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a b s t r a c t

Reaction of N-(20-hydroxyphenyl)-4-R-benzaldimines (L-R, R ¼ OCH3, CH3, H, Cl and NO2) with [Os
(PPh3)3Br2] in refluxing 2-methoxyethanol in the presence of triethylamine affords two families of
organoosmium complexes (1-R and 2-R). In both 1-R and 2-R complexes a benzaldimine ligand is
coordinated to the metal center as tridentate C,N,O-donor. In the 1-R complexes, a bidentate N,O-donor
imionsemiquinonate ligand, derived from the hydrolysis of another benzaldimine, and a PPh3 ligand are
also coordinated to osmium. In the 2-R complexes, a carbonyl, derived from decarbonylation of 4-R-
benzaldehyde (derived from the same hydrolysis stated above), and two PPh3 ligands take up the
remaining coordination sites on osmium. Structures of the 1-Cl and 2-OCH3 complexes have been
determined by X-ray crystallography. All the 1-R and 2-R complexes are diamagnetic, and show char-
acteristic 1H NMR signals and intense MLCT transitions in the visible region. Cyclic voltammetry on the 1-
R complexes shows a reversible Os(III)eOs(IV) oxidation within 0.47e0.67 V (vs SCE), followed by an
irreversible oxidation of the imionsemiquinonate ligand within 1.10e1.36 V. An irreversible Os(III)eOs(II)
reduction is also displayed by the 1-R complexes within �1.02 to �1.14 V. Cyclic voltammetry on the 2-R
complexes shows a reversible Os(II)eOs(III) oxidation within 0.29e0.51 V, followed by a quasi-reversible
oxidation within 1.04e1.29 V, and an irreversible reduction of the coordinated benzaldimine ligand
within �1.16 to �1.31 V.

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

Utilization of transition metals in promoting useful chemical
transformations of organic substrates has been of considerable
current interest [1e16]. Such transformations usually proceed via
a CeH activation of the organic substrate [17e35], leading to the
formation of a reactive organometallic intermediate, which then
undergoes further reactions to yield the final product. Transition
metal mediated CeH activation of organic molecules is therefore of
significant importance and the present work has originated from
our interest in this area [36e57]. For the present study, a group of
five Schiff base ligands, viz. N-(20-hydroxyphenyl)benzaldimines
(L-R), derived from para-substituted benzaldehydes and 2-amino-
phenol, have been selected as the target molecules for CeH
activation and osmium has been selected as the transition metal for
promoting the CeH activation.
ttacharya).

All rights reserved.
These ligands have two potential donor sites, the phenolate-
oxygen and the imine-nitrogen, and hence are expected to bind to
metal ions, via dissociation of the phenolic proton, as bidentate N,
O-donors forming five-membered chelate ring (I). In view of the
closeness of the pendent phenyl ring to the metal center in I, CeH
activation at one ortho position of the phenyl ring leading to the
formation of a cyclometallated species (II) appears to be a possi-
bility [40,45,58e60]. With the intention of inducing the said CeH
activation of the N-(20-hydroxyphenyl)benzaldimines (L-R), their
reaction has been carried out with [Os(PPh3)3Br2]. This particular
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Table 1
Selected bond lengths (�A) and bond angles (�) for 1-Cl and 2-OCH3.

1-Cl 2-OCH3

Bond lengths (�A)
Os1eC13 2.054(3) Os1eC13 2.042(3)
Os1eN1 2.105(2) Os1eN1 2.083(2)
Os1eO1 2.052(2) Os1eO1 2.1909(18)
Os1eN2 1.907(2) Os1eC51 1.842(3)
Os1eO2 2.107(2) Os1eP1 2.3578(7)
Os1eP1 2.2875(7) Os1eP2 2.3593(7)
C1eO1 1.333(3) C1eO1 1.332(4)
C6eN1 1.418(4) C6eN1 1.409(4)
C7eN1 1.299(4) C7eN1 1.315(4)
C14eO2 1.319(3) C51eO3 1.166(4)
C14eC19 1.408(4)
C19eN2 1.383(4)

Bond angles (�)
C13eOs1eO1 151.36(10) C13eOs1eO1 154.19(11)
P1eOs1eO2 170.62(6) P1eOs1eP2 171.10(3)
N1eOs1eN2 169.68(9) C51eOs1eN1 175.55(12)
O1eOs1eN1 76.39(8) O1eOs1eN1 75.95(9)
N1eOs1eC13 75.65(10) N1eOs1eC13 78.25(11)
N2eOs1eO2 79.12(9) Os1eC51eO3 176.9(3)
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complex has been picked up as the osmium starting material for
this reaction because of its demonstrated ability to promote CeH
activation, as well as to accommodate tridentate ligands [51,54].
Reaction of the chosen benzaldimines (L-R) with [Os(PPh3)3Br2]
has indeed afforded two families of interesting organoosmium
complexes, in both of which a benzaldimine ligand is coordinated
to the metal center in the expected tridentate C,N,O-fashion (II). In
addition, a second benzaldimine has undergone some unexpected
hydrolytic cleavage of the C]N bond and thus has provided
ancillary ligands to complexes of both the types. The present report
deals with the chemistry of these organosmium complexes, with
special reference to their formation, structure and, spectral and
electrochemical properties.

