
Organic Compounds Catalyzed by Noble Metal Salts J .  Org. Chem., Vol. 42, No. 13, 1977 2309 

Transfer Hydrogenation and Transfer Hydrogenolysis. 
14. Cleavage of Carbon-Halogen Bond by the Hydrogen 

Transfer from Organic Compounds Catalyzed by 
Noble Metal Salts 

Hideaki Imai, Takeshi Nishiguchi,* Motoo Tanaka, and Kazuo Fukuzumi 

Department of Applied Chemistry, Faculty of Engineering, Nagoya Uniuersity, 
Chikusa-ku, Nagoya, Japan 

Received August 18, 1976 

It is shown that in the presence of Pd(I1) salts the carbon-halogen bond of aryl halides is cleavaged to give the 
corresponding aryl compounds and hydrogen halides by hydrogen transfer from organic compounds. Secondary 
cyclic amines have excellent hydrogen-donating ability, and the ability decreases in the order indoline > tetrahy- 
droquinoline > pyrrolidine > N-methylpyrrolidine > 3-pyrroline > piperidine > 2,5-dihydrofuran. The addition 
of bases, such as potassium hydroxide, sodium acetate, sodium carbonate, cyclohexylamine. and n -propylamine, 
promoted the hydrogenolysis. The addition of potassium halides, hydrogen halides, and triphenylphosphine re- 
tarded the reaction. Several alcohols were examined as a solvent, and methanol was found to be an excellent one. 
When chlorobenzene, indoline, and palladium chloride were heated in methanol, the initial rate of the formation 
of benzene was independent of the concentration of chlorobenzene and can be expressed as r = h[indoline] 
[PdC12]. 

There are few studies about the catalytic hydrogenolysis 
of the carbon-halogen bond by hydrogen transfer from organic 
compounds. In heterogeneous systems, cyclohexene, limonene, 
and p-menthene have been reported to donate hydrogen to 
halides in the presence of palladium carbon1 For homoge- 
neous systems, polychloroalkyl compounds have been re- 
ported to be hydrogenolyzed with alcohols in the presence of 
RuC12(PPh&.z In this case, aryl halides were not hydroge- 
nolyzed.2 Further, it has been reported that in some reactions 
of aryl halides in the presence of palladium3 or nickel com- 
pounds4 the corresponding aromatic hydrocarbons were de- 
tected, but in these reactions the sources of hydrogen were not 
identified. So far as we know, no systematic studies of the 
transfer hydrogenolysis seem to have yet been reported. 

In the course of the transfer hydrogenation of olefins, we 
found that aryl halides were hydrogenolyzed to the corre- 
sponding aryl compounds and this study was undertaken to 
examine the transfer hydrogenolysis of aryl halides in de- 
tail. 

Results and Discussion 

Catalytic Activity. The catalytic activity of several tran- 
sition metal salts and phosphine complexes was investigated. 
In the reaction system in which chlorobenzene (0.5 M), in- 
doline (0.5 M), and a catalyst (0.056 M) in methanol were 
heated a t  140 "C for 4 h,  the activity decreased in the order 
PdCl2 (76%), (NH&PdC14 (75%), RhCl3.3H20 (59%), PdBr:! 
(50%), IrCl3 (32%), K2PtC14 (12%), RuClYnH20 (3%), KZPtC1, 
(3%). Here, the percentages shown in the parentheses are the 
yield of benzene. Phosphine complexes, such as RhCl(PPh&, 

and PtCla(PPh3)Z hardly catalyzed the hydrogenolysis, and 
ReC15, FeC1~2H20, NiC1~6H20, and CoC1~6H20 showed no 
catalytic activity under these reaction conditions. The reason 
why the catalytic activity of PdBr2 was lower than that of 
PdC12 may be that the retarding effect of HBr, which was 
formed in the generation of Pd(0) species, was larger than that 
of HCl, as described later. 

