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1 Cobaloximes have the general formula RCo(L)

group s-bonded to cobalt. B is an axial base trans to
a monoanionic dioxime ligand e.g. glyoxime (gH), di
cyclohexanedione dioxime (chgH), diphenylglyoxim
(dmestgH), and dithiophenylglyoxime (dSPhgH).
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a b s t r a c t

Five benzyl cobaloximes with different thiodioximes, BnCo[d(SR)gH]2Py, have been synthesized and four
of these complexes have been characterized by X-ray. The reactivity of these complexes towards
molecular oxygen has been studied. The puckering of the Co(dioxime)2 unit, caused by dioxime side
chain, the SR group, significantly influences the CoeC bond reactivity. Structural features in one of the
oxygen inserted cobaloximes have been studied to confirm if puckering of dioxime is the guiding factor.
The reactivity is also affected, to some extent, by the CeH.p interaction between the benzyl and the
dioxime moiety.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

CoeC bond cleavage is generally accepted as a key step in the
mechanism of action of many enzymes which require a B12 coen-
zyme [1e3]. The modifications of the side chains on the periphery
of the corrin ring lead to considerable variation in coenzyme
activity [1,4,5]. Since the changes in the side chain are not such to
alter significantly the electronic properties of the corrin ring
system, it is unlikely that the variation in activity results from the
inductive effect. A reasonable hypothesis advanced to explain this
observation is that specific tight interactions between the enzyme
and coenzyme bring about distortion of the corrin ring system, and
thus facilitate the CoeC bond cleavage. The study of Cobaloximes1

has provided an experimental test of this idea [6e15].
In our on-going efforts to find factors that influence the CoeC

bond reactivity in cobaloximes, we have found that the equa-
torial dioxime moiety (gH, chgH, dpgH, dmestgH, dSPhgH) (cis-
influence) plays a significant role, for example, in DielseAlder
reaction, alkyl-alkenyl cross coupling reactions and in the
oxygen insertion reactions [16e28]. We have also found that the
niversity, Shimla Hills, India.

2B, where R is an organic
the organic group, and L is

methylglyoxime (dmgH), 1,2-
e (dpgH), dimesitylglyoxime
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cis influence and the rate of oxygen insertion into the CoeC bond
in cobaloximes are related and follow the same order
dmestgH >> dpgH > chgH > dSPhgH � dmgH > gH [16]. More
complexes, however, need to be studied to generalize this rela-
tionship. A question was raised during our recent study with
dSPhgH [bis (thiophenyl glyoxime)] complexes whether the
variation in SR will alter the reactivity of the CoeC bond [16]?
Keeping this in view we have synthesized and characterized five
benzyl cobaloximes (3ae3e) with thio dioximes in which the SR
group on the dioxime has been varied (Scheme 1). All complexes
except 3e are new. The X-ray structures of 3a, 3c, 3d and 3e are
reported for the first time. Comparative studies of X-ray struc-
tural parameters of 3a, 3c, 3d and 3e and the rate of oxygen
insertion in 3ae3e have been discussed. We have also studied
the structural features of an oxygen inserted cobaloxime 4 (Chart
1) to confirm if puckering of dioxime is the guiding factor for the
highest reactivity of 3c.

2. Experimental section

2.1. Materials and physical measurements

CoCl2.6H2O (SD fine, India), glyoxime (Caution! it is highly
flammable and explosive when dry) (Alfa Aesar), benzyl chloride,
ethanethiol, 2,4-dimethylbenzene-thiol, 3,5-dimethylbenzene-thiol,
2,6-dimethylbenzene-thiol, thiophenol (Aldrich chemical company)
were purchased and used as received. Silica gel (100e200mesh) and
distilled solvents were used in all reactions and chromatographic
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separations. A julabo UC-20 low temperature refrigerated circulator
was used to maintain the desired temperature. 1H and 13C Spectra
were recorded on a JEOL JNM LAMBDA 400 FT NMR Spectrometer
(400MHz for 1H and 100MHz for 13C) in CDCl3 solutionwith TMS as
internal standard. NMR data are reported in ppm. Elemental analysis
was carried out at IIT Kanpur.
Table 1
Crystal data and structure refinement details for compounds 3a, 3c, 3d, 3e.

