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formation process is reversed and the material lost prior to  
isolation (eq 10). This proposal requires no special reactivity 

CrC(CH3)2CN2+ - Cr2+ + C(CH3)2CN (10) 

for complexes formed from a-cyano radicals and is completely 
consistent with the long lifetime of the relatively unhindered 
CrCH2CN2+ and with the chemistry of the closely related 
cy-hydroxyalkyl analogues. I t  may be possible to stabilize 
CrC(CH3)2CN2+ against homolysis by addition of excess Cr2+, 
just as CrC(CH3)20H2+ can be stabilized, but this was not 
investigated. 

The complexes investigated were not subject to detectable 
homolysis as evidenced by lack of ready reaction with reagents 
such as Cu2+, Fe3+, and C O ( N H ~ ) ~ F ~ +  which would scavenge 
a product from a reaction analogous to eq 10. This lack of 
reactivity is not surprising for these complexes again because 
the a-carbon atom is relatively unsubstituted. And the un- 
hindered CrCH2CN2+, like CrCH20H2+, would not tend to 
undergo ready homolysis. 

Reactions of Hg2+ with alkylchromium(II1) complexes have 
been studied in some detailI4 and are recognized as electrophilic 
processes involving direct attack of Hg2+ a t  the a-carbon. The 
present data are in keeping with this picture in several respects: 
(1) an  electronegative substituent on the carbon atom bound 
to  chromium (as in CrCH2X2+) greatly lowers the rate of 
reaction; compare, for example, CrCH2CH32+ (kHg = 1.40 X 

C r C H 2 0 H 2 +  (2.3 X lo2 M-' s-'),13 and the present 
CrCH2CN2+ (9.84 M-' SKI); (2) substitution /3 to chromium 
has minimal effect. For example the three complexes studied 
here all show nearly the same reactivity (within a factor of 
9), just as alkylcobaloximes dolS for the similarly substituted 
analogues with ethyl, n-propyl, and isobutyl groups. Alter- 
natively one can compare the relative reactivities of 

) , I 4  105 M-1 s-l ) 14 to CrCH2C12+ (5.90 X 10-1 M-' s-l 

(14) Leslie, J. P., 11; Espenson, J.  H. J .  Am. Chem. Soc. 1976,98,4839 and 
references therein. 

(15) Adin, A,; Espenson, J. H. Chem. Commun. 1971, 653. 

CrCH2CH32+ and CrCH2CH2CH32+ (relative rate, 4.0: 1 .O) 
with CrCH2CH2CN2+ and CrCH2CH(CH3)CN2+ (3.2:l.O). 
It should be noted, in view of the well-recognized sensitivity 
of rates of such reactions to a substituents and their insen- 
sitivity to /3 substituents, that the kinetic data provide con- 
firming evidence of the structure assigned to the complexes; 
complexes derived from the products of eq 3a and 4a would 
be expected to react very much slower. 
Experimental Section 

The chemicals were purchased as reagent-grade materials or 
prepared as described previ~usly.~**~'~ The reactions to prepare the 
new cyanoalkyls were conducted by dripping a deaerated solution of 
hydrogen peroxide in dilute perchlorate acid into a well-stirred aqueous 
solution of Cr(C104)2 containing some 3-8% by volume of the desired 
nitrile until H202 was in ca. 10% excess. The complexes were absorbed 
onto a column of Dowex 50W-X8 which was then rinsed free of nitrile 
and excess peroxide with use of 0.02 M perchloric acid, followed by 
elution of the dipitive organochromium cation with 0.74.8 M acid, 
leaving Cr(H20)2+ on the resin column. The complexes were isolated 
and stored under nitrogen because they decomposed notably faster 
when exposed to air. The absorption spectra are given in Table I. 
The molar absorptivities were based on spectrophotometric analysis 
of the complexes as chromate ions after heating in alkaline peroxide. 
Yields of the (cyanoalkyl)chromium(III) ions were not determined, 
but especially low conversion to CrCH2CN2+ was noted. The 8- 
cyanoalkyl complexes were also formed in considerably less than the 
theoretical quantity, consistent with the suggested homolytic decom- 
position of any a-cyanoalkyl complex formed. 

Bromination reactions were conducted by slowly adding aqueous 
bromine in slightly less than the required amount and then extracting 
products into methylene chloride. Procedures for the kinetic ex- 
periments were described previously.14 
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A kinetic study of the iodination of p-XC6H4CH2Co(DH),(py) (X = methoxy, methyl, H, chloro, nitro; DH = monoanion 
of dimethylglyoxime; py = pyridine) revealed the rate-determining dissociation of pyridine and subsequent rapid reaction 
of the base-free form with iodine. The high reactivity of the base-free form is discussed in relation to inner-sphere electron 
transfer. The rates of dissociation of pyridine showed a Hammett-like linear free-energy relationship with a p +  of -1.48. 

