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Figure 3. Cyclic voltammograms of methylcobalamin. Details are 
discussed in the section on electrochemical oxidation of methyl- 
cobalamin. The sweep rate was 2 mV s-l at a gold minigrid, and the 
pH was 7.2. 

observed upon reduction after a one-electron transfer produced 
by using y-radiolysis methods.1° Note that this scission must 
be classified as heterolytic. 

Electrochemical Oxidation of Methylcobalamin. Figure 3 
shows a typical thin-layer cyclic voltammogram for methyl- 
cobalamin at  a gold minigrid electrode. A single irreversible 
wave is observed with a peak potential of +0.87 V vs. SCE 
on the initial positive scan. The subsequent negative scan and 
the second cycle (dashed line) exhibit peaks that are identical 
with those obtained for aquo[Co(III)]cobalamin (Blh) under 
identical conditions. On the second cycle, the anodic peak at 
+0.87 V is much smaller, and on a third cycle (not shown), 
it cannot be observed. 

Spectroelectrochemical experiments show that on oxidation 
of methylcobalamin at  +0.80 V, Blh is quantitatively produced 
(see labeled curve, Figure 2C). Methanol was identified by 
gas chromatography as the only other product. Thus, the 
cobalt-carbon bond is cleaved during the oxidation reaction. 
Controlled-potential coulometry at +0.8 V in an Au minigrid 
thin-layer cell gave an n value of 2.00 f 0.07 for 10 deter- 
minations. It should be pointed out that neither B12a nor 
vitamin B12, cyano[Co(III)]cobalamin, show any oxidative 
wave before solvent breakdown in the pH range 1-1 1 at  an 
Au minigrid electrode. 

On the basis of these experimental results, the mechanisms 
for the redox reactions of the methylcobalamin and coenzyme 
B12 can be postulated. We find that the carbon-cobalt bonding 
and reactions can be explained with a simple two-level (a, a*) 
molecular orbital model.” Oxidation at the electrode consists 
of a two-electron transfer out of the bonding orbital at about 
+0.9 V vs. SCE. The cobalt is formally Co(II1). The methyl 
group leaves as its carbocation which, typically, will react with 
water as the nucleophile, producing methanol as the product.12 

The mechanism of reduction is less obvious since only a 
one-electron reduction occurs. We postulate that the single 
electron does go into the a* orbital from the electrode. From 
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electrochemical arguments at  this large, negative potential, 
a two-electron transfer would be anti~ipated.~?’ The second 
electron transfer is unobserved. This probably is due to the 
significant solvent reorganization required in analogy with the 
reduction of the methyl radical itself.I6 Thus, the one-electron 
product must be reacting relatively rapidly but away from the 
electrode interface to form [Co(I)]cobalamin and ethane. This 
formation of ethane parallels the results found when the methyl 
radical is formed from methylcobalamin by photolysis.’’ The 
reduction and concomitant heterolytic cleaving of the Co-C 
bond indicate that the cobalamin chelate is acting as a good 
leaving group. The mechanism can be explained”J* analo- 
gously to one-electron scission observed on reduction of alkyl 
halides and other organic species.19 
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The typical pattern observed’*2 for the visible-near-UV 
photochemistry of substituted pentacyanoferrate(I1) com- 
plexes, Fe(CN)5L3-, is the replacement of L by another ligand, 
as represented by reaction 1. The parallel photoreaction 2, 
leading to tetracyanoferrate species, has been reported to be 
minor or nonexistent at the irradiation wavelengths typically 
employed for the photolysis (e.g., 365 and 436 nm). 

Fe(CN)5L3- + H 2 0  Fe(CN),H203- + L (1) 

Fe(CN),L3- + H20 Fe(CN),(H20)L2- + CN- (2) 
It has been suggested’ that the photodissociation of a 

cyanide ligand would be less favored than for a neutral ligand, 
because of the charge separation involved in the process. 
Alternatively, the extent of labilization of the Fe-CN bond 
in the excited state would be insufficient to prevent the re- 
combination of the quasi-dissociated species before the attack 
of the solvent molecules. With use of ethylenediamine as the 
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ligand L, there is a chance that the terminal NH2 group might 
assist the dissociation of the cyanide ion from the metal, 
perhaps by forming an incipient chelate ring in the excited 
complex. The complete labilization of the cyanide ion would 
thus allow for a ring closure process, yielding a tetracyano- 
ferrate(I1) complex with a bidentate ethylenediamine ligand, 
as in reaction 3. To test this hypothesis, we have investigated 
the photochemistry of the pentacyano(ethy1enediamine)- 
ferrate(I1) complex in aqueous solution. 