Parameters 3a 3c

Empirical formula C24H34CoN5O4S4 C48H50CoN5O4S4
Formula weight 643.77 948.14
Temp (K) 100(2) 100(2)
Crystal system monoclinic monoclinic
Space group P 21/n P 21/n
Unit cell dimensions
a (Å) 8.892(5) 15.928(5)
b (Å) 17.269(5) 17.112(5)
c (Å) 19.062(5) 33.105(5)
a(deg) 90.000(5) 90.000(5)
b (deg) 100.163(5) 95.268(5)
g (deg) 90.000(5) 90.000(5)
V (Å3) 2881(2) 8985(4)
Z 4 8
r (calc), mg/m3 1.484 1.402
m (Mo-Ka) (mm�1) 0.925 0.619
F (000) 1344 3968
Crystal size (mm3) 0.35 � 0.30 � 0.25 0.40 � 0.35 � 0.26
Index ranges �11 � h � 11,

�22 � k � 21,
�25 � l � 17

�19 � h � 19,
�20 � k � 20,
�40 � l � 29

No. of rflns collected 18,808 46,253
No. of indep rflns 7088 16,705
GOOF on F2 1.116 0.995
Final R indices (I > 2s(I)) R1 ¼ 0.0582,

wR2 ¼ 0.1500
R1 ¼ 0.0727,
wR2 ¼ 0.1669

R indices (all data) R1 ¼ 0.0889,
wR2 ¼ 0.2282

R1 ¼ 0.1333,
wR2 ¼ 0.2131

Data/restraints/param 7088/0/343 16,705/0/1117
2.2. X-ray crystal structure determination and refinements

Single-crystal X-ray data were collected using graphite-mono-
chromated Mo-Ka radiation (l ¼ 0.71073 Å) on “Bruker SMART
APEXCCD” diffractometer at 100 K for 3a, 3c and 3d; at 298 K for 3e
and 293 K for 4. The linear absorption coefficients, scattering factors
for the atoms and the anomalous dispersion corrections were taken
from the International Tables for X-ray Crystallography [29]. The data
integration and reduction were processed with SAINT [30] soft-
ware. An empirical absorption correction was applied to the
collected reflections with SADABS [31] using XPREP [32]. All the
structures were solved by the direct method using SIR-97 [33] and
were refined on F2 by the full-matrix least-squares technique using
the SHELXL-97 [34] program package. All non-hydrogen atoms
were refined anisotropically in all the structure. The hydrogen
atoms of the OH group of oxime were located on difference Fourier
maps and were constrained to those difference Fourier map posi-
tions. The hydrogen atom positions or thermal parameters were
not refined but were included in the structure factor calculations.
The pertinent crystal data and refinement parameters for
compound 3a, 3c, 3d, 3e and 4 are compiled in Table 1.
2.3. Synthesis

Synthesis of 3a-3e is presented in Scheme 1. The dioximes (1a-
1d) were prepared from dichloroglyoxime [16] and the corre-
sponding thiol in the presence of K2CO3 following the reported
procedure [16]. However, the synthesis of 1e required the addition
of KOH (2 pellets for 0.636 mmol dichloroglyoxime) also. The
complexes (3a-3e) were synthesized from the corresponding
chlorocobaloximes (2a-2e) following a general procedure outlined
earlier [16]. Yield¼ 68e75%. The oxygen insertion rate studies were
carried out following the procedures outlined in our earlier paper
[28] and the reported rate constants value is an average of the 2e3
trials in each case.
3d 3e 4