The mechanism of cleavage of the carbon-cobalt bond is 
a subject of considerable interest because of the importance 
in vitamin BI2 chemistry, and evidence as to the formation and 
DarticiDation of radical sDecies in the cleavage of the car- 

reactions with d i~ ldehydrase~ and ethanolamine ammonia- 
lyase,4 an alkyl-cobalt bond dissociates on photolysis into an 
organic free radical and cobalt(II),S and free-radical substi- 

bon-cdbalt bond has accimulated in both chekical and bio- 
logical fields. Reversible generation of organic free radicals 
and B12r was detected during the coenzyme B12-dependent 

i:{ ~ ~ ~ ~ ~ i , ' , t t ~ , u ~ ~ { ~ ~ ~ &  c, Biochem, Biophys, Res, Commun, 1969, 
34, 441. (b) Valinsky, J. E.; Abeles, R. H.; Fee, J. A. J .  Am. Chem. 
SOC. 1974, 96, 4709 and references cited therein. 

(4) Finley, T. H.; Valinsky, J.; Mildvan, A. S.; Abeles, R. H. J .  Biof. Chem. 
(1) Kyoto University. 1973, 248, 1285. 
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Table I. Product Analyses of Iodination of Para-Substituted 
Benzylbis(dhethylglyoxhato)(pyridine)cobalt(III)a 

Okamoto, Goto, and Oka 

Table II. Kinetic Results of Iodination of Substituted 
Benz ylcobaloximes! 

105 x 103 x 104 x 104 x 
[substrate]$ [I,], [H@,I, kobfd, 

substrate M M M S- 

~~ ~ 

product yield, % 

substituent X XC,H,CH,I ICo@H),(py) 

CH,O 72 98 
H 99 90 
NO, 100 94 

a In benzene at 40 "C. 

tution takes place for benzyl-, allyl-, and allenylcobalt(II1) 
complexes.b8 Even some of the apparent electrophilic sub- 
stitution reactions of organometallic complexes proceed via 
successive reactions with an initial electron transfer from a 
metal complex to electrophiles, generating an organometallic 
cation radical, the reaction of which with external nucleophiles 
or free radicals gives final  product^.^ 

Halogenation of organobis(dimethylglyoximato)cobalt(III) 
has been suggested as taking place by the successive reactions 
via CO(IV)'~ on the basis of the inversion of the stereochemistry 
of organic products" and the product distribution of the re- 
action with iodine m ~ n o c h l o r i d e . ~ ~ ' ~  Although the reaction 
has long been known, a kinetic study has not been reported. 

As for the structure of cobalt(II1) complexes, a six-coor- 
dinate octahedral configuration is the most abundant and a 
pentacoordinate base-free complex is found less frequently as 
a stable form. The latter is, however, postulated as an in- 
termediate in the ligand-exchange reaction and has been the 
subject of discu~sion.'~ The importance of the five-coordinate 
complex is also noted for iron bmplexes. Molecular oxygen 
reacts easily with five-coordinate iron(I1) porphyrins to give 
p o x 0  iron(II1) dimers.l5 A six-coordinate base-on form is 
unreactive. Thus base-off five-coordinate complexes are ex- 
pected to contribute as reactive intermediates in reactions of 
cobalt complexes other than ligand-exchange processes such 
as oxidation-reduction, but little is known so far. The con- 
tribution of a five-coordinate base-free form in the reaction 
of molecular oxygen with alkylbis(dimethylglyoximato)(pyr- 
idine)cobalt(III) was reported,16 but the result was criticized." 

A kinetic study of iodination of para-substituted benzyl- 
bis(dimethylglyoximato)(pyridine)cobalt(III) revealed marked 
reactivity of the five-coordinate base-free complex toward 
iodine, which is the subject of the present article. 

(a) Mok, C. Y.;  Endicott, J. F. J.  Am. Chem. Soc. 1978, 100, 123. (b) 
Golding, B. T.; Kemp, T. J.; Sellers, P. J.; Nocchi, E. J .  Chem. Soc., 
Dalton Trans. 1977, 1266. (c) Endicott, J .  F.; Netzel, T. L. J.  Am. 
Chem. SOC. 1979, 101, 4000 and references cited therein. 
Bury, A.; Cooksey, C. J.; Funabiki, T.; Gupta, B. D.; Johnson, M. D. 
J .  Chern. SOC., Perkin Trans. 2 1979, 1050. 
Gupta, B. D.; Funabiki, T.; Johnson, M. D. J .  Am. Chem. Soc. 1976, 
98, 6697. 
Funabiki, T.; Gupta, B. D.; Johnson, M. D. J .  Chem. Soc., Chem. 
Commun. 1977, 653. 
Johnson, M. D. Acc. Chem. Res. 1978, lZ,  57. 
Halpern, J.; Chan, M. S.; Hanson, J.; Roche, T. S.; Topich, J. A. J.  Am. 
Chem. Soc. 1975, 97, 1606. Halpern, J.; Chan, M. S.; Roche, T. S.; 
Tom, G. M. Acta Chem. Scad. ,  Ser. A 1979, A33, 141. 
Anderson, S. N.; Ballard, D. H.; Cherzastowski, J. Z.; Dodd, D.; 
Johnson, M. D. J .  Chem. Soc., Chem. Commun. 1972,685. Magnuson, 
R. H.; Halpern, J.; Levitin, I. Ya; Vol'pin, M. E. Ibid. 1978,44. Jensen, 
F. R.; Madan, V.; Buchanan, D. H. J.  Am. Chem. Soc. 1971,93,5283. 
Shinozaki, H.; Ogawa, H.; Tada, M. Bull. Chem. Soc. Jpn. 1976,49, 
775. 
Kitchin, J. P.; Widdowson, D. A. J .  Chem. Soc., Perkin Trans. 1 1979, 
1384. 
Drebos, R.; Tauzher, G.; Marsich, B.; Costa, G. J .  Orgummet. Chem. 
1975, 92, 227. 
Stewart, R. C.; Marzilli, L. G. J .  Am. Chem. Soc. 1978,100, 817 and 
references cited therein. 
Colleman, J. P.; Gagne, R. R.; Reed, C. A,; Halbert, T. R.; Lang, G.; 
Robinson, W. T. J .  Am. Chem. Soc. 1975, 97, 1427. 
Giannotti, C.; Septe, B.; Benlian, D. J.  Organomel. Chem. 1972, 39, C5. 
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I a ( X = H )  

