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The radicals formed from photolysis of aqua(alkyl)cobaloximes (R\ sec- orC4H9 , n-C4H9 , i-C4H9 , c-C5H9
in the absence and presence of b-cyclodextrin at room temperature have been characterized by the EPRc-C6H11)

spin trapping technique using 2-methyl-2-nitrosopropane. It has been found that only the primary alkyl radicals
produced by CoÈC bond cleavage of the cobaloximes during photolysis undergo 1,2-rearrangement reactions. The
spin adducts formed can be included in the cavity of b-cyclodextrin, which plays an important role in stabilizing the
primary alkyl radicals.

Introduction

Alkylcobaloxime, which is an organometallic complex con-
taining a r-type CoÈC bond, has been investigated extensively
as an important model for coenzyme (5@-deoxy-B12adenosylcobalamin).1 It is generally accepted that homolysis
of the CoÈC bond in coenzyme induced by enzymeB12protein to produce a 5@-deoxyadenosyl radical is the key step
in the enzymatic reactions.2 In these reactionsB12-dependent
the substrate undergoes 1,2-interchange of a hydrogen atom
and a substituent on the adjacent carbon atom. Many investi-
gations on the photolysis of coenzyme and its model com-B12pounds have been undertaken since they might simulate the
behavior of either the 5@-deoxyadenosyl radical released in the
enzymatic reactions or the radical intermediates formed
between substrate and product.3 During the last few decades a
radical mechanism via a three-membered cyclic transition
state had been proposed for these rearrangement reactions.4a,b
Recently other mechanisms such as ionic reaction have also
been suggested.4c,d However, further investigations are needed
to clarify the mechanism.

The EPR spin trapping technique is a powerful method of
detecting the presence of short-lived radicals.5 Some ordinary
spin traps, such as N-tert-butyl-a-phenylnitrone (N-tert-butyl
benzylidene N-oxide) (PBN) or 5,5-dimethyl-1-pyrroline
N-oxide (DMPO), can not directly provide structure informa-
tion on the trapped radicals because the latter are not con-
nected to the 14N atoms of the trapping agents. On the other
hand 2-methyl-2-nitrosopropane (MNP) traps the radical R~
forming a direct linking adduct between theRN(O~)-t-C4H9radical and the 14N atom, and gives further hyperÐne splitting
of the magnetic nuclei around the 14N.

Nonetheless, MNP has its own disadvantages : poor solu-
bility in water, and the majority of it exists in the inactive

¤ Electronic supplementary information (ESI) available : experimen-
tal and simulated EPR spectra obtained upon photolysis of
aqua(alkyl)cobaloximes. See http : //www.rsc.org/suppdata/nj/b0/
b009972o/

dimeric state. We had found that the above deÐciency could
be ameliorated by adding b-cyclodextrin (b-CD) because
b-CD catalyzes decomposition of the dimeric state of MNP
into the monomer e†ectively and enhances its solubility.6 It is
also well known that b-CD can include a variety of organic
molecules and inorganic ions into its cavity.7 There are also
various reports on the inclusion complexes of b-CD with
neutral or charged radicals such as nitroxide radicals,8 methyl
viologen radical cation and dicyanobenzene radical anion.9,10
Previously, by using MNP as a trap we have studied the pho-
tolysis of some organocobalt complexes with simple alkyl
ligands and characterized the released radicals.11 No 1,2-
rearrangements of alkyl radicals were found in these photo-
lytic reactions except for few cases in our recent works in the
absence of b-CD.11d However, further investigations are
needed on the inÑuence of b-CD and the 1,2-rearrangements
of the photo-induced alkyl radicals arising from CoÈC bond
cleavage of di†erent kinds of organocobalt model compounds.

In this paper by using MNP as spin trap we have studied
the photolysis of di†erent kinds of aqua(alkyl)cobaloxime
aqueous solutions [CoR(DH)2(H2O), R\ sec-C4H9 , n-C4H9 ,

or DH\ dimethylglyoximate] ati-C4H9 , c-C5H9 c-C6H11,room temperature in the absence and presence of b-CD. We
found 1,2-rearrangement reactions for the primary alkyl rad-
icals produced by CoÈC bond cleavage of these complexes
and that b-CD could stabilize them to a certain extent.

