
225 

Journal of Organometallic Chemistry, 182 (1979) 225-237 
0 Eisevier Sequoia S-A., Lausanne - Printed in The Netherlands 

PHOTOLYSIS OF ALKYLCOBALOXIMES, METHYL-SALEN, 
COBALAMINES AND COENZYME B12 IN PROTIC SOLVENTS: AN ESR 
AND SPIN-TRAPPING TECHNIQUE STUDY 

Ph. MAILLARD and C. GIANNOTTI * 

Insfifut de Chimie des Substances NaturelIes, C.N.R.S., 91 I90 Gif sur Yvette (France) 

(Received April 30th 1979) 

The photolysis in protic solvents in the visible region >420 nm_of several 
alkylcobaloximes, cobalamines, methyl salen, and doenzyme BIZ has been 
studied by ESR spectroscopy including the use of spin-trapping techniques 
involving 5,5’-dimethylpyrroline-N-oxide (DMPO), phenyl-N-t-butylnitrone and 
e-4pyridyl-1-oxide-N-t-butylnitrone. During the photolysis, hydrogen atoms 
are probably abstracted from the C(10) position of the corrin equatorial ligand 
in the case of coenzyme B12 and cobalamine derivatives. The ESR spectra of 
the anaerobic photolysis of alkylcobaloximes in aprotic solvents in the presence 
of DMPO, followed by the addition of air or pure oxygen, provide evidence for 
intraligand radical spin-trapping reactions. 

Introduction 

The use of spin-trapping techniques for quenching short-lived intermediates 
has led to an increased understanding of the mechanisms of photochemical reac- 
tions of transition metal complexes [l-5]. In order to determine the nature of 
the intermediates produced during the photolysis of cobalt(II1) complexes and 
cobalamine derivatives in protic media, we have irradiated samples of alkylco- 
b&(111) complexes in the presence of spin-traps inside the ESR cavity [Z]. 

In a previous paper we described [2] the photolysis of several cobalt(II1) 
complexes in aprotic solvents and showed by ESR techniques and the use of 
several spin-traps that the light-induced excitation of these complexes is fol- 
lowed by the abstraction of a hydrogen atom and homolytic cleavage of the 
Co”‘-C bond. In this paper we report the results of an ESR study of the 

* Author to whom inquiries should be directed. 
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photoiysis in protic solvents of some alkyicobaloximes, a salen derivative, 
methyl- and cyano-cobalamines, and coenzyme BLZ in protic solvents. 

Experimental 

The alkyicobaloximes (I-III) and the salen compound (IV) were prepared 

1 RcCH3 x= Py IV R=CH, X= Py 

II R--C,H, x = Py 

111 RSH2 CH,OH X = py 

by published methods [6,7,8] ; coenzyme B12, cyanocobalamine, and methyi- 
cobalamine were obtained from Roussei-Uciaf and used without further puri- 
fication. 1702 was provided by the Nuclear Research Centre (Saclay). 

Solutions of compounds V-VII (5 X 10e3 M) in carefully purified methanol, 
water, or the corresponding deuteriated derivatives (CD,OD, D,O), were 
degassed at less than 10v3 torr on a mercury vacuum line by means by at least 
five freeze-pump thaw cycles. Solutions of compounds I-IV, which were less 
sensitive to molecular oxygen, were deoxygenated by bubbling through a slow 
stream of tigon for 20 min_ The deoxygenated solutions were immediately 
transferred into a quartz ESR flat cell and introduced into an ER-400X-RL 
cavity of a Bruker ER420 spectrometer equipped with a B-ST 100/700, B-MN 
12, and B-A6 accessories for variable temperature, magnetic field calibration, 
and frequency measurements, respectively. 

Irradiation was carried out with a Hanovia 977 B-0090 1OOOW Hg-Xe ate 

lamp in a model LH15 1H Schoeffel lamp housing. The light was focused 
through quartz lenses and filtered through 15 cm of flowing water and a 
Coming 3-73 filter. The spin-traps used were 5,5’-dimethylpyrroline-N-oxide 
(DMPO) [ 91, nitrosodurene (ND), phenyl-N-t-butylnitrone (PBN) [lo-l23 and 
c+4-pyridyi-1-oxide-N-t-butylnitrone (4-POBN) [13] (5 X 10m2 M concentra- 
tion). All spin-adducts with PBN in methanol solution are very sensitive to 
light. In order to get ESR spectra corresponding to these spin-adducts with 
PBN we used a flash technique. ‘H NMR spectra were recorded on a ‘H 90 MHz 
Bruker spectrometer_ The spin concentrations were measured by use of a BER 
400 TE104 double cavity and a known concentration of DPPH (ar,cY’-diphenyi-p- 
picrylhydrazine). 
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Results 