When a reaction mixture was cooled after hydrogenolysis, 
a black precipitate was obtained in all the reaction systems 
in which noble metal salts were used as a catalyst and a me- 
tallic mirror was found in some reaction systems. The  reac- 
tions are inferred to proceed homogeneously, because the 
precipitates and mirrors collected hardly catalyzed the hy- 
drogenolysis. All the transfer hydrogenolyses described 
hereafter were carried out using PdCI2 as a catalyst. 

RhH(PPh3)4, R~C12(PPh3)3, RuH*(PPh3)4, PdC12(PPh:j)2, 

Hydrogen-Donating Ability of Some Organic Com- 
pounds. The hydrogen-donating ability of several organic 
compounds to chlorobenzene was examined. When a methanol 
solution of PdC12 (0.056 M), chlorobenzene (0.5 M) ,  and a 
hydrogen donor (0.5 M) was heated a t  140 OC for 4 h, the hy- 
drogen-donating ability of several organic compounds de- 
creased in the order indoline (76%), tetrahydroquinoline 
(42%), pyrrolidine (28%), N-methylpyrrolidine (25%), 3- 
pyrroline (24%), piperidine (16%), 2,5-dihydrofuran (7%), 
N-methylpiperidine (4%). Here, the percentages shown in the 
parentheses are the yield of benzene. The high hydrogen- 
donating power of these amines may be attributable a t  least 
partly to the basic nature of the compounds. Methanol, eth- 
anol, 1-propanol, 1-butanol, 2-propanol, 2-butanol, cyclo- 
hexanol, cyclohexylamine, morpholine, tri-n-propylamine, 
dioxane, tetrahydrofuran, tetralin, indan, and formic i :id had 
no hydrogen-donating ability. Except for amines, only 2,5- 
dihydrofuran showed a weak hydrogen-donating ability. The 
addition of bases promoted the reaction as described later, and 
it was thought that the removal of the free HX formed was the 
important step of the hydrogenolysis of halides. When sodium 
carbonate (0.25 M) was added to the reaction systems in which 
tetralin or 2-propanol was used as a hydrogen donor, the hy- 
drogenolysis proceeded to give 16% or 3% yield of benzene, 
respectively. However, in the case of 2,5-dihydrofuran the 
addition of sodium carbonate hardly affected the yield of 
benzene. 

When chlorobenzene (0.5 M), indoline (0.5 M), and PdC12 
(0.056 M) were heated in methanol a t  140 "C for 4 h, benzene 
(0.38 M) and indole (0.44 M) were confirmed and some sub- 
strate (0.12 M) and hydrogen donor (0.05 M) survived. This 
result is summarized as follows. (1) The amount of indole was 
equal to that which is needed to form benzene and to reduce 
Pd(I1) to Pd(0) species within experimental error. (2) The 
total amount of benzene formed and the surviving chloro- 
benzene was equal to the amount of the charged chloroben- 
zene. (3) The total amount of the surviving donor and indole 
equaled the amount of the charged donor within experimental 
error. This result shows that the following reactions proceeded 
without remarkable side reactions. 

Pd(I1) + indoline - Pd(0) + indole + 2H+ 

PhCl + indoline - PhH + HCI + indole 

In this study, indoline was used as a hydrogen donor. 
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Table I. Transfer Hydrogenolysis of Halides" Table 11. Effect of Additives" 

Registry 
no. Substrate Product, % yield 

108-90-7 Chlorobenzene Benzene, 76 
591-50-4 Iodobenzene Benzene, 53 
100-44-7 Benzyl chloride Toluene, 45 
108-86-1 Bromoben cene Benzene, 39 
104-92-7 p-Bromoanisole Anisole, 38 
104-83-6 p-Chlorobenzyl Toluene, 14; benzyl chloride, 