Ib (X = CH,) 

IC (X = CH,O) 

Id (X = C1) 

Ie (X = NO,) 

If (X = CH,O, py = 
p methylp yridine) 

1.00 
1.00 
5.00 
7.00 
11.5 
11.5 
10.5 
11.1 
5.00 
5.00 
5.00 
5.00 

5.00 
5.00 
7.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
1.50 
1.50 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
1.10 
1.10 
5.00 

5.00 
5.00 
5.00 
5.00 
5.00 

11.5 

4.00 
2.70 
1.50 
1.50 
1.50 
0.50 
0.14 
0.05 
1.50 
1.50 
1.50 
1.50 
1.50 
1.50 
1.50 
0.50 
1.50 
1.50 
1.50 
1.50 
1.50 
1.50 
0.46 
0.23 
1.50 
1.50 
1.50 
1.50 
1.50 
1.50 
3.00 
1.00 
0.10 
1.50 
0.14 
2.50 

1.50 
1.50 
1.50 
1.50 
1.10 

0 
0 
0 
0 
0 
0 
0 
0 
5.00 
3.33 
1.67 
0.05 
0 
0 
0 
0 
3.33 
1.67 
0.83 
0.16 
0.05 
0 
0 
0 
5.00 
3.33 
1.67 
0.83 
0.31 
0.05 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

3.63 
3.20 
3.21 
3.52 
2.91 
3.31 
2.90 
2.89 
3.12 
3.42 
2.46 
4.07 
6.69 
5.86 
7.93 
5.47 
6.47 
9.84 
7.19 
8.17 
9.02 
60.1 
59.5 
59.6 
74.2 
70.0 
52.1 
64.1 
34.8 
74.8 
3.00 
1.70 
2.10 
0.417 
0.432 
52.5 

46.9 
52.3 
49.2 
60.5 
63.1 

a In benzene at 40 "C. 

Results and Discussion 
Stoichiometry was determined for benzyl, pmethoxybenzyl, 

and p-nitrobenzyl complexes by spectrophotometric titration. 
A distinct break point was found at the ratio of concentrations, 
[12]/[Co(III)], of 1.0 for each reaction, and the spectrum at 
that ratio was a superposition of spectra of the appropriate 
concentrations of iodobis(dimethylg1yoximato) (pyridine)co- 
balt(II1) and the substituted benzyl iodide. Product analyses 
listed in Table I show the presence of only two products de- 
scribed above. These results confirm the stoichiometry ex- 
pressed by eq 1. Yields were nearly quantitative except for 

X: a, H; b, CH3; c, CH,O; d, C1; e, NO2 

the p-methoxy derivative. The relatively low yield of p- 
methoxybenzyl iodide is due to Friedel-Crafts type conden- 
sation of eq 2. A mixture of dimers was separated by column 
2CH3OC6H4CH2I - 

(CH30C6H4CH2)(CH30)C6H3cH~I + H I  (2) 
I11 

chromatography in a yield of 19%, and presence of higher 
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Figure 1. Spectra of the iodination of Ia: a, initial; b, final. 

condensation products up to the tetramer was detected by mass 
spectroscopy. No dimethylglyoxime 0-benzyl ether or cor- 
responding diarylethane was present in the products of the 
three complexes examined. Thus iodination of complex I in 
benzene is a clean reaction producing substituted benzyl iodide 
and I1 as the sole products in marked contrast to the com- 
plicated feature of bromination.18 The simple mechanism of 
iodination would arise partly from the inert character of iodine 
in the electrophilic substitution of the aromatic ring19 and the 
high electron affinity of The slight difference in the 
products compared with those in acetic acid18a might be due 
to the low polarity of benzene. 

Kinetics were measured spectrophotometrically. The 
time-dependent change of spectra showed distinct isosbestic 
points at 417 and 483 nm for reaction of Ia as shown in Figure 
1.  The results of stoichiometry and the presence of isosbestic 
points indicate that the observed spectral change corresponds 
to the decrease in concentration of Co(II1) complexes as shown 
in eq 3. When the concentration of iodine is in excess com- 

(3) 
d[(A, - Am)/(Ao - Am11 - d[[~l,/[IlOl - 

dt dt 
pared with that of complex I, the rate of disappearance of 
complex I followed a good pseudo-first-order kinetics with a 
correlation coefficient of more than 0.999 over a t  least 9096 
of each reaction (eq 4). The results are listed in Table 11. 