We first showed that anaerobic photolysis of methanolic or aqueous solu- 
tions of alkylcobaloximes (I-III), salen derivative (IV), cobalamines (V, VI), 
and coenzyme Blz (VII) containing DMPO, PBN or 4-POBN, prepared in the 
dark, give no ESR signal. Furthermore, UV and ‘H NMR spectroscopy indi- 
cated that there was no reaction or association between the spin-traps and the 
cobalt(II1) complexes_ 

On irradiation with visible light (v > 420 nm), anaerobic methanol or metha- 
nol-d, solutions of alkylcobaloximes (I-III) at 290 K containing DMPO as spin- 
trap immediately exhibit the characteristic ESR spectrum of hydrogen atom- 
trapped adduct (mu 20.17 G, au 15.16 G [14-161) however, if photolysis is 
carried out with PBN instead of DMPO as spin-trap, an ESR spectrum corre- 
sponding to the axial alkyl free-radical adduct is observed (Table 1). 

The photolysis of anaerobic methanol or methanol-& solutions of the salen 

TABLE 1 

HYPERFINE SPLITTING CONSTANTS FOR NITROXIDES PRODUCED BY RADICAL -4DDITIONS 

TO PHENYL-N-t-BUTYLNITRONE (PBN) AT ROOM TEMPERATURE IN METHANOL 

R Radical source giso 
+.0.0003 

Splittiig constants (G) 

a(N) w(H) 

CH3 VI. I 2.0054 15.50 3.83 
CN V 2.0054 14.42 2.83 
CH(CH3)2 II 2.0055 15.33 2.99 

CHZCHZ OH III 2.0059 13.83 1.83 

5-Deoxyadenosyl VII 2.0061 15.25 3.49 
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derivatives IV with DMPO as spin-trap results in a rather more complicated 
ESR spectrum which can be interpreted as the superimposition of the ESR 
spectra of the axial methyl radical ((I~ 15.35 G, au 21.92 G) and the hydrogen 
atom spin-adduct [2,14-161, the spin density of the latter being twice that of 
the former. 

Photolysis of a methanol solution of compound IV with PBN under the same 
conditions immediately shows an ESR spectrum characteristic of the methyl 
free-radical adduct; if the photolysis is stopped, the hydrogeh adduct appears 
slowly. 

ESR study of the anaerobic photolysis of cobalamines V and VI in methanol 
solution with DMPO and PBN reveals only the addition of the methyl 1143 and 
cyan0 free-radicals to the spin-traps an 15.17 G, au 21.92 G on the DMPO and 
cN 14-42 G, au 2.83 G on the PBN (Table 1) which come from the axial posi- 
tion. 

Photolysis of coenzyme Blz (VII) along with DMPO in methanol immedi- 
ately gives rise to an ESR spectrum which can be interpreted as the superimpo- 
sition of two ESR signals; one coming from the addition of a hydrogen atom to 
DMPO and the other from the adenosyl free-radical spin-adduct ((JN 15.16 G, 
au 2133 G)_ However, if the photolysis of these solutions is carried out with 
PBN as a spin-trap instead of DMPO, only the adenosyl-PBN free-radical adduct 
is observed (Table l)_ 

The photolysis of a methanolic solution of methylcobalamine (VI), with 
DMPO in the presence of nitrogen containing a small concentration of oxygen 
results in a complicated ESR spectrum corresponding to hydrogen atom and 
methyl free-radical spin-trapped adducts with DMPO. 

The ESR study of the photolysis of an aqueous solution (pH 7) of alkyl- 
cobaloximes (I-III) with DMPO shows no ESR signal, but photolysis of 
these complexes in the presence of 4-POBN under the same conditions im- 
mediately gives an ESR spectrum corresponding only to the alkyl free-radical 
spin-adduct (Table 2). The difference in the reactivities of these two spin-traps 
is certainly due to the fact that 4-POBN is substantially more soluble in water 
than DMPO. 