Experimental

MNP was prepared according to the method suggested by
Stowell.12 b-CD was supplied by Nanjing Food Ferment
Institute, recrystallized twice from distilled water and dried in
vacuo at 80 ¡C. (R\ sec-CoR(DH)2(H2O) C4H9 , n-C4H9 , i-

or were synthesized according to theC4H9 , c-C5H9 c-C6H11)literature.13 The purity was ascertained by 1H NMR and ele-
mental analysis.

EPR measurements were carried out on a JEOL-FE1XG
spectrometer at room temperature with 100 kHz Ðeld modula-
tion, 0.5 G modulation width, 5 mW microwave power, 9.45
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GHz microwave frequency and 0.1 s response time. Irradia-
tion was performed in the cavity of the EPR spectrometer
using a BM-501S high-pressure mercury lamp with a wave-
length in the ultra-violet range. Samples were prepared under
dim red lights and injected into a Ñat quartz sample tube
(0.5] 4.2] 43.5 mm). The aqueous solution in the absence of
b-CD contained 2] 10~2 mol dm~3 andCoR(DH)2(H2O)
6 ] 10~2 mol dm~3 MNP aqueous solution, the latter being
prepared by adding 25 mg MNP to 5 cm3 redistilled water
with continuous stirring for 4 h at 45 ¡C under nitrogen. The
sample in the presence of b-CD contained 1] 10~2 mol
dm~3 2 ] 10~2 mol dm~3 MNP andCoR(DH)2(H2O),
2 ] 10~2 mol dm~3 b-CD aqueous solution. EPR simulation
was performed using the Bruker WINEPR program.

Results and discussion
According to previous reports, short-lived alkyl radicals can
arise during photolysis of aqua(alkyl)cobaloximes.13 They can
undergo further reactions such as dimerization, dispro-
portionation or recombination with the photo-induced
cobalt(II) ions, etc.3c,d,14 In the presence of MNP, the stable
spin adducts RÈMNP are formed [eqn. (1)].15

(1)

In this work we have studied the photolysis of three butyl
and two cycloalkyl cobaloximes through EPR spin trapping
using MNP as trap in the absence and presence of b-CD.

Photolysis of Co(sec-C
4
H

9
)(DH)

2
(H

2
O)

The EPR spectrum obtained by photolysis of Co(sec-
in the presence of MNP is shown in Fig. 1C4H9)(DH)2(H2O)

which contains two sets of signals. One set is considered to
arise from the spin adduct between and MNP. Itsec-C4H9~contains three peaks with equal intensity mT) and(aN \ 1.68
is split further into double peaks mT), attributed to(aH \ 0.18
one on the atom adjacent to the 14N nucleus. UsuallyH

b
C

athe values of for spin adducts of secondary alkyl radicalsaHwith MNP are 0.1È0.2 mT and for primary radical adducts
with MNP the values are 1.0È1.1 mT, changing a little in
some common solvents.6,11a,16 So the structure of alkyl spin
adducts can be determined not only from the number of EPR
peaks, but also from their values of This conÐrms furtheraH .
our assignments of the above and othersec-C4H9ÈMNP
adducts whose hyperÐne splitting constants are listed in Table
1.

In the presence of b-CD the photolysis EPR spectrum of
Co(sec- using MNP as trap (see ESI) isC4H9)(DH)2(H2O)
similar to the spectrum in Fig. 1, whilst (1.62 mT) is smalleraNthan that for free alkylcobaloxime (1.68 mT). From previous

Fig. 1 The EPR spectrum upon photolysis of Co(sec-Bu)(DH)2and MNP in water.H2O)

Table 1 The EPR parameters for free and included radical adducts
detected in aqueous media at room temperature

Radical ga aN b/mT aH or aD b/mT

sec-C4H9È Free 2.0056 1.68 0.18
MNP b-CD 2.0057 1.62 0.18
n-C4H9È Free È È È
MNP b-CD 2.0058 1.64 1.00
i-C4H9È Free 2.0057 1.68 1.13
MNP b-CD 2.0058 1.62 1.01
c-C5H9È Free Èc 1.69 Èc
MNP b-CD Èc 1.62 Èc
c-C6H11È Free Èc 1.67 Èc
MNP b-CD Èc 1.60 Èc
HÈMNP Free 2.0058 1.44 1.40

b-CD 2.0059 1.40 1.29
DÈMNP Free 2.0058 1.44 0.22
(in D2O) b-CD 2.0059 1.40 0.20

a Error is ^0.0001. b Error is ^0.01 mT. c Not resolved.

investigations of spin trapping EPR using aminoxyl radicals
as scavengers it has been found that EPR parameters are sen-
sitive to the environment and the values of could reÑect theaNpolarity around the aminoxyl group, i.e. the more polar the
media the larger the value of Comparing the values ofaN .8 aNin the presence of b-CD the spin adductsec-C4H9ÈMNP,
could be in a less polar environment than in pure water.
Apparently, it is included into the hydrophobic cavity of
b-CD according to our previous investigations and others.6,8
Meanwhile, the three doublet signals lose their symmetry with
a marked broadening of the highest Ðeld peak (m

I
\ [1).