C49H52Cl2CoN5O4S4 C40H34CoN5O4S4 C48H50CoN5O6S4
1033.07 835.89 980.14
100(2) 298(2) 293(2)
triclinic monoclinic triclinic
P-1 P 21/c P1

11.383(5) 18.494(5) 8.7836(11)
17.471(5) 13.156(5) 11.9350(15)
25.134(5) 16.549(5) 12.0157(15)
81.446(5) 90.000(5) 68.202(2)
84.347(5) 114.433(5) 89.140(2)
80.999(5) 90.000(5) 83.050(2)
4867(3) 3666(2) 1160.4(3)
4 4 1
1.410 1.515 1.403
0.683 0.747 0.604
1984 1728 512
0.40 � 0.35 � 0.26 0.30 � 0.25 � 0.20 0.42 � 0.36 � 0.28
�13 � h � 13,
�21 � k � 10,
�30 � l � 29

�24 � h � 24,
�17 � k � 16,
�21 � l � 14

�10 � h � 9,
�14 � k � 11,
�14 � l � 13

26,651 23,706 62,14
17,823 8960 5061
0.991 1.153 1.062
R1 ¼ 0.0814,
wR2 ¼ 0.2287

R1 ¼ 0.0443,
wR2 ¼ 0.0904

R1 ¼ 0.0498,
wR2 ¼ 0.1297

R1 ¼ 0.1182,
wR2 ¼ 0.2598

R1 ¼ 0.0621,
wR2 ¼ 0.1301

R1 ¼ 0.0527,
wR2 ¼ 0.1340

17,823/0/1171 8960/0/487 5061/42/585



Table 2
1H NMR data (ppm) for 3ae3e and 4.

Comp no Pya Pyb Pyg Aromatic
Proton

CH2 Other
Protons

OeH.O

3a 8.53 7.32 7.71 7.03e7.18 3.12 3.16(m),
2.94(m),
1.04(t)

18.33

3b 8.21 a 7.91 6.30e7.30 3.16 2.16 17.88
3c 8.32 a 7.80 6.47e7.35 3.10 2.01 18.29
3d 8.01 a 7.77 6.89e7.25 3.01 2.07 17.69
3e 8.13 a 7.81 6.76e7.22, 3.13 18.11,
4 8.19 a 7.77 6.66e7.22 4.36 2.05 18.29

a merge with aromatic protons.

Fig. 1. Molecular structure of 3a.
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3. Results and discussion

3.1. Spectroscopy

Free thiodioximes (1a-1e) are partially soluble in CDCl3 and
a drop of DMSO-d6 is necessary to dissolve it. The 1H NMR spectra
of complexes 3a-3e are easily assigned based on the chemical shifts,
relative intensities and the assignments are consistent with the
previously described complexes. 13CPya and C]N resonances are
confirmed by DEPT as they appear close together. The 1H NMR
spectral data for 3a-3e is given in Table 2.

As the aim is to study the effect of substituent on sulphur, the
NMR chemical shifts in 3a-3e have been compared; the upfield
shift of Pya is highest in 3d (due to strong CeH..p interaction
3.654 Å) and lowest in 3a (SEt group lacks CeH..p interaction due
to the absence of aromatic ring current) (Table S1). OeH.O follows
the same trend. Similarly, CH2 resonance is most upfield shifted in
3d but the values are similar in 3a-3c and 3e (Table S2). It seems
that the electronic cis-influence does not change significantly with
the change of substituent on S in these complexes.

The d13CC]N is sensitive to any change in axial or equatorial
environment in cobaloximes and generally shifts upfield on coor-
dination to cobalt. This upfield shift [Dd (13CC]N)] is more in 3a
compared to 3ewhichmaymean that the charge density on C]N is
more in the former (Table S3).