I I I 

(4) 

As can be seen from Table 11, the rate constants were inde- 
pendent of the concentration of iodine. 

With an excess of Co(II1) the rate was apparently constant 
over 90% of completion. The rate constant under a condition 
of Ia (4.62 X lo4 M) and I2 (9.24 X M) was 3.18 X lo4 
s-l, which is identical with that found under the conditions of 
iodine in excess ((3.23 f 0.42) X lo4 s-*) within the limit of 
experimental error. 

The agreement of rate constants over a wide range of 
concentrations indicates that the same mechanism operates 
throughout the ranges of concentration. Lack of dependence 
of the rate on iodine concentration strongly suggests that the 
rate-limiting step is unimolecular dissociation of complex I. 

(18) (a) Anderson, S. N.; Ballard, D. H.; Johnson, M. D. J .  Chem. Soc., 
Perkin Trunr. 2 1972, 311. (b) Anderson, S. N.; Ballard, D. H.; 
Espenson, J. H.; Johnson, M. D., unpublished results; cited in ref 9. 

(19) Carey, F. A.; Sundberg, R. J. "Advanced Organic Chemistry"; Plenum: 
New York, 1977; Part A, p 406. 

(20) Person, W. B. J .  Chem. Phys. 1963,38, 109. 
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Table 111. Dependence of Rate of Iodination of IC on 
Pyridine Concentrationa 

104[pY], M 1O3kk,,,, S-' 10-'k,bd-', S 

0 6.01 1.66 
32.2 4.95 2.02 
62.5 3.54 2.84 
90.9 3.28 3.05 
117.6 2.95 3.39 
142.9 2.63 3.80 

a [I , ]  = 1.5 x M and [complex IC] = 5.0 x M in 
benzene at 40.0 t 0.1 "C measured at 370 nm. 

5 . 0  1 

Although there are some reports on the thermal homolytic 
dissociation of the alkyl-cobalt bond,*J1 complex Ia does not 
react with radical scavengers such as galvinoxyl and nitroso- 
durene under the present reaction conditions. A C6D6 solution 
of complex Ia showed no change in the 'H NMR spectra in 
the presence of molecular oxygen at 40 OC in 20 h. As the 
concentration of oxygen saturated in benzene is 1.6 X M 
at 40 0C,22 which is about 7 times as large as that of iodine 
generally used in the present experiments, there is thus suf- 
ficient evidence against rate-determining homolytic unimo- 
lecular dissociation of the benzyl-wbalt bond. A free-radical 
chain reaction has been reported to be initiated with a co- 
balt(I1) impurity by Johnson and others for the reaction with 
bromotrichloromethane,"8 but BrCCl, fails to react with 
complex Ia under the present reaction conditions. 

Unimolecular heterolytic cleavage of the carbon-wbalt bond 
is less plausible in a nonpolar solvent such as benzene. Another 
possible mechanism is electrophilic substitution of complex I 
with iodineS9 The addition of bis(pyridine)iodonium per- 
chlorate did not show remarkable acceleration. Other elec- 
trophiles such as mercury(I1) chloride, mercury(I1) acetate, 
and nitrosyl chloride were inactive or far less reactive than 
iodine.23 Presence of mercury(I1) iodide in the iodination 
reaction had no influence on the rate of reaction (Table 11). 
As iodine is a less reactive electrophile than mercury(I1) 

(21) Duong, M. K. N .  V.; Fontaine, C.; Giannotti, M. M. C.; Gaudemer, A. 
Tetrahedron Lert. 1971, 1187. 

(22) Stephen, H.; Stephen, T. "Solubilities of Inorganic and Organic 
Compounds"; Pergamon Pres: New York, 1963; p 573. 

(23) As an electrophilic reaction is significantly influenced by the polarity 
of the reaction medium, solvent effect would be responsible for the low 
reactivity of mercury(I1) ions in benzene compared with the results in 
the literature?' 

(24) Abley, P.; Dockal, E. R.; Halpern, J .  J.  Am. Chem. Soc. 1973,95, 3166. 
(25) Direct comparison is possible with organochromium complexes: (a) 

Leslie, J. P., 11; Espenson, J. H. J .  Am. Chem. Soc. 1976, 98, 4839. (b) 
Chang, J. C.; Epsenson, J. H. J .  Chem. Soc., Chem. Commun. 1974, 
233. 
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Table IV. Rate Constants of Dissociation of Pyridines from Para- 
Substituted Benzylbis(dimethylglyoximato)(pyridine)cobalt(III)a 

k 
NO2 

0 '  I I 

Okamoto, Goto, and Oka 

pyridine substituent 104k,, S - I  

0.425 f 0.011 
2.47 f 0.68 

pyridine H 3.23 2 0.42 
7.43 2 1.44 

pyridine OCH, 
pmethylpyridine OCH, 54.1 t 6.4 

pyridine NO, 
pyridine c1 
pyridine CH 3 

61.2 t 13.2 

In benzene at 40 "C. 

present results eliminate the possibility of the mechanism of 
electrophilic substitution. 