Notes 

Experimental Section 
The complex Na3Fe(CN),NH,.3H20 was prepared as described 

in the literature! The pentacyano(ethylenediamine)ferrate(II) 
complex was synthesized from the previous compound in the presence 
of a high excess of eth~lenediamine.~ The tetracyano(ethy1enedi- 
amine)ferrate(II) complex was prepared as described by Goto et aL6 
All other chemicals were reagent grade and used as supplied. 

The photolysis of the Fe(CN)5en3- complex was carried out with 
a Hanau St-75 mercury lamp, equipped with a Coleman 12225 filter, 
which transmits essentially the 366- and 334-nm emission lines, of 
relative intensities 100 and 7, respectively. All the experiments were 
performed at 25 OC, with use of 5 cm pathlength quartz cells under 
argon atmosphere, in the presence of variable amounts of ethylene- 
diamine. 

The quantum yields were based on ferrioxalate actinometry' and 
on the analysis of the cyanoiron species. The Fe(CN),en3- complex 
was analyzed spectrophotometrically, after a ligand-exchange reaction 
with pyrazinamide in large excess was carried out, for at least 40 min 
in the dark. The Fe(CN)4en2- complex that resulted from the pho- 
tolysis was isolated by ionic-exchange separation, after the excess of 
Fe(CN)5en3- was converted to Fe(CN)5isonic" in the presence of an 
e x a x  of lithium isonicotinate. This procedure was necessary in order 
to improve the separation with the Agl-X2 Bio-Rad (C1-) resin by 
modifying the charge of the labile species, with no effect on the nature 
of the photochemical product. The isolated Fe(CN),en2- complex 
was then detected spectrophotometrically and checked by the oxidation 
reaction with ferricyanide at  pH 12.5, forming a deep red tetracyano 
diimine complex.* 

All absorption spectra and absorbance measurements were recorded 
on a Cary 17 spectrophotometer. The contribution of thermal reactions 
(usually negligible) was controlled by the use of a dark sample that 
was prepared in a manner identical with that used for the photolyzed 
sample. 
Results and Discussion 

The electronic spectrum of the Fe(CN),en3- complex shows 
an absorption band at 395 nm (c = 4.6 X lo2 M-' cm-'), which 
can be assigned to a ligand field transition from the 'Al ground 
state to the 'E( 1) component of the 'TI, state of 0, symmetry. 
The second 'A2 component is expected around 325 nm by 
comparison with the Fe(CN)64- ion. The energy of the ob- 
served ligand field transition of Fe(CN),en3- is close to the 
corresponding transition in the pentacyanoferrate( 11) com- 
plexes of aromatic N he te rocy~ les .~J~  

The excitation in the metal-to-ligand charge-transfer bands 
of the N-heterocyclic complexes has been reported to yield 
photosubstitution of these ligands with high quantum yields.' 
A similar behavior has been observed in the ligand field ex- 
citation of the Fe(CN)5C03-2J1 and F ~ ( C N ) , A S O ~ H , ~ -  I 2  

(4) G. Brauer, "Handbook of Preparative Inorganic Chemistry", Vol. 2, 2nd 
ed., Academic Press, New York, 1965, p 151 1. 

(5) J. A. Olabe and P. J. Aymonino, J. Znorg. Nucl. Chem., 36, 1221 
(1  974). 
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(8) V. Goedken, J. Chem. SOC., Chem. Commun., 207 (1972). 
(9) H. E. Toma, E. Giesbrecht, J. M. Malin, and E. Fluck, Znorg. Chim. 

Acta, 14, 1 1  (1975). 
(10) H. E. Toma and J. M. Malin, Inorg. Chem., 12, 1039 (1973). 
( 1  1) H. E. Toma, N. M. Moroi, and N. Y. Murakami Iha, An. Acad. Bras. 

Table I. Quantum Yields of Ligand Field (366-nm) Photolysis 
of Some Cyanoiron Complexes 

~ 

ligand quantum 
remarks complex released yield 

CN- 0.086 9% photolysis" 
CN- 0.089 17% photolysisa 
CN- 0.089 25% photolysisb 
CN- 0.084 27% photolysif 
CN- 0.078 36% photolysisb 

Fe(CN) 

F ~ ( C N ) , A S O , H , ~ -  AsO,H, 0.09 0 'C, pH 6-8' 
Fe(CN),C03- co 0.9 d 

co 0.23 0.50 M KCle 

CN- 0.4 g 
Fe(CN),pz3- PZ 0.15 h 

cis-Fe(CN),(CNCH,), CNCH, 0.14 i 
trans-Fe(CN),(CNCH,), CNCH, 0.13 i 

a This work; [ Fe(CN),en3'] = 1.7 X lo-,  M, [en] = 1.8 X 
M. 
M. In the presence of nitrosobenzene." 300-370 nm.7 
e In the presence of imidazole." 