622-24-2 3-Pheneth yl chloride Ethylbenzene, 37 
106-41-2 p-Bromophenol Phenol, 34 
106-43-4 p-Chlorotcduene Toluene, 34 
672-65-1 a-Phenethyl chloride Toluene, 32 
106-48-9 p-Chlorophenol Phenol, 28 
106-39-8 p-Chlorobromoben- Chlorobenzene, 26 

106-46-7 p-Dichlorobenzene Benzene, 18; chlorobenzene, 

chloride 24 

zene 

2 
106-37-6 
90-1 1-9 

541-73-1 

95-50-1 

104-88-1 

98-56-6 

106-47-8 
99-91-2 

11 1-85-3 

p-Dibromobenzene Bromobenzene, 20 
a-Bromonaphthalene Naphthalene, 20 
rn-Dichlorobenzene Benzene, 12; chlorobenzene, 

3 
o-Dichlorobenzene Benzene, 10; chlorobenzene. 

2 
p-Chlorobenzalde- Chlorobenzene, 6 

p-Chloro Benzotrifluoride, 4 

p-Chloroariiline Aniline, trace 
p-Chloroacetophen- Acetophenone, trace 

n-Octyl chloride n-Octane, trace 
Chlorobenzeneh Benzene, 74 
Bromobenzene Benzene, 40 
Iodobenzerie Benzene, 46 

hyde 

benzotrilluoride 

one 

a The substrate (0.5 M), indoline (0.5 M), and PdC12 (0.056 M) 
were heated in methanol a t  140 "C for 4 h. The substrate (0.5 
M), indoline (0.5 M), PdC12 (0.056 M). and cyclohexylamine (0.25 
M) were heated in me:hanol at  140 "C for 1 h. 

T r a n s f e r  Hydrogienolysis of Halides. In  the presence of 
PdC12, aryl halides were hydrogenolyzed to give the corre- 
sponding aryl compounds and hydrogen halides (Table I). The 
susceptibility of substituted halobenzenes to hydrogenolysis 
was influenced by the kind of substituents, but there seems 
to be no clear relation between the susceptibility and the 
electronic nature of the substituents. The yield of products 
increased in the order for p-X-c~HdC1,  X = COCH3 < NH2 
< C F j  < C1< OH < CH, < H, and for p-Y-CGH4Br, Y = Br 
< C1< OH < OCHi <: H. I t  has been reported that  oxidative 
addition of aryl halides with electron-withdrawing substitu- 
ents to Pd(0)  species occurs faster than that  of those with 
electron-donating substituents.j In  our reaction system, the 
electronic nature of the substituents is considered to influence 
the following steps: (1) the oxidative addition of the halo- 
benzenes; (2) the reductive elimination of the products; and 
(3) the coordination and the dehydrogenation of the hydrogen 
donor. Moreover, it is also possible that  the substrates coor- 
dinate through the substituent group. The  yield of products 
may be affected by the total results of these effects and this 
is the reason why the substituent effect is complicated. In the 
case of p-chlorobenzaldehyde, decarbonylation occurred to  
form chlorobenzene, and the chlorobenzene formed did not 
undergo hydrogenolysis. p-Chlorobromobenzene was selec- 
tively hydrogenolyzed to chlorobenzene and chlorobenzene 
formed did not undertake further reduction. The affinity of 
C-Br bond to  palladium species seems to be larger than that 
of C-Cl bond. The rea2tivity of benzyl chloride was lower than 

Additive Yield of benzene, % 

None 27 
Potassium hydroxide 64 
Sodium acetate 61 
Sodium carbonate 56 
n-Propylamine 54 
Cyclohexylamine 53 

Morpholine 45 
Tri-n-propylamine 33 

N,N- Dimethylcyclohexylamine 48 
Sodium bicarbonate 46 

Water 31 
Acetonitrile 30 
Potassium chloride 24 
Acetic anhydride 22 
Pyridine 19 
Potassium bromide 14 
Hydrochloric acid 5 
Dimethyl sulfoxide 5 
Hydrobromic acid 2 
Potassium iodide trace 
Hydriodic acid trace 
Triphenylphosphine 0 