Such a line broadening is attributed to slow rotation of the
guest in the b-CD cavity. This provides further evidence for
the formation of an inclusion complex between b-CD and R-
MNP.8,17

Another set of signals in Fig. 1 and the features marked *
will be discussed later.

Photolysis of Co(n-C
4
H

9
)(DH)

2
(H

2
O)

The photolysis EPR spectrum of Co(n- withC4H9)(DH)2(H2O)
MNP is shown in Fig. 2(a). We did not observe the expected
signals of which should be a set of three peaksn-C4H9ÈMNP,
with equal intensity and split further into triplets with inten-
sity 1 : 2 : 1, but a set similar to that of bothsec-C4H9ÈMNP
in peak shape and in g value. An identical spectrum was
obtained when solutions of Co(n- andC4H9)(DH)2(H2O)
Co(sec- were blended and photolyzedC4H9)(DH)2(H2O)

Fig. 2 The EPR spectra for photolysis of Co(n-Bu)(DH) and2(H2O)
MNP in water (a) and in the presence of b-CD in water (b).
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together (see ESI). This suggests the trapped radical in Fig.
2(a) could be which comes from a 1,2-hydrogensec-C4H9~shift from the precursor radical generated via pho-n-C4H9~tolysis of Co(n- (Scheme 1).C4H9)(DH)2(H2O)

To our knowledge the stability of alkyl radicals is pri-
mary \ secondary \ tertiary. So the photo-induced n-C4H9~could be very active and part might transform into sec-C4H9~before being captured. Although in pure organic systems the
rate of 1,2-rearrangement is so small that the rearrangement
products can not be detected,18 in many cases these
rearrangements for coenzyme model compounds duringB12photolysis did occur in the presence of cobalt(II) species.19
Our results provide another example of alkyl rearrangement
reactions in organocobalt complexes.

The smaller signal intensity of in Fig. 2(a)sec-C4H9ÈMNP
might be attributed to instability of the produced n-C4H9~most of which would have been quenched before the
rearrangement reaction had occurred as we mentioned above.

However, in the presence of b-CD the photolysis EPR spec-
trum of Co(n- with MNP [see Fig. 2(b)]C4H9)(DH)2(H2O)
gives two sets of signals. One contains three 1 : 2 : 1 split
peaks (A) with of 1.64 mT which could be the expectedaNsignal for which is included by b-CD. Then-C4H9ÈMNP,
other set of three doublets with smaller intensity (B) could be
derived from the rearrangement reaction, which is also
included. Obviously, b-CD has a function of stabilizing
primary radicals such as and its spin adduct can ben-C4H9~detected during photolysis.

Photolysis of Co(i-C
4
H

9
)(DH)

2
(H

2
O)

The photolysis EPR spectrum of Co(i- withC4H9)(DH)2(H2O)
MNP is shown in Fig. 3(a). As expected there are of 3] 3
peaks (A) but their intensity deviates from 1 : 2 : 1. The reason
may be that the produced is also a primary radicali-C4H9~and it might partially undergo 1,2-rearrangement reactions
(Scheme 2). On one hand, a 1,2-methyl shift generates a
rearrangement product Its adduct (B) partiallysec-C4H9~.overlaps the signals. On the other hand, a 1,2-i-C4H9ÈMNP
hydrogen shift gives which can be produced moret-C4H9~easily than The former combines with MNP tosec-C4H9~.form i.e. di-tert-butylaminoxyl (DTBA).t-C4H9ÈMNP,
However, its three single peaks (C) might be overlapped by
the three strong central signals of if it exists.i-C4H9ÈMNP
From computer simulation [see Fig. 3(b)] we got a similar
spectrum only when the above presumption was applied.
Therefore, using MNP as trap we could detect and itsi-C4H9~1,2-rearrangement products during photolysis of its cobalox-
ime precursor.