The rate was dependent on the concentration of pyridine 
as is shown in Table 111. Reciprocal plots of the observed 
rate constant against pyridine concentration are shown in 
Figure 2. Under the conditions of constant iodine concen- 
tration, a linear relationship was observed. This dependency 
is consistent with the mechanism of eq 5-7. The mechanism 

kl 
( 5 )  

( 6 )  

(7) 
leads to the rate expression of eq 8. The rate constant kl and 

(8) 

RCO(DH),(PY) RCo(DW2 + PY 

RCo(DH), + I2 2 RI + I C O ( D H ) ~  
rapid 

ICo(DH)2 + PY - ICO(DH),(PY) 

kIk,[Il [I21 - kl [I1 d[II 
dt k-l[PYl + k2[121 1 + k-,[PYl/k2[I,I 

- - -- - 

the ratio of k-l/k2 of complex IC is estimated from the intercept 
and the slope of Figure 2 as follows: kl  = (6.00 f 0.33) X 

s-I and k-,/k2 = (1.36 f 0.09) X 10-I. With no extra 
addition of pyridine, the concentration of iodine was 30 times 
as large as that of complex I, to which the maximum con- 
centration of pyridine is limited. In addition, the concentration 
of free pyridine in equilibrium would be very low because of 
the high reactivity of five-coordinated complexes in the lig- 
and-exchange reactions. The ratio of k-,/k2 will vary with 
the benzyl substituent, but the small value of the pyridine to 
iodine concentration ratio makes the second term in the de- 
nominator small enough to be negligible compared with 1.0. 
Therefore the observed pseudo-first-order rate constant cor- 
responds to the rate constant of dissociation, kl. Slow for- 
mation of strongly colored pyridinium ion made it difficult to 
determine k-l/k2 for complexes other than complex IC. 

The rate constants of dissociation of pyridine are listed in 
Table IV. Electron-releasing para-substituents of the benzyl 
group increased the rate of reaction, and introduction of the 
4-methyl group in the pyridine ring made the rate less although 
the effect is not large. A g o d  Hammett-type relationship was 
present between the rate constants and u+26 with a p +  value 
of -1.48 at 40 "C as shown in Figure 3. The effect is larger 
than that for the electrophilic substitution reaction of the same 
substrate with mercury(I1) ion (p = -1.18)24 and bromination 
or iodination of para-substituted benzylpentaaquochromium- 
(III).t7 The Hammett-type relationship pertaining to the trans 
effect has been reported only for the dissociation of pyridine 
from alkylbis (dimet h ylgl yoximato) (pyridine) cobal t (111) in 
water. The p value is -4.13 against Taft's u * . , ~  The effect 
of the benzyl substituent is smaller because of the more distant 
position of substitution, but the effect is large considering that 
the reaction center, the cobalt-pyridine bond, is isolated from 

(26) Swain, C. G.; Lupton, E. C . ,  Jr. J.  Am. Chem. Soc. 1968, 90, 4328. 
(27) Chang, J.  C.; Espenson, J. H. J .  Chem. Soc., Chem. Commun. 1974, 

233. 
(28) Brown, K. L.; Lyles, D.; Pencovici, M.; Kallen, R. G. J. Am. Chem. Soc. 

1975, 97, 7338. 

substrate AH*, kcal mol-' AS*, cal mol-' deg-' 
~~ 

I C  20.0 t 0.6 -5.6 2 1.0 
Ib 20.4 t 0.1 -7.0 f 0.2 
Ia 20.8 * 0.6 -7.7 t 1.0 
Id 21.0 2 0.7 -8.0 * 1.3 
Ie 22.2 f 2.1 -8.4 t 4.8 

a Calculation was carried out for the values of each substituted 
complex on the lines of Figure 4. Values of AH' (kcal mol-l) 
and AS* (cal mol-I deg-') obtained fonn the original experimental 
values are respectfully as follows: IC, 15.9 t 2.7, -18.3 2 4.8; 

21.5 f 4.0,-6.3 t 5.4;Ie, 18.1 t 0.1,-23.0 f 0.2. 

the conjugation of the benzene ring by a methylene group. The 
reaction center of the electrophilic substitution of complex I 
with mercury(I1) ion is the benzylic carbon itself, but the p 
value is a little smaller. Therefore the effect of the substituent 
on the benzene ring seems to be effectively transmitted to 
cobalt through the methylene group. As the effect of sub- 
stituents is not transmitted effectively through CT bonds, the 
result suggests some extent of ?F character in the bonding 
between cobalt and carbon, or there might be a contribution 
of U-T c o n j ~ g a t i o n . ~ ~  The better correlation with u+ rather 
than u indicates that the resonance effect of the para sub- 
stituent extends through the benzylic carbon to the reaction 
center and thus supports the above assumption. 

The larger substituent effect on ligand dissociation compared 
with the electrophilic substitution by mercury(I1) ion might 
be explained also by the parallel and perpendicular effect of 
the substituent at the transition state.30 Pyridine dissociates 
along the reaction coordinate which is almost parallel to the 
benzene ring, whereas the approach of the Hg(I1) ion and 
departure of the cobalt complex takes place at  a perpendicular 
position to the benzene ring. The substituents on a benzene 
ring which is perpendicular to the reaction coordinate gives 
a smaller substituent effect. 