"Chlorobenzene (0.5 M), indoline (0.5 M), PdC12 (0.056 M), and 
the additive (0.25 M) were heated in methanol a t  80 "C for 1 h. 

that  of chlorobenzene. The  reactivity of chloro compounds 
decreased in the order PhCl > PhCHZCl> PhCHZCHZCl> 
PhCHClCHS. The  reactivity of a-phenethyl chloride, which 
has a benzyl-substituted chloride, is inferior to  that  of p- 
phenethyl chloride. Aliphatic halides were hardly hydro- 
genolyzed. 

.4s to halobenzenes, PhX, the yield of benzene decreased 
in the order X = C1 > I > Br. Fluorobenzene did not react 
under these reaction conditions. The ease of oxidative addition 
of P h X  to palladium complex has been reported to be in the 
order X = C1< Br < 1.j The  hydrogen halides formed poison 
the catalytic species and deactivate indoline by salt formation. 
The amine hydrochloride may be sufficiently acidic to  deac- 
tivate the catalytic species.6 The  poisoning effect of the hy- 
drogen halides is presumed to increase in the order HCl < HBr 
< HI, because the retarding effect caused by the addition of 
H X  and K X  increased in that  order, that  is, HCl < HBr < HI 
and KC1 < KBr < KI, as described later. Therefore, the yield 
of benzene is inferred to  be realized by the balance between 
the ease of the oxidative addition of P h X  to the palladium 
species and the poisoning power of H X  formed. 

Unless otherwise noted, all the  experiments discussed in 
the following sections were carried out using chlorobenzene 
as a hydrogen acceptor. 

Effect  of Additives. The effect of several additives on the 
reaction system was examined at 80 "C (Table 11) and varies 
with their concentration. Under conditions given in Table 11, 
the effectiveness of the additives was in the order potassium 
hydroxide > sodium acetate > sodium carbonate > rz-pro- 
pylamine > cyclohexylamine > N,N-dimethylcyclohexyla- 
mine > sodium bicarbonate > morpholine. This result indi- 
cates that  the addition of bases promotes the hydrogenolysis. 
The  role of base is the removal of hydrogen halides formed, 
which is the poison of the catalytic species and the hydrogen 
donor, indoline. by salt formation. 

PdO + HCI - HPdCl 

HPdCl + base - PdO + base-HC1 

indoline-HC1 + base - indoline + base.HC1 

When amines, such as n-propylamine, cyclohexylamine, 



Organic Compounds Catalyzed by Noble Metal Salts 

* O  -- 

0 0 2 0.4 0 6 0.8 1.0 

[ A d d i t i v e ] ,  M 

Figure 1. Dependence of the yield of benzene on the concentration 
of additives. Chlorobenzene (0.5 M), indoline (0.5 hi  I t  PdC12 (0.056 
%I), and the additive were heated in methanol at 80 'C for 1 h: 0 cy- 
clohexylamine; Q L'V,AV-dimethylcyclohexylamine; & rz-propylam- 
ine. 

Table 111. Effect of Reaction Solvents" 

Solvent Yield of benzene, % 

Methanol 
Cyclohexanol 
N,N- Dimethylacetamide 
2-Propanol 
Ethanol 
1-Propanol 
2-Butanol 
N,N- Dimethylformamide 
1-Butanol 

76 
68 
45 
42 
40 
37 
32 
20 
12 

Chlorobenzene (0.5 M), indoline (0.5 M), and PdC12 (0.056 
M) were heated in the designated solvent a t  140 OC for 4 h. Cy- 
clohexene, 0.22 M, was obtained as the dehydration product of 
cyclohexanol. 

and N,N-dimethylcyclohexylamine, were added to  the reac- 
tion system, the yield of benzene showed the maximum values 
in the concentration range 0.2-0.3 M; tha t  is, the concentra- 
tion of the additives is 3.5-5.4 times as high as tha t  of the 
catalyst (Figure 1). The  yield of benzene rapidly decreased 
when more than 0.4 M of the amines were added. This shows 
tha t  a t  higher concentration amines themselves coordinate 
on the catalyst to depress the hydrogenolysis. The  promoting 
power of N,N- dimethylcyclohexylamine was lower than that 
of n -propylamine and cyclohexylamine, and the effective 
range of the concentration of the first is narrower than that  
of the latter two. 