The ESR study of the photolysis of solutions of cob&mines (Y-VII) in 
HZ0 or DzO at pH = 7 showed the presence of two free-radical spin-adducts, 
namely those from addition of hydrogen atoms and of a&y1 free-radicals to 

TABLE 2 

HYPERFINE SPLITTING CONSTANTS FOR NITROXIDES PRODUCED BY RADICAL ADDITIONS TO 
a-4-PYRIDYL-l-OXIDE-N-t-BUTYLNITRONE (4POBN) AT ROOM TEMPERATURE IN AQUEOUS 
SOLUTION 

R Radical source 

CH3 VI 
CN V 

CH>CHrOH III 

CI-W=+ II 

B’Deoxyadenosyl VII 

giso 
+0.0003 

2.0059 
2.0072 

2.0044 

2.0059 

2.0058 

+plitting constants 

a(N) =oP(w 

15.91 2.75 
15.99 2.99 

15.75 Z-75 

15.83 2-16 

15.66 2.66 

U(C1 3) 

7.49 
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DMPO. AIkyl free-radicals can also be spin-trapped by 4-POBN (Table 2). 
The photolysis of a solution of coenzyme BL2 in D20 at pH 7, also shows a 

hydrogen spin-adduct on DMPO, thus demonstrating that the abstractable hy- 
drogen atom does not come from the solvent or from one of the readily 
exchangeable hydrogen atoms of coenzyme Blz. 

In D,O at pD 7,19 protons of coenzyme Br2 which are linked to nitrogen or 
oxygen atoms are exchangeable [ 171. It has been shown by ‘H NMR studies 

Fig. 1.90 MHz IH NMR spectra of three solutions of cyanocobalamine (VIj in D20 at room temperature. 
The pH of the solutions is indicated at upper left. 



230 

that the hydrogen at the C(10) position of the corrin ring of the cob&mines 
and coenzyme BL2 is readily exchangeable in strongly acidic media [17-201. 

The 90 MHz ‘H NMR study of cyanocobalamine (V) and coenzyme B12 
(VII), in D20 as a function of acidity (Fig. 1,2) shows that at pH 7, several 
protons are exchanged by deuterium, but that the proton at the C(l0) position 
is exchanged only in acidic media; the H/D exchange rates at the C(10) position 

Fig. 2. go MHZ 1H NMR spectra of three solutions of CoBl2WIW in D20 at room temPerat=e- The PH 
of the soIutions is indicated at upper left. These spectra show the disappearance of the signal of the C(10) 
proton folIowing the PH. 
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are faster for coenzyme Blz than for cyanocobalamine, and the H/D exchange 
rates at the R(1) position are faster for cyanocobalamine than for coenzyme 
B1*_ An ESR study of the photolysis of solutions of bisaquocobinamide and lo- 
chloromethylcobalamie in H,O and methanol with all the previously men- 
tioned spin-traps gave ambiguous results, because even after purification the 
products could not be obtained pure. 

The continuous photolysis of toluene solutions of alkylcobaloximes (I-III) 
with DMPO at 230 K gives an ESR spectrum of the hydrogen atom but also an 
ESR signal coming from the Co” complex in which the Co”-C bond has not 
been cleaved [21]_ After continuous photolysis of toluene or benzene solutions 
of alkylcobaloximes (I-III) with DMPO, if the sample tube is opened in the 
dark and cooled down to 150 K there is no evidence for a Co’” superoxide 
radical [22]_ However, if after anaerobic irradiation at room temperature in 
toluene or benzene solution the tube is opened to the air, shaken and degassed 
again in the dark, without any further photolysis, an ESR spectrum is obtained 
consisting of a triplet of five lines (Fig. 3). This spectrum can be analysed in 
terms of a single nucleus ofl= 1 with hyperfine splitting (cNol 12.92 G) and two 
equivalent nuclei with I = I with hyperfine splitting (aNy = 1.33 G) and ag fac- 
tor of 2.0060 + 0.0002; the observed g factor is characteristic of organic nitrox- 
ide compounds [23]. 

Thus it is reasonable to assume that the nuclei with I = 1 are nitrogen nuclei. 
The observed parameters for this nitroxide radical are very similar to those of 
radicals of the type R-Nzg [23]. The shape of the signal observed is not 
affected if “02 is added, after photolysis in the presence of DMPO, instead of 
air or 1602. Thus we may tentatively identify the radical as the product (C) 
(see Scheme 1) of attack of the dimethylglyoxime free-radical (B) formed 
after hydrogen atom abstraction by DMPO; C has two almost equivalent 
nitrogen nuclei, which accounts for the five lines of the triplet which arises 
from the nitroxide centre. We have also found that this radical species (Fig. 3) 
is not formed in protic solvents or with the other spin-traps (PBN, 4-POBN, and 
ND either singly or mixed); the shape of the signal is also not affected by the 
nature of any alkyl group (R) or Lewis base (X) in the axial position of the 