The kinetic parameters measured at the temperature range 
of 40-60 OC are summarized in Table V. The values of 
lie within the range of reported values for the base exchange 
of methylbis(dimethylglyoximato)cobalt(III) complexes by 

Ib, 20.6 t 1.8,-6.8 ? 3.3;Iq 27.9 f 0.4, 14.5 t 7.O;Id, 21.5 

(29) Hosomi, A,; Traylor, T. G. J .  Am. Chem. Soc. 1975, 97, 3682. 
(30) McLennan, D. J. Tetrahedron 1978, 34,2331. 
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N M R   method^.^^,^^ Entropy of activation was negative, in 
contrast to the dissociation of trimethyl phosphite in tolu- 
ene-d6,32 which has a positive entropy of activation. Negative 
values of AP suggest the increase in solvation at the transition 
state. Although the rate constants did not significantly change 
with temperature, there is a distinct trend in the substituent 
effect. In the order of the increasing effect of substituents, 
AIP becomes less in accordance with the higher trans effect. 
The entropy of activation increases in this order. The tendency 
is in accordance with a reactant-like transition state in the case 
of an electron-releasing group and a product-like transition 
state for the more stable complex of an electron-withdrawing 
substituent on the benzene ring. 

In the mechanism presented above, a purely dissociative 
mechanism for pyridine dissociation is assumed in eq 5 instead 
of a dissociative interchange. If the reaction proceeds through 
a dissociative interchange, the independence of the observed 
rate constants to the iodine concentration would require the 
fast and complete coordination of iodine to complex I. 'H 
N M R  spectra of complexes Ia-e were measured at -50 OC 
in CDC13 to check this point. Addition of iodine showed a 
slight downfield shift, but the shifts had no systematic trend. 
The signals did not show any broadening. These observations 
indicate that the small shift is caused by a change of medium. 
In addition, the apparent zero-order kinetics with benzylcobalt 
in excess is inconsistent with the assumption of complete co- 
ordination of iodine. The absorption of 12-benzene at 500 nm 
did not show any faster change, and the monotonic change of 
absorbances in the whole wavelength excludes a prior complex 
formation between iodine and the substrates. 

The exclusive reaction of iodine with the base-off form is 
worthy of note. The high reactivity of the base-off form has 
been found in the electrochemical reduction of vitamin B12a.33 
The base-off form is reduced 150 times faster than the base-on 
form. 

The preference of the base-on form over the base-off form 
has been proposed by Kiskis and Jensen for the insertion of 
dioxygen into the cobalt-carbon bonds of several alkyl(pyri- 
dine)cobaloximes on the ground that addition of pyridine has 
no effect on the rate of thermal reaction." The rational for 
the higher reactivity of the base-off form is difficult to draw, 
but the facility of inner-sphere oxidation of ~ o b a l t ( I 1 ) ~ ~  and 
other bivalent metal complexes35 by iodine suggests that a 
similar inner-sphere electron-transfer mechanism with iodine 
as electrophile is operating here in preference to an outer- 
sphere electron transfer of the six-coordinate base-on form. 
A close analogy to the present result is found in the reaction 
of oxygen with heme, which proceeds easily with a five-co- 
ordinate form but does not react easily with a six-coordinate 
form.15 Electrophilic substitution of methyl B12 and me- 
thylcobalamin by mercury(II)36 and tetra~hloropalladate(II),~~ 
however, showed the reverse reactivity. In these cases the 
base-on form is more reactive than the base-off form, in which 
an electrophile coordinates on the base. 

As described earlier, the stereochemistry of halogenation 
of alkylbis(dimethylglyoximato)cobalt(III) complexes has been 
shown to proceed with inversion in dichloromethane," which 
is accepted as evidence for successive reactions with initial 
electron transfer. In contrast, retention of stereochemistry has 

Guschl, R. J.; Brown, T. L. Inorg. Chem. 1973, 12, 2815. 
Guschl, R. J.; Stewart, R. S.; Brown, T. L. Inorg. Chem. 1974,13,417. 
Tacconi, N. R.; Lexa, D.; SavCnt, J. M. J .  Am. Chem. Soc. 1979,101, 
467. 

(34) Woodruff, W. H.; Burke, B. A,; Margerurn, D. W. Inorg. Chem. 1974, 
1 3  4 c - 9  
1 2 ,  LJIJ. 

(35) Woodruff, W. H.; Margerum, D. W. Inorg. Chem. 1974, 13, 2578. 
(36) DeSirnone, R. E.; Penley, M. W.; Charbonneau, L.; Smith, S. G.; Wood, 

