloride was carried out
in the presence of KOH and the relative amounts of amides
were determined by g.l.c.

Kinetic Procedure.—The reaction in a thermostatted
photocell was started on addition of NaCN solution (0.025—
0.2 ml, 0.15M) to a temperature-equilibrated solution
(2.975—2.8 ml) containing benzil (ca. 1072M) and ammonia
(ca. 0.5M) in aqueous dioxan (67 or 80%). The decrease in
extinction (E}) of benzil at 370 or 430 nm was monitored 20 s
after mixing. Plots of log E; against time gave fairly good

22 M. T. Clark, E. C. Hendley, and O. K. Neville, J. Amer.
Chem. Soc., 1955, 77, 3280.

22 W. S. Ide and J. S. Buck, Org. Reactions, 1949, 4, 280.

24 E. B. Womack, N. Campbella, and G. B. Dodds, J. Chem.
Soc., 1962, 1402.

% S, S. Jenkins, J. Amer. Chem. Soc., 1934, 56, 1137.
26 A. Lachman, J. Amer. Chem. Soc., 1923, 45, 1524.
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straight lines at higher concentrations of NaCN (>0.01m).
Apparent first-order rate constants (k,p,) were calculated
irom the slope of the plots. Division of &, by the concen-
trations of NaCN and ammonia leads to the third-order rate
constants (k,). However, at lower concentrations of
NaCN ([NaCN] < [Benzil]y), especially at <1/10 molar
ratio, the apparent rate coefficients decreased as the reaction
proceeded (Figure 3). This is probably due to the effect of
the benzaldehyde produced and benzoic acid, which is re-
ported to reduce the effective concentration of cyanide ion.5

pH Measurement.—The pH of 67%, aqueous dioxan con-
taining the same components as the kinetic solutions except
for benzil was measured on a Hitachi-Horiba glass electrode
pH meter M-4. pH Values > 14 were calculated using the
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equation pH = pKy, + log [OH™], where pK,, was deter-
mined to be 16.2 from the pH reading of 13.5 for 2 x 1073m-
KOH solution.

PK, Deteyminations.—The pK, values for HCN and NH,*
in aqueous dioxan (679, v/v) at 25° were determined by half-
neutralisation or by employing the equation pK, = pH -
log ([HA]/[A7]). Half neutralisation of ca. 0.3M-NH, in
aqueous dioxan with 0.4N-HCI in aqueous dioxan and the
pH determination of NH;—NH,* solutions with the [NH,*]:
[NH,] ratio varying from 1 to 0.11 gave an average value of
9.2 for pKyg,+. Half-neutralisation of 0.4n-NaCN solution
with 0.4N-HCl solution gave an average value of 10.2 for
PKuox.

[6/1028 Received, 28th May, 1975