Fig. 3. ESR spectrum of the radical-c obtained after continuous photolysis of toluene solutions of alkvl- 
cobaloximes with DMPO followed by addition of air at 20°C_ Microwave frequency: 9.680 GHz; modula- 
tion intensity: 0.063 G: Microwave receiver gain: 3.2 X 104; Microwave power: 25 mW. 
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complexes studied; however compounds such as alkylcycIohexylcobaloximes 
[23 give the same radical. The salen derivative IV, cobalamines V and VI, and 
coenzyme B12 (VII) do not give this spectrum, which confirms that the radical 
is probably influenced by the nature of the equatorial ligand. In support of 
this hypothesis, we found that the radical is stable at room temperature, as are 
nitroxides of this type; even after degassing several times, no hyperfine struc- 
ture due to a 5gCo atom (1= 7/2) could be detected. Thus we must either 
assume that this radical has broken away entirely from the cobalt complex or 
that the Co nucleus is remote from the nitroxide centre; the proposed structure 
(C) correlates well with all these observations. 

Radicals of this type are sensitive to light, and if the photolysis is resumed 
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Fig. 4. ESR SP~C~NIII of the radical obtained by anaerobic photcdysis of the radical C in toluene at 20’~. 
~~icrowave frequency: 9.305 GHz: Modulation intersit>-: 0.4 G: Microwave receiver gain: 3.2 X 105: 
Microwave power: 25 mW. 

the spectrum (Fig. 3) of C disappears and is replaced by a broad triplet 
without any hyperfine coupling (Fig. 4) (an 13.70 G, giso 2.0056 + 0.0002) 
[23]_ This spectrum is’also characteristic of a nitroxide radical and its structure 
could correspond to E. However all attempts to isolate this radical failed. Sev- 
eral determinations of the spin concentrations for radicals C and E (Fig. 3, 4) 
by comparison of the integrated signal with a known concentration of DPPH, 
indicate the presence of a paramagnetic species at concentrations between 1 
and 0.1%. 

A possible mechanism for the formation of C and E is presented in Scheme 1. 
Under visible Iight excitation, aIkyIcobaIoxime -4 in the presence of DMPO 
gives the corresponding free-radical B by abstraction of a chelated hydrogen 
atom [2]. The radical B reacts rapidly with the second cobalt-coordinated 
dimethylglyoxime anion, which is a potential spin-trap [ 223. The new radical C 
reacts with a hydrogen atom evolved during photolysis to give the stabilised’ 
complex D [24] ; however D reacts with oxygen to reverts to C. Under visible lights 
irradiation in oxygenated solution, C regenerates E which can again abstract a 
hydrogen atom from anather alkylcobaloxime molecule and form F. 

Discussion 

During photolysis of cobalt(II1) coordination complexes (I-VII) in metha- 
nol or aqueous solutions two hee-radical species are produced, namely a 
hydrogen atom and an alkyl free-radical. This is completely consistent with 
resuIts obtained during the photolysis of these complexes in aprotic solvents 
[Z] . Gelding and coworkers demonstrated previously that during the photolysis 
of neutral-aqueous solutions of alkylcobaloximes, the homolytic cleavage of 
the cobalt--carbon bond, and the production of an alkyl free-radical are very 
efficient processes [25]. One possible explanation is that the water molecule 
solvates the cobalt(D) complex (eq. 3) which is formed after homolytic cleav- . 
age of the Co “‘-C bond (eq. 1); the latter reaction prevents the occurrence of 
the recombination process in reforming the original Co”r-C bond (eq. 2) and 
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The lability of the H-C(lO) bond could explain why this bond in the three 
compounds V-VII studied is cleaved upon anaerobic photolysis. The strength 
of the H-C(lO) bond is very sensitive to the nature of the axial alkyl ligand, 
the nature of the base, and also to the solvent polarity. Water is a very polar 
solvent and its influence on the strength of the H--C(lO) bond is more impor- 
tant than the &-effect of the axial ligand. The ESR study of the photolysis of 
compounds V-VII and the formation of hydrogen atom spin-adducts on the 
trap are consistent with this observation. Methanol is less polar than water and 
its influence on the H-C(lO) bond competes strongly with the &-effect of the 
axial ligand; a cyan0 group also makes this bond harder to cleave than do 
methyl or 5’deoxyadenosyl groups. 