J.  M.; Hill, H. A. 0.; Pratt, J. M.; Risdale, S.; Williams, R. J .  P. 
Biochem. Biophys. Acta 1973, 304, 851. 

(37) Scovell, W. M. J .  Am. Chem. Soc. 1974, 96, 3451. 
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been reported for electrophilic substitution of optically active 
derivatives of alkylpenta~arbonylmanganese(1)~~ and alkyl- 
dicyclopentadienylchlorozirconium(IV).39 The stereochem- 
istry of the present system was examined with an optically 
active (phenylethyl)bis(dimethylglyoximato)(pyridine)co- 
balt(II1) to cornfirm Occurrence of successive reactions. Io- 
dination was carried out in the presence of tetra-n-butyl- 
ammonium chloride because 1-phenylethyl iodide, the product, 
is too unstable to be isolated for determination of optical purity. 
If the reaction takes place through the successive reactions, 
the high concentration of chloride ion would facilitate the 
nucleophilic substitution of the cation radical to give phe- 
nylethyl chloride with inversion of the configuration. Even- 
tually 1-phenylethyl chloride was isolated by a silica-gel 
column in a yield of 56%. The corresponding iodide was not 
found in the products, but a substantial amount of styrene was 
present. Phenylethyl chloride thus isolated showed a 3.0 f 
0.3% excess of inversion product. The stability of the (1- 
pheny!ethyl)bis(dimethylglyoximato)cobalt(IV) cation radical 
is expected to be low because this would dissociate easily in 
a cage into a resonance-stabilized stable (phenylethy1)carbe- 
nium ion or a radical and cobalt(I1) or cobalt(III), respectively, 
to bring about the loss of optical activity. The figure presents 
sufficient evidence for the successive reactions. The presence 
of styrene in the product suggests partial dissociation of the 
cation radical into a free (phenylethy1)carbenium ion and 
cobalt(II),12 but corresponding dissociation into an organic free 
radical and cobalt(II1) would be less probable because of the 
absence of dimerization product. 

Therefore, it is proposed that the iodination of base-free 
complex I proceeds by a mechanism with initial electron 
transfer as represented by eq 9-12. A possible fate of the 
cation radical is shown in eq 11. 

R C O ( D H ) ~  + I2 - RCo(DH),+. + 12-a (9) 

(10) 

(1 1) 

(12) 

RCO(DH)~+.  e (Re + Co(II1)) and/or (R' + Co(I1)) 

RCo(DH)2+* + X- - RX + Co(I1) 

1Z-m + Co(I1) - I- + C O ( D H ) ~ I  

Thus the high reactivity of the five-coordinate cobalt(II1) 
complex in the oxidation process has been demonstrated. The 
result tends to confirm the importance of the five-coordinate 
form in the redox reaction of hemoproteins exemplified by 
myoglobin and hemoglobin which have five-coordinate iron(I1) 
protected from unfavorable irreversible reaction by g10bin.l~ 
A five-coordinate form is also noted for oxygenases, per- 
oxidases, and cytochrome P-450.@ 
Experimental Section 

Substituted benzylcobalt complexes were sensitive to light, and all 
experiments were carried out in the dark. Some of the spectra of the 
substrates and products are shown in Figure 4. 

Reagents and Instruments. Substituted benzylbis(dimethy1- 
glyoximato)(pyridine)cobalt(III) was prepared by the method of 
Schrauzer4' under basic conditions and recrystallized from 2-butanone. 
All complexes gave satisfactory elemental analyses. Iodine was the 
doubly sublimed reagent of Aldrich Co. Bis(pyridine)iodonium 
perchlorate,'* nitrosyl ~hloride,'~ and nitrasodurene" were prepared 

(38) Johnson, R. W.; Pearson, R. G. Inorg. Chem. 1971, 10, 2091. 
(39) Labinger, J .  A.; Hart, D. W.; Seibert, W. E., 111; Schwartz, J. J .  Am. 

Chem. Soc. 1975, 97, 3851. 
(40) La Mar, G. N.; Gaudis, J. D. Ado. Chem. Ser. 1977, No. 162, 207. 
(41) Schrauzer, G. N. Inorg. Synth. 1968, 11, 66. 
(42) Brauer, G. "Handbook of Preparative Inorganic Chemistry", 2nd ed.; 

Academic Press: New York, 1963; Vol. 1, p 327. 
(43) Morton, J .  M.; Wilkox, H. W. W. Inorg. Synth. 1953, 4, 48. 
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spectrophotometer. A gas chromatograph (Yanaco G8), a mass 
spectrometer (JMS-OISG), an NMR (Varian T60), and a polarimeter 
(Perkin-Elmer 241) were used for analyses. 

Product Analyses. Complex I and 1.1 molar equiv of iodine were 
stirred in benzene at 40 'C. The reaction mixture was concentrated, 
the precipitate was filtered off, and the filtrate was refluxed with 
NaOCH, in methanol. The precipitate was an analytically pure iodo 
complex, 11. The yield of anisole derivative was determined by gas 
chromatography. In the case of the pmethoxy complex the mixture 
after treatment by NaOCH3 was chromatographed on silica gel with 
benzenehexane as eluant to give a compound with m/e 271 in a yield 
of 18.7%, which is identified as a mixture of p-methoxy(p'-meth- 
0xybenzyl)benzyl methyl ethers, 111' (NMR: 3.35 (3 H), 3.63 (2 H), 

OC H3 

cH30*cHz+ 

CHzOCH3 

111' 

3.69 (3 H), 3.80 (3 H), 4.38 (2 H), 6.83-7.28 (7 H) ppm. Iodination 
of optically active cobalt complex (500 mg, 1.05 mmol) was carried 
out by stirring the complex with iodine (300 mg, 1.18 mmol) and 
tetrabutylammonium chloride (1.40 g, 5 mmol) in 50 mL of benzene 
for 14 h. The reaction mixture was chromatographed on silica gel 
with hexane as eluant to obtain 107 mg of organic product after 
removing the solvent, which contained 83 mg of phen lethyl chloride 

0.16' (c = 1.24 X benzene). After correction for the purity of 
original chloride, the selectivity of iodination reaction was determined 
to be 3.0 f 0.3%. 
Stoichiometry. Spectrophotometric titration was carried out at 370 

nm by adding a benzene solution of iodine to three complexes of the 
concentration of 8.0 X M. 