In  the presence of 
pyridine.' I254, 280, 313 nm.', 

Fe(CN),,- CN- 0.1 f 

Fe(CN) ,MpzZ- Mpz + 0.010 h 

This work; [Fe(CN),en3-] = 2.0 X lo-,  M, [en] = 3.1 x lo-' 

From pH measurements.'6 
In the presence of nitrosoben~ene.'~ 

complexes. Analogously, the photolysis of cis- and trans- 
Fe(CN)*(CNCH3), has been reportedI3 to give only Fe(C- 
N)2(CNCH3)3H20 as the initial primary photoproduct. The 
nature of the photoreactive excited states has been suggested' 
as ligand field in character, namely, 3E or 3A2. It is interesting 
to note that CO, CNCH,, and CN- are similar in their overall 
ligand field strengths. The several photochemical r ~ l e s ' ~ J ~  
would thus predict that aquation of either ligand could occur, 
instead of the specific labilization of CO and CNCH,. 

On the basis of the normal photochemical behavior of the 
pentacyanoferrates, the photoexcitation in the 'E( 1) ligand 
field band of Fe(CN)5en3- would lead essentially to the loss 
of ethylenediamine, as represented by eq 1. However, in the 
presence of an excess of ethylenediamine, this photochemical 
reaction is rendered ineffective by the rapid combination of 
the products, regenerating the starting complex. 

The Fe(CN),en" complex, in contrast with the pentacyano 
analogue,, was found to be very inert to substitution. This 
property eliminates the contribution of back-reaction 3, al- 
lowing one to analyze for both tetracyano and pentacyano 
species, independently. 

The photolysis of the Fe(CN),en3- complex carried out at  
366 nm, in the presence of ethylenediamine, produced only 
a small decay of the absorption at  395 nm. Unfortunately, 
the spectra of the starting complex and of the products of 
photolysis (Fe(CN),en2-, A,,, = 393 and 315 nm, t = 3.5 X 
lo2 and 3.7 X lo2 M-' cm-' , respectively) were too similar, 
precluding the direct analysis of the photochemical reaction. 
For this reason, the Fe(CN),en3- ion was converted to the deep 
red pentacyano(pyrazinamide)ferrate(II) complex, while the 
Fe(CN),en2- complex, which does not react with pyrazinamide, 
was separated by ionic exchange, as described in the Exper- 
imental Section. 

The quantum yields based on the decay of the Fe(CN),en3- 
complex agreed quantitatively with those obtained by the 
analysis of the Fe(CN)4enZ- product. Some of the typical 
results are shown in Table I. A systematic decrease of the 

(12) J. Legros, J. Chem. Phys., 61, 923 (1964). 
(13) G. Condorelli, L. Giallongo, A. Guiffrida, and G. Romeo, Znorg. Chim. 

Acta, 7 ,  7 (1973). 
(14) A. W. Adamson, J. Phys. Chem., 71, 798 (1967). 
(15) M. S. Wrighton, H. B. Gray, and G. S.  Hammond, Mol. Photochem., 

5, 165 (1973). 
(16) V. Carassiti and V. Balzani, Ann. Chim. (Rome), 50, 782 (1960). 
(17) G. Emschwiller and J. Legros, C. R. Hebd. Seances Acad. Sci., 261, 

1535 (1965). Cienc., in press. 



quantum yields was observed after 25% photolysis and was 
ascribed to the decay of the products in parallel with the 
primary process. 

An interesting example has been described in the literature, 
illustrating the exhaustive photolysis of the ferrocyanide ion 
in the presence of bipyridyl or phenanthroline.18 From this 
work, it became apparent that a ligand like phenanthroline 
could give some evidence for labile tetracyano intermediates. 
Due to its rigidity, 1 ,lo-phenanthroline does not coordinate 
to the pentacyanoferrate(I1) ion. On the other hand, the 
Fe(CN)4(H20)22- and Fe(CN),(H20)L2- intermediates are 
expected to be labile and thus to react with 1,lO- 
phenanthroline, forming Fe(CN),phen2-. 