The addition of water hardly affected the hydrogenolysis. 
The  addition of hydrochloric acid, hydrobromic acid, and 
hydriodic acid retarded the reaction in the order HC1< HBr 
< HI. The  addition of potassium halides also gave the same 
result: that  is, the retarding effect on the reaction increased 
in the order KC1 < KBr < KI. The  inference based on this 
result has been mentioned in the previous sections. The  poi- 
soning effect of triphenylphosphine, dimethyl sulfoxide, 
pyridine, and acetic anhydride was also confirmed. 

Reaction Solvents. Several alcohols and amides were ex- 
amined as solvents (Table 111). When the reaction was carried 
out in alcohols. the yield of benzene decreased in the order 
methanol > cyclohexanol > 2-propanol > ethanol > l-pro- 
panol > 2-butanol > 1-butanol. This result suggests that  long 
chain or normal alcohols are less suitable solvents. In  N,N-  
dimethylformamide and -V,N- dimethylacetamide, a metallic 
mirror was formed as the reaction proceeded. When the hy- 
drogenolysis was carried out in aromatic hydrocarbons, such 
as toluene and c'umene, a Friedel-Crafts reaction occurred as 
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Figure 2. Dependence of yield on reaction time. Chlorobenzene (0.5 
M), indoline (0.5 M), and PdC12 (0.056 F1) were heated in ntethanol 
at 70 "C: 0 benzene; 0 indole. 
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Figure 3. Dependence of the rate of hydrogenolysis of chlorobenzene 
on catalyst concentration. Chlorobenzene (0.5 M), indoline (0.5 M), 
and the catalyst were heated in methanol at 70 "C. 

a side reaction. So, these solvents were not suitable for the 
transfer hydrogenolysis of aryl halides. In this study, methanol 
was used as a solvent. 

The Measurement  of Ini t ia l  Rate. Chlorobenzene (0.5 
M), indoline (0.5 M), and PdC12 (0.056 M) were heated in 
methanol a t  70 O C ,  and the dependence of the yield of benzene 
and indole on the reaction time is shown in Figure 2. Hydro- 
genolysis of chlorobenzene hardly occurred until the  yield of 
indole became about 0.02 M. This suggests that the first step 
of this reaction is the activation of PdC12, that  is, the reduction 
of Pd(I1) to Pd(0) species. After the yield of indole became 
more than 0.03 M, that of benzene increased linearly with time 
until it reached 0.13 M. After 15 min, the amount of indole 
equaled the total amount of benzene formed and the catalyst. 
This result also suggests that  indoline reduced the Pd(I1) 
species to  the Pd(0) species. The  yield of benzene deviated 
from the linear relationship in more than 0.13 M yield, and 
this deviation is caused by the deactivation effect of the hy- 
drogen chloride formed and by the consumption of the reac- 
tants. The  reaction rate of the hydrogenolysis of chloroben- 
zene was derived from the gradient of the linear part. 

The  initial rate of the hydrogenolysis was found to be pro- 
portional to the concentration of the catalyst, and the ex- 
trapolation of the line to lower concentration passes through 
the origin as shown in Figure 3. The reaction rate has a linear 
relationship with the concentration of indoline over the range 
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Scheme I11 
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Figure 4. Dependence of the rate of hydrogenolysis of chlorobenzene 
on the concentration of indoline (0.5 M chlorobenzene), 0 ,  and the 
halides (0.5 M indoline). 0, in methanol at 70 "C with 0.056 M 
PdC12. 

of 0-1.0 M. However, in higher concentration more than 1.0 
M the linearity no longer held and the rate deviated upwards 
(Figure 4). In higher concentration more than 1.0 M, the vol- 
ume of indoline occupies more than 10% volume of the total 
solution, and the deviation seems to be caused by the solvent 
effect of indoline to  stabilize palladium active species. 