Kinetic Study. The rate of iodination was measured spectropho- 
tometrically in benzene after addition of a cobalt complex into a 
benzene solution of iodine and additives if necessary. The experiment 
with complex I in excess was measured at 500 nm. The reaction rate 
was influenced by the contact of the solution of iodine with a metallic 
species such as a hypodermic syringe and also by the aging of the 
benzene solution of iodine. It is probable that there is some impurity 
which influences the rate of reaction significantly. Kinetic mea- 
surements were carried out by using freshly prepared solutions without 
contact of metallic species with iodine solution to improve the re- 
producibility. 

Treatment with Oxygen. Complex Ia (150 mg) in 10 mL of 
benzened6 was stirred for 20 h at 40 'C under an oxygen atmosphere, 
and the 'H NMR spectrum of the solution was measured occasionally. 
No significant change was found in the spectra. 
'H NMR Spectra of Iodination. 'H NMR spectra of complex Ia-e 

were measured at -50 'C in CDC13, and the shift of each absorptions 
after the addition of iodine was determined. The results are sum- 
marized in Table VI. 
Registry No. Ia, 27860-79-3; Ib, 36583-14-9; IC, 42194-65-0; Id, 

56669-78-4; Ie, 56498-374, If, 76157-49-8; 11,41659-64-7; 111' (isomer 
l), 76157-67-7; 111' (isomer 2), 76156-68-8; 111' (isomer 2), 76156- 

(56%). The chloride showed optical rotation ([aID) Z Y  being 1.78 f 

68-8; 12,7553-56-2; PhCH(CH,)CO(DH),(py), 76189-81-6; CH30- 
C&CHzI, 70887-29-5; C6HSCHz1, 620-05-3; N O Z C ~ H ~ C H ~ I ,  
3 145-86-6; dimethylglyoxime Obenzyl ether, 35584-80-6; 1,2-bis- 
@-methoxyphenyl)ethane, 10543-21-2; dimethylglyoxime, 95-45-4; 
benzyl chloride, 100-44-7; p-methoxybenzyl chloride, 824-94-2. 

I 
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Figure 4. Absorption spectra of substrates and products: -.-, 
C~HSCH$~(DH)Z(PY); ..., CH~C~H~CHZCO(DH)Z(~Y);  -, 
N ~ ~ C ~ H ~ C H ~ C O ( D H ) Z ( ~ ~ ) ;  - - - , Co(DH),(py)I + benzyl iodide. 

Table VI. Effect of Iodine on the Chemical Shift of 
Parasubstituted 
Benzylbis(dimethylglyoximato)(pyridine)cobalt(III) 

chem shift, ppm from Me,Si 
Original I, addition 

substrate CH, DH-Me CH. DH-Me 
IC 2.867 1.966 2.883 1.990 
Ib 2.829 1.988 2.983 1.993 
Ia 2.834 1.985 2.912 1.978 
Id 2.734 2.005 2.85 1 2.005 
Ie 2.721 2.004 2.843 2.042 

according to the literature. Optically active (1-phenylethyl)bis(di- 
methylglyoximato)(pyridine)cobalt(III) was prepared from (+)- 1 - 
chlorophenylethane which was synthesized from (-)- 1-phenylethanol 
(Norse Laboratories Inc.) by the literature method.45 ([a]:: = 
+54.13" (1 dm, neat), optical punty 43.2%).& Molar optical rotation 
of the cobalt complex ([a]k5) was found to be -22' (c = 2.32 X 10-4, 
benzene) and was -51' after being corrected for the purity of the 
starting material. Authentic samples of the gas chromatographic 
analyses were prepared as follows. Dimethylglyoxime Obenzyl ether 
was prepared by stirring a mixture of dimethylglyoxime (1.7 mmol), 
sodium carbonate (0.6 mmol), and benzyl chloride (0.6 mmol) in 5 
mL of dimethyl sulfoxide at 60 "C overnight, followed by working 
up with dichloromethane-water in 84% yield; mp 100-101 'C. Anal. 
Calcd for CllH14Nz0z: C, 64.06; H, 6.84; N, 13.58. Found C, 64.01; 
H, 6.85; N, 13.92. 1,2-Bis@-methoxyphenyl)ethane was prepared 
by refluxing a mixture of p-methoxybenzyl chloride and sodium in 
benzene (75%). Anal. Found: C, 79.36; H, 7.48. Other materials 
were reagent grade. Kinetic studies were run with a Union SM 401 

(44) Terabe, S.; Kurnura, K.; Konaka, R. J .  Chem. Soc., Perkin Truns. 2 
1973, 1252. 

(45) Streitwieser, A., Jr.; Reif, L. J.  Am. Chem. Soc. 1964, 86, 1988. 
(46) Hoffman, H. M. R.; Hughes, E. D. J .  Chem. Soc. 1964, 1244. 