The axial group in cyanocobalamine V and methylcobalamine VI does not 
facilitate the cleavage of the H-C(lO) bond but the 5’deoxyadenosyl group 
weakens the H-C(lO) bond sufficiently for cleavage of this bond does occur. 

If photolysis of the methanolic solution of methylcobalamine VI is carried 
out in the presence of traces of pure oxygen or air, the departure of one hy- 
drogen atom occurs rapidly. A possible explanation of this-is that oxygen can 
be inserted into the Co’“-C bond [30], so that the energy of the H-C(-10) 
bond is decreased significantly and the abstraction of this hydrogen is favoured. 
Thus the hydrogen atom which is spin-trapped by DMPO during photolysis of 
methylcobalamine VI will come from the hydrogen at the C(10) position of the 
corresponding methyldioxycobalamine which is formed because of the small 
percentage of oxygen remaining in solution. Direct evidence for the formation _ 
of stable alkyldioxycobalamines has not, however, been obtained 1311. 
Another possible explanation is the formation of a superoxide radical, (VIII) 
which could also abstract the hydrogen atom at the C(10) position to give the 
corresponding hydroperoxide derivative (IX), and this could be cleaved homoly- 
tically by visible light. However, the formation of superoxide radicals such as 
VIII is very difficult with V. 

Finally, another possibility is the formation of a cobalt(I) derivative [32] 
which is a very strong nucleophile. By attacking the H-C(lO) bond and 
abstracting a proton this cobalt(I) derivative could give the corresponding hy- 
dride (X) which could then be photolysed and cleaved homolytically, analogously 
to tin hydride derivatives 1331. The fact that, in the dark immediately after 
photolysis of salen derivative IV using visible light, we observe the hydrogen 
spin-adduct increasing in concentration is consistent with a multi-step mecha- 
nism at least for this compound, where the cleavage of a C-H bond is involved. 
A multi-step mechanism may also be invoked in the case of the cobalamines 
and coenzyme derivatives V-VII, because ESR studies of these derivatives at 
low temperatures reveal no evidence for organic radical species coming from 
the equatorial ligand and no clear evidence for the homolytic cleavage of the 
H-C(lO) bond. Hence the way in which hydrogen abstraction occurs at the 
C(10) position in compounds V-VII cannot be stated precisely at present. 

In the case of alkylcobaloximes, the formation of the radical species C 
(Fig. 3) provides evidence for homolytic cleavage of the chelated O-H bond and 
formation of a radical species which is stabilised in another hydroxy form 
(Scheme 1) and may be oxidized by a weak oxidant such as oxygen: In the 
case of benzylpyridinecobaloxime we have observed a similar intraligand spin- 
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trap adduct [22] _ If after anaerobic photolysis of a benzene solution of benzyl- 
pyridinecobaloxime in the absence of DMPO, oxygen from the air is added in 
the dark, the axial ligand benzyl free-radical is spin-trapped by the equatorial 
dimethylglyoxime anion [ 22]_ When the reaction is carried out without DMPO, 
a very fast back reaction between the hydrogen atom and B prevents the identi- 
fication of the organic free-radical B which comes from the equatorial ligand. 

Conclusion 

In a series of papers.[2;16,21,22,26] and in this work, we have shown that 
the photolysis of alkylcobaloximes is dependent upon the temperature at 
which the photolysis is carried out, upon the nature of the axial ligands, and 
upon the solvents used. In aprotic solvents there is a competition between 
abstraction of a hydrogen atom and homolytic cleavage of the Co’.“-C bond 
with subsequent formation of the corresponding alkyl free-radical spin-adducts 
when spin-traps are present. In methanol and especially in water, the homolytic 
cleavage of the Co’” -C bond is strongly favoured over the departure of a hy- 
drogen atom. The hydrogen atom comes from the hydrogen chelated into the 
dimethylglyoxime anion, and in some cases the two equatorial ligands work as 
an internal spin-trap. 

The ESR and spin-trapping study of the visible light photolysis of aqueous 
or methanolic solution of salen derivative, cob&mines, and coenzyme B12 also 
reveals the immediate formation of the spin-trap adducts from the alkyl radical 
and the hydrogen atom. 

The alkyl free-radical comes from the axial ligand whereas the hydrogen atom 
comes from the equatorial ligand. In the case of the salen derivative, the hy- 
drogen atom probably comes from the C(7) or C(8) position, but for the coba- 
lamines and coenzymes Bit, it probably comes from the C(10) position of the 
equatorial ligand after cleavage of the H-C(lO) bond followed by further reac- 
tions_ 
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