Insertion of O2 into the CoeC bond affects the chemical shift of
CH2 and Pya in 4; for example, CH2 is directly attached to O2 and
hence shifts downfield by 1.24 ppm whereas Pya is upfield shifted
due to very strong CeH..p interaction (3.362 Å).
3.2. Structural studies

Good quality single crystals were obtained by slow evaporation
of solvent (DCM/MeOH for 3a, 3c, 3e and DCM/MeOH/CH3CN for
Table 3
Selected Bond Lengths (Å), Bond Angles (deg) and Structural Data for 3a, 3c, 3d and
3e.

3a 3c 3d 3e

CoeC 2.044(4) 2.060(5) 2.061(6) 2.071(3)
2.073(5) 2.064(6)

CoeN 2.056(3) 2.047(4) 2.049(5) 2.062(3)
2.045(4) 2.056(5)

CeCoeN 174.50(16) 175.81(2) 175.1(2) 177.10(12)
174.46(19) 176.8(2)

d (Å) þ0.037 (6) þ0.074 (7) �0.028 (9) �0.019 (5)
þ0.062 (7) �0.041 (9)

a (deg) þ1.695(125) þ10.747 (120) �5.942 (243) �6.964 (86)
þ7.845 (170) �6.466 (361)

s (deg) 75.420 (122) 86.447 (123) 83.393 (157) 89.544 (83)
89.703 (114) 83.803 (196)
3d). Selected bond lengths and bond angles are given in Table 3 and
the molecular structures are shown in Figs. 1e4. The geometrical
deformations of Co(dioxime)2 unit is roughly represented by the
displacement of cobalt atom out of the plane of four nitrogen in the
dioxime (d) and by the bending angle between the two dioxime
units (a). Positive value of d and a indicate displacement towards Py
and bending towards R. Distortion in Co(dioxime)2 moiety is
generally related, to some degree, to the bulk of the axial ligands;
a and d have high values when one of the two axial ligands is bulky
(Table S4 and Table S5) and the displacement is towards and the
bending is away from the bulkier ligand. When both the axial
ligands are sufficiently bulky, a and d values are significantly
smaller, with a small tilt of dioxime units.

However, not much is known about the distortion with respect
to the change in the dioxime moiety. This is because of the paucity
of crystal data on cobaloximes with different dioximes. The data in
alkyl cobaloximes shows that the distortion is highest in the
mesitylglyoxime complexes (Table S6). A very significant observa-
tion has been made in the present study that the strategic variation
of SR group on the dioxime induces changes in d and a value from
positive to negative. The puckering of the dioxime plane is highest
in 3c and lowest in 3a. It is difficult to say with certainty, until we
have data on large number of compounds, whether the orientation
of the SR group has any role in this deviation. For example, the
Fig. 2. Molecular structure of 3c.



Fig. 3. Molecular structure of 3d.

Fig. 5. Molecular structure of 4.
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different orientation of SR groups (with respect to the dioxime
plane); the downedown; downedown conformation in 3e and
downedown; up-down in 3a has affected the a value in these
compounds. Whereas, 3c is much more puckered (þ10.747 and
þ0.074 Å) than 3e even though both have the same conformation of
the SR groups. It is worthmentioning that this is the highest a value
observed among all the reported benzyl cobaloxime structures so
far.

Bending angle is a measure of the steric cis-influence and it
increases as the steric bulk of the dioxime increases. Does this affect
the CoeC bond reactivity? Nothing has been reported in the liter-
ature on this issue.

As we move from 3e to 3d there is almost no change in a and
d value but a huge change occurs in 3c. This may mean that
the strategic placement of methyl groups on the SPh increases the
steric bulk of the dioxime. We will see if the puckering of the
dioxime has any correlation with the CoeC bond reactivity.