The  reaction rate was independent of the concentration of 
chlorobenzene in the range examined (Figure 4). As the con- 
centration of chlorobenzene was increased, the induction 
period became longer. 

Reaction Temperature .  The hydrogenolysis of chloro- 
benzene proceeded even a t  60 "C, but that  of bromobenzene 
and iodobenzene hardly occurred below 100 "C with or with- 
out added base. The rate of the hydrogenolysis of chloroben- 
zene was measured at  60,70,80,90,100, and 110 OC, and those 
of bromobenzene and iodobenzene were done a t  110,120,130, 
and 140 "C. In all cases, the plots of log (rate) vs. 1/T showed 
good linear relationship, indicating uncomplicated reaction 
kinetics. From the plots, activation energies of 14.5,14.4, and 
13.5 kcal mol-' are obtained for chlorobenzene, bromoben- 
zene, and iodobenzene, respectively. 

Discussion of Kinetics 
As can be seen from Figure 1 and the result of quantitative 

relation, the first step of this transfer hydrogenolysis was the 
reduction of PdC12 to form the Pd(0) species (Scheme I). 

Scheme I 

PdC12 + PdCl?(indoline) - PdO + 2HC1+ indole 
indo!inr 

Since the initial rate of the hydrogenolysis was derived from 
the linear part of time vs. conversion curve, the kinetic dis- 
cussion in this paper concerns the process after the activation 
of PdC12. It  has been reported that aryl halides oxidatively add 
to the Pd(0) ~ p e c i e s . j - ~  Based on this inference, the results 
described earlier, and the comparison with the mechanism of 
transfer hydrogenation of olefins,8 the following two catalytic 
cycles are reasonably considered as the mechanism of the 
transfer hydrogenolysis of chlorobenzene (Schemes I1 and 
111). 

Scheme I1 
PhCI, K i  

PdO Pd(PhI(C1) 
indoline, h z  - PdO + HCl + PhH + indole 

indoline, k 3  PhC1, kq 
PdO + PdHz + P d O + H C l + P h H  

-indole 

From Scheme 11, the rate is expressed as 

kzKl[PhCl] [indoline] [PdClz] R =  
1 + Ki[PhCl] 

where K1 is an equilibrium constant and k2 is a rate constant, 
respectively. Since the rate was independent of the concen- 
tration of chlorobenzene, the following relation should be 
satisfied in the numerator of eq 1; 1 << KI[PhCl], that is, [PdO] 
<< [Pd(Ph)(Cl)]. Biphenyl was not obtained in the hydroge- 
nolysis of chlorobenzene, and the concentration of the phenyl 
palladium species was negligible in the reaction system. I t  has 
been also reported that the rate of the oxidative addition of 
chlorobenzene to the Pd(0) species was relatively 
Therefore, Scheme I1 is unreasonable for the catalytic cycle 
of the hydrogenolysis of chlorobenzene. 

From Scheme 111, the rate expression becomes as follows 

R = hs[indoline] [PdC12] ( 2 )  
where k3  is a rate constant. In order to derive this equation, 
it is assumed tha t  the indole formed was not hydrogenated. 
This assumption was not so unreasonable because the indole 
is an aromatized product and the addition of indole to the 
reaction system did not reduce the reaction rate. Equation 2 
is found to accommodate all of the other experimental ob- 
servations described earlier. (1) The dependence of the rate 
on the concentration of the catalyst should be linear and this 
agrees with the result as shown in Figure 3. From this figure, 
7.6 X mol-l L min-l was obtained as the value of h3. (2) 
The rate should be proportional to the concentration of in- 
doline, and this is in agreement with the result in Figure 4. 
From this figure, the same value, 7.6 X lo-' mol-1 L min-l, 
was obtained as the value of h3. (3) The rate is independent 
of the concentration of chlorobenzene, and this agrees with 
the result shown in Figure 4. As the value of h3, 7.6 x 10-2 
mol-' L min-' was obtained. Then, the overall rate expression 
a t  70 O C  is formulated as follows. 