The photolysis of the Fe(CN)5en3- complex, carried out in 
the presence of phenanthroline, yielded Fe(CN),en2- as the 
major product, with an approximate quantum yield of 0.063. 
The Fe(CN),phen2- complex was also found, but in small 
amounts, with a quantum yield smaller than 0.01, along with 
traces of Fe(CN)2(phen)2 and F e ( ~ h e n ) ~ ~ +  species. 

Independently of the mechanism involved, one can see that 
the photolabilization of the cyanide ion does take place with 
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relatively high quantum yields in the Fe(CN)5en3- complex. 
The efficiency is comparable to the normal substitution of L 
in the Fe(CN)5L3- complex, induced by direct ligand field 
excitation, as shown in Table I. On the other hand, it is 
certainly much higher than one would expect for reaction 2, 
where the regeneration of the quasi-dissociated species is likely 
to be more efficient than the attack of the solvent molecules. 
Then, it seems reasonable that, by forming an incipient chelate 
ring in the excited state, the ethylenediamine ligand could 
overcome this kind of effect in the pentacyanoferrate~.'~ 

An analogous behavior has also been found in the photolysis 
of metal he~acarbonyls,~ where in the presence of monodentate 
ligands the monosubstituted species M(CO)SL are produced 
as the major species, while with bidentate ligands the chelate 
species M(CO),(Chel) predominate. 
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Direct MCD Identification of Electronic Excited States of 
trsns-M~(CO)JP(n-Bu)~]~ and the MO Origins and MO 
Fates of the Excitation Processes 

Sir: 
Several authors' recently concerned themselves with elec- 

tronic excited states of substituted group 6 (Cr, Mo, W) 
carbonyl complexes and made direct state assignments using 
MCD spectroscopy. The MCD of parent molecules M(CO)6 
has also been reported.2 In this publication we report the 
measurement and interpretation of the MCD spectrum of a 
trans tetracarbonyl, fr~ns-Mo(CO),[P(n-Bu)~]~, with inter- 
esting results about the four lowest energy spin-allowed excited 
states. The study of this first trans carbonyl was needed 
because u - g charge-transfer bands can be differentiated 
from all d-d bands. MCD spectra are complemented with 77 
and 300 K optical data. Firm state and orbital assignments 
are made. The results so obtained are also interesting because 
band polarizations cannot come from crystal spectroscopy since 

(a) MCD data on numerous chromium, molybdenum, and tungsten 
pentacarbonyl amine molecules and others of A. F. Schreiner, S. Amer, 
and W. M. Duncan have appeared: R. M. Dahlgren, Ph.D. Dissertation, 
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1448 ( 1979); Inorg. Chem., 18, 597 (1979). (b) A. F. Schreiner, S. 
h e r ,  W. M. Duncan, R. M. Dahlgren, and J. I. Zink, Abstracts, 178th 
Natinal Meeting of the American Chemical Society, Washington, D.C., 
Sept. 1979, No. INOR 219. (c) G. Boxhoorn, D. J. Stufkens, P. J. F. 
M. van de Coolwijk, and A. M. F. Hezemans, J .  Chem. SOC., Chem. 
Commun., 1075 (1979). (d) A. F. Schreiner, S.  Amer. W. M. Duncan, 
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F. M. van de Coolwijk, and A. M. F. Hezemans, Inorg. Chem., 20,2778 
(1981). 
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ented at the Symposium on Molecular Structure and Spectroscopy, 
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Figure 1. Room-temperature optical and MCD solution spectra of 
tr~m-Mo(CO),[P(n-Bu)~]~ in cyclohexane. [e], is the molar ellipticity 
for a field intensity of 1 G, and c has units M-I cm-I. 

there is no suitable optical host for such carbonyl molecules. 
Furthermore, polarized crystal spectra can almost never dif- 
ferentiate between the details of the MO nature for two 
possible excited-state assignments, lEla and lE?. This dif- 
ferentiation can be made by MCD if opposite-sign A terms 
are present due to their different configurational compositions. 
The present findings have interesting implications in the areas 
of photochemistry and electronic structures of carbonyl com- 
plexes. 

Quantities of frans-Mo(CO),[P(n-B~)~] having the same 
properties (IR, optical, melting point) were synthesized from 
each of two procedures by modifying one (method A) that 
starts with M o ( C O ) ~ ~  and using a second one that starts with 

(3) S.  0. Grim, D. A. Wheatland, and W. McFarlane, J.  Am. Chem. SOC., 
89, 5573 (1967). 
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