A slow evaporation of solvent from the solution of 4 (CHCl3/
MeOH) results in the formation of brown crystal. The diamond
diagram is shown in Fig. 5 and the selected bond lengths and bond
angles are presented in Table 4. CoeN (1.991 Å), CoeO (1.891 Å),
OeO (1.424 Å) bond distances and Co-O-O-C dihedral angle (114.4)
Fig. 4. Molecular structure of 3e.
do not differ significantly from the previously reported values of
oxygen inserted cobaloximes [28], [35,36]. The important obser-
vation is that the strain in 3c decreases after oxygen insertion since
a and d values reduce to þ1.105� and þ0.007 Å respectively in 4.
Orientation of the benzyl group in 4 is markedly different from the
previously reported oxygen inserted cobaloxime complexes; for
example benzyl group in 4 lies vertically up and perpendicular to
the dioxime plane, unlike the previous structures. A similar orien-
tation of the benzyl group was found in the SO2 inserted cobalox-
ime, ArCH2SO2Co(dioxime)2B, reported earlier from our group [37].
CeH.p interactions between benzyl centroid and phenyl proton
(3.767 Å), upward phenyl centroid and benzyl proton (3.809 Å) and
benzyl centroid and thiophenyl methyl proton (3.835 Å) are the
guiding factors of such orientation.

3.3. Molecular oxygen insertion

We have, in the recent past, studied the reactivity of the CoeC
bond by measuring the rate of oxygen insertion in organo-
cobaloximes [28]. Since the cleavage of the CoeC bond is the key
step in this reaction and the effect of cis-influence is felt most on
the CoeCH2 bond, these two processes, cis-influence and rate of
insertion, are related to each other and follow the same order [16].
Benzyl cobaloximes, in general, have inherently weak CoeC bond
and are ideal systems for such study. The reaction follows a pseudo
Table 4
Selected Bond Lengths (Å), Bond Angles (deg) and
Structural Data for 4.

Co-Oax 1.891(5)
Co-Nax 1.991(5)
OeO 1.424(6)
CoeOeO 116.0(3)
OeOeC 103.8(4)
Co-O-O-C �114.4(5)
OeCeC 108.4(5)
O-O-C-C �165.6(5)
Npy-Co-Oax 173.5(3)
d(Å) þ0.007(9)
a(deg) þ1.105(159)
s (deg) 68.779(147)



Table 5
Pseudo-first order rate constant (kobs) for oxygen insertion in 3ae3e.

3a 3b 3c 3d 3e

kobs (s�1) 4.03 � 10�3 1.67 � 10�3 1.12 � 10�2 1.96 � 10�3 1.29 � 10�3
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first order kinetics. A comparison of the rate of oxygen insertion in
3a-3e has beenmade and presented in Table 5. The data shows that
the puckering of the Co(dioxime)2 moiety significantly affects the
rate of oxygen insertion and the rate correlates well with a. For
example, 3c has the highest puckering and the highest rate of
insertion. The rate is slightly faster in 3a than 3b, 3d and 3e. This is
attributed to the very strong CeH.p interaction (2.735 Å) between
SEt and the benzyl group.
4. Conclusion

In conclusion, this is the first study in cobaloximes which
correlates the CoeC bond reactivity with the puckering in the
dioxime. The puckering is caused by the strategic variation of the
dioxime side chain. The strain in the precursor cobaloxime gets
released after the oxygen insertion and this has been confirmed by
the X-ray structure data in the oxygen inserted product. In addition,
the weak interactions between the benzyl and the dioxime moiety
also affect the rate of oxygen insertion but only to some extent.
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Appendix A. Supplementary material

CCDC 775938, 775939, 775936, 775937 and 788655 contains
the supplementary crystallographic data for 3a, 3c, 3d, 3e and 4
respectively. Copies of the data can be obtained from The Cam-
bridge Crystallographic Data Centre via deposit@ccdc.cam.ac.uk or
www: http://www.ccdc.cam.ac.uk/. Supplementary data associ-
ated with this article can be found, in the online version.
Appendix. Supplementary material

Supplementary data related to this article can be found online,
at doi:10.1016/j.jorganchem.2010.10.066.
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