R = 0.076[PdC12] [indoline] (3) 

The oxidative addition of chlorobenzene may not be the 
rate-determining step, because the coordinating power of 
chlorobenzene was not so large and the rate of the hydroge- 
nolysis was independent of the concentration of chloroben- 
zene. As hydrogenolysis proceeded, hydrogen halide accu- 
mulated to deactivate the catalytic species. When bases were 
added to the reaction system, the induction period became 
shorter, but the initial rate of the hydrogenolysis was scarcely 
changed. The addition of bases promotes the activation of 
PdC12 to Pd(0) species in the initial reaction stage, and did not 
affect the rate-determining step. The rate-determining step 
of the transfer hydrogenolysis of chlorobenzene seems to be 
the dehydrogenation of the hydrogen donor, that  is, the for- 
mation of the palladium dihydride species. There is no evi- 
dence to decide whether the hydrogenolysis proceeds via the 
Pd(1V) species, H2Pd(Ph)(Cl), or the Pd(I1) species with 
four-center transition state. 

When chlorobenzene (0.5 M), bromobenzene (0.5 M), in- 
doline (0.5 M), and PdC12 (0.056 M) were heated a t  70 "C in 
methanol for 1 h, neither benzene nor indole was obtained. In 
the case of chlorobenzene and iodobenzene, the same result 
was confirmed. These results show that bromobenzene and 
iodobenzene act as poisons a t  $0 "C. The reaction mechanism 
of the hydrogenolysis of bromobenzene and iodobenzene may 
be different from tha t  of chlorobenzene. 
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Experimental  Section 

Materials. Palladium chloride, ammonium palladous chloride, 
rhodium trichloride, palladium bromide, iridium trichloride, pla- 
tinum(I1) potassium chloride, ruthenium trichloride, and platinum- 
(IV) potassium chloride were purchased and used without purifica- 
tion. Alcohols and amines were purified by distillation. Aryl halides 
were purified by distillation or recrystallization. 

An Example of Transfer Hydrogenolysis. Chlorobenzene (28 
mg, 0.25 mmol), indoline (30 mg, 0.25 mmol), and PdClz (5 mg, 0.028 
mmol) were put into a Pyrex tube which had been sealed at one end, 
and the total volume of the solution was made 0.5 mL by the addition 
of methanol as a solvent. The tube was cooled with liquid nitrogen and 
sealed under vacuum. The sealed tube was heated for 4 h in a poly- 
ethylene glycol hath kept at 140 f 1 "C. The reaction mixture was 
submitted to GLC analysis, which was performed at 90 "C using 2 m 
X 6 mm stainless steel column packed with 15% of Silicone DC-11 on 
Diasolid L and 30 gL of n-heptane as an internal standard. The 
amount of indoline and indole was measured by the use of a 2 m X 6 
mm stainless steel column packed with 10% diethylene glycol succi- 

nate on Diasolid L and dibenzyl ether as an internal standard. 
Other transfer hydrogenolyses were carried out in a similar way. 
An Example of Kinetic Runs. Ten samples, prepared by the 

method described above, were heated at 70 f 1 "C for 3,6,10,15,20, 
30,37,45,60, and 75 min. The reaction mixtures were submitted to 
GLC analysis. 
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The electrochemical oxidation of cyclohexene in methanol solution of sodium cyanide results in isocyanation as 
well as cyanation and methoxylation. The current efficiency of isocyanide increases outstandingly with increasing 
electrode potential. Current-potential data suggest adsorption of a product of the electrolysis on the electrode. The 
current efficiencies of products are dependent on the cyclohexene concentration, whereas the product distribution 
is found to be independent of the relative concentration of both electroactive species, i.e., CN- and CcHlo, on the 
electrode which changes with changing bulk concentration of cyclohexene. These observations indicate that a pri- 
mary electron transfer from cyclohexene adsorbed while expelling an electrolysis product adsorbed is a key step 
to derive organic products. 