In the presence of b-CD the photolysis EPR spectrum of
Co(i- with MNP shows three sets of signalsC4H9)(DH)2(H2O)
[Fig. 3(c)]. One set of three triplets is derived from the inclu-
sion complex of and b-CD mT).i-C4H9ÈMNP (aN \ 1.62
Another set having three single peaks marked with ofL aN1.67 mT comes from DTBA/b-CD.11 It is apparent that the
1,2-hydrogen shift of could occur readily to form thei-C4H9~fairly stable radical so we did not Ðnd the methyl-t-C4H9~,shift peaks which should be similar to that of Wesec-C4H9~ .
obtained a similar spectrum to the experimental one by com-
puter simulation (see ESI) using the EPR parameters of only
these two species and HÈMNP/b-CD (see below). It indicates

Scheme 1 H-atom rearrangement.

Fig. 3 The EPR spectrum upon photolysis of Co(i-Bu)(DH)2(H2O)
and MNP in water : (a) experimental, (b) simulated and (c) in the pres-
ence of b-CD. Upon simulation the signals of i-BuÈMNP, sec-BuÈ
MNP, t-BuÈMNP and HÈMNP merged.

that probably in the presence of b-CD the 1,2-methyl shift
reaction was hindered to a certain extent, i.e. b-CD can stabil-
ize the produced by skeletal rearrangement.i-C4H9~The third set marked * in Fig. 3(c) and in all above spectra
with triple 1 : 1 peaks is assigned to HÈMNP (aN \ 1.44, aH \
1.40 mT) or its inclusion complex with b-CD (aN \ 1.40, aH \
1.29 mT) which are conÐrmed by comparison with EPR data
from the literature and mT in aqueous(aN \ 1.445 aH \ 1.40
solution).20 Owing to their instability, they disappear using
continuous illumination or shutdown of the lamp. It is inter-
esting to get 3 ] 3 peaks with equal intensity for DÈMNP
when the experiment was performed in (see ESI).D2OAccording to a previous report the trapped radical is fromH~
the equatorial ligands of cobaloxime.21 So our experiments

Scheme 2 H-atom and methyl rearrangements.
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Fig. 4 The EPR spectrum upon photolysis of Co(c-C5H9)-and MNP in water.(DH)2(H2O)

indicate that the may come from the hydrogen/H~/D~
deuterium of the equatorial oxime which can rapidly exchange
protons with the solvent.

Photolysis of Co(c-C
5
H

9
)(DH)

2
(H

2
O)

The photolysis EPR spectrum of Co(c- withC5H9)(DH)2(H2O)
MNP is shown in Fig. 4. Though is a secondaryc-C5H9~radical, it did not give the typical EPR signals with 1 : 1 split-
ting but multiple overlapping ones similar to those of the spin
adduct from succinimidyl and MNP.5 The multiple splitting is
attributed to the interplay from H atoms in the cycloalkyl
skeleton.5,22 Deuterium-labeling experiments are needed to
resolve the overlapping spectra. In the presence of b-CD the
spectrum (see ESI) showed poorer resolution and was di†erent
from Fig. 4. The broadening of the highest Ðeld peak and
smaller value of could verify the inclusion of the spinaNadduct.

The photolysis EPR spectra of Co(c-C6H11)(DH)2(H2O)
with MNP in the absence and presence of b-CD are similar to
those above (see ESI). The signals of HÈMNP and HÈMNP/
b-CD are also found in these spectra.

The characters of the two cycloalkyl radical adducts are
quite di†erent from acyclic ones and no signals of rearrange-
ment products were detected for these cycloalkyl precursors.

Conclusion
A photolysis spin trapping EPR investigation of
aqua(alkyl)cobaloximes (R\ i-C4H9 , sec-C4H9 , n-C4H9 , c-

or in the absence and presence of b-CD usingC5H9 c-C6H11)MNP as radical trap has been performed. Our results indicate
that only the 1,2-rearrangement adducts for primary alkyl rad-
icals could be detected as undergoes a 1,2-hydrogenn-C4H9~shift solely while exhibits both 1,2-hydrogen and 1,2-i-C4H9~methyl shifts. We have not detected such products in the sec-
ondary acyclic or cyclic alkyl precursors. In the presence of
b-CD the radicals can be included into the b-CD cavity and
the above 1,2-shift reactions are hindered to a certain extent.
To our knowledge, there are few reports on radical rearrange-
ments on homolysis of the CoÈC bonds of alkylcobalt com-
plexes studied by the EPR spin trapping technique. So our
method, especially using MNP as spin trap, may o†er some
convenience in this Ðeld. Further studies are in progress.
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