Cyanation of olefins or dienes has been thus far unsuc- 
cessful. We previously reported on the products obtained from 
the electrochemical reaction of methanol solution of cyclo- 
hexene in the presence of mercuric cyanide and proposed si- 
multaneous operation of both the substrate oxidation reaction 
and the ion discharge reaction to  account for low yields of 
cyanated pr0ducts.l Recently, however, several types of ex- 
perimental evidence in favor of direct anodic oxidation of the 
substrate have been p r e ~ e n t e d . ~ - ~  

Anodic oxidation of cyclohexene has received a great deal 
of recent a t ten t i~n . lO-~~ Much of the interest in this compound 
has been due to  the fact that  it serves as an easily studied 
model for both addition and allylic substitution reactions to  
olefins. The present paper describes a careful study of the 
products of cyclohexene oxidation in the presence of cyanide. 
Some mechanistic experiments will also be reported and the 
formation of isocyanide will be discussed. 

Resul ts  
Products .  The electrolyses were conducted in methanol 

solution of sodium cyanide using a two-compartment cell 
under a nitrogen atmosphere in the potential region 1.9-2.7 
V vs. SCE a t  platinum electrode. The products formed were 
identified as such from comparisons with the authentic sam- 
ples prepared by other routes, and determined by VPC. Iso- 
lation of the various products was performed using preparative 
VPC techniques. Besides 3-methoxycyclohexene (1) and di- 
methoxymethylcyclopentane (21, 3-isocyanocyclohexene (3), 
2-cyclohexene-1-carbonitrile (4),  isocyanocyclohexane ( 5 ) ,  

cyclohexanecarbonitrile (6), and trans -2-methoxycyclohex- 
anecarbonitrile (7) were found together with bis-2-cyclo- 
hexen-1-yl (8) and unidentified minor components. Traces 
of methoxycyclohexane and trans-1,2-dimethoxycyclohexane 
were also noted. 

Current-Potent ia l  Data.  Figure 1 presents current- 
potential curves for oxidation of sodium cyanide in methanol 
and for the same solution with added cyclohexene. As can be 
seen in Figure 1, a methanolic solution of sodium cyanide is 
discharged a t  about 1.5 V,4 whereas the addition of cyclo- 
hexene results in a remarkable decreasing of the current in the 
region of 1.6-1.9 V. Under experimental conditions cyclo- 
hexene begins to be oxidized at about 2.0 V (E1/2 = 1.89,2.05, 
and 2.16 V vs. Ag,Ag+,10J7,24 2.14 and 2.35 V vs. SCE16,20). 

Cyclic voltammograms were taken a t  a platinum electrode 
in a solution of 0.1 M tetraethylammonium fluoroborate 
within the range of 1.0-2.2 V vs. SCE a t  0.1 V/s. The back- 
ground current is not affected by added sodium cyanide 
(concentration -lo-* M). With cyclohexene added (concen- 
tration -lo-* M) the current decreases instantaneously a t  
essentially the same potential and the curve of current vs. 
potential falls below that for the system without the substrate. 
The trend does not change even when the order of addition 
of the substrate and the cyanide is inverted. This suggests that 
a product of the electrolysis would be adsorbed on the anode, 
thus decreasing the area available for the normal electro- 
chemical reaction. 

Influence of the Concentration. Table I summarizes the 
results of controlled potential electrolyses performed with 