2. Results and discussion

2.1. Synthesis and characterization

Five N-(20-hydroxyphenyl)benzaldimines (L-R) with different
para-substituents (R ¼ OCH3, CH3, H, Cl, and NO2) in the benzal-
dimine fragment have been used in the present work in order to
study their influence, if any, on the redox properties of the resulting
osmium complexes. Reaction of the selected benzaldimines (L-R)
with [Os(PPh3)3Br2] proceed smoothly in refluxing 2-methoxy-
ethanol in the presence of triethylamine. From each of these reac-
tions two complexes with distinctly different colors were obtained,
viz. a brown complex of the type 1-R and a blue complex of the type
2-R (see Chart 1). The combined yield of these two complexes has
been reasonable. Preliminary characterizations (microanalysis, 1H
NMR, IR) on the 1-R complexes indicated presence of a triphenyl-
phosphine, a benzaldimine ligand, and a third ligand containing
one phenyl ring in each of them. In order to find out identity of the
third ligand, coordination mode of the benzaldimine, and stereo-
chemistry of the 1-R complexes, structure of a representative
member of this family, viz. 1-Cl, has been determined by X-ray
crystallography. The structure is shown in Fig. 1 and selected bond
parameters are listed in Table 1. The structure shows that an N-(20-
hydroxyphenyl)-4-chlorobenzaldimine is coordinated to osmium
in the targeted tridentate C,N,O-fashion (II), via loss of the phenolic
proton and activation of an ortho CeH bond in the benzaldehyde
fragment. It may be relevant to mention here that example of such
osmium-assisted CeH activation is scarce [51,54,61e63]. It may also
be noted here that, though relatively less common, this particular
Fig. 1. View of the 1-Cl complex.
coordination mode (II) of the N-(20-hydroxyphenyl)benzaldimines
has precedence in the literature [40,45,58e60]. An iminophenolate
fragment, which appears to have originated from cleavage of
another benzaldimine ligand across the C]N bond, is also coordi-
nated to the metal center as a bidentate N,O-donor forming a five-
membered chelate ring. Such transition metal mediated C]N
cleavage reactions are of significant contemporary interest
[64e66]. A triphenylphosphine has satisfied the sixth coordination
site on osmium.Within the iminophenolate fragment, the CeO and
CeN distances lie between those expected for localized single and
double bonds, which clearly indicate that this ligand is coordinated
in the iminosemiquinonate form (see 1-R in Chart 1). It may be
noted here that the observed bond distances within the osmium-
bound iminophenolate fragment agreewell with a similar fragment
observed by us before [54]. The OseP distance, as well as the OseC,
OseN and OseO distances, in the remaining part of the complex
molecule are all quite normal [51,67e73]. The CN2O2POs core is
distorted significantly from ideal octahedral geometry, which is
reflected in all the bond parameters around osmium. The absence
of any solvent of crystallization in the crystal lattice of 1-Cl indi-
cates possible existence of non-covalent interaction(s) between the
individual complex molecules. A closer look at the packing pattern
in the crystal reveals that weak inter-molecular interactions of two
types, viz. CeH/O hydrogen-bonding and pep stacking, are active
in the lattice. A selected view of these interactions is shown in
Fig. 2. The p-clouds over phenyl rings of the benzaldimine ligand of
two adjacent complex molecules establish a pep interactions that
holds the twomolecules together making a dimeric unit. There also
exist a pair of CeH/O interactions between the two molecules in
the dimeric unit. These dimeric units are linked by another set of
CeH/O interactions (Fig. 2). These CeH/O and pep interactions
are extended throughout the entire lattice of 1-Cl, and seem to
assist with the stabilization of the crystal lattice. It may be relevant
to note here that such interactions are of significant importance in
molecular recognition processes as well as in crystal engineering
[74e86]. As all the 1-R complexes have been synthesized similarly
and they show similar properties (vide infra), the other four 1-R
(R s Cl) complexes are assumed to have similar structure as the
1-Cl complex.

Preliminary characterizations on the 2-R complexes indicated
presence of two triphenylphosphines, a benzaldimine ligand, and
a carbonyl in each of them. In order to authenticate the composition
of these complexes and ascertain coordination mode of the



Fig. 2. Hydrogen-bonding and pep interactions in the crystal lattice of the 1-Cl
complex.

S. Nag et al. / Journal of Organometallic Chemistry 695 (2010) 2068e20752070
benzaldimine as well as stereochemistry of these complexes,
structure of a selected member of this family, viz. 2-OCH3, has been
determined by X-ray crystallography. The structure (Fig. 3) shows
that, as observed in the 1-Cl complex, the N-(20-hydroxyphenyl)-4-
methoxybenzaldimine is coordinated to osmium in the similar C,N,
O-fashion (II). Two triphenylphosphines and a carbonyl are also
coordinated to the metal center. Osmium is therefore sitting in
a C2NOP2 coordination environment, which is distorted octahedral
in nature, apparent from the bond parameters around the metal
center. The coordinated benzaldimine ligand and the carbonyl have
constituted one equatorial planewith themetal at the center, while
the PPh3 ligands have occupied the remaining two axial positions
and hence they are mutually trans. While most of the bond
distances in the OseCNO chelate are similar to those observed in
the 1-Cl complex (Table 1), the OseO distance is significantly
longer, and the difference may be due to the difference in oxidation
Fig. 3. View of the 2-OCH3 complex.
state of the metal center as well as difference in the coordination
environment around osmium. In the OseCO fragment, the OseC
and CeO distances are quite normal, and the OseCeO angle devi-
ates slightly from linearity [87e89]. The OseP distances are also
quite usual, as observed in structurally characterized osmium(II)
complexes having a trans Os(PPh3)2 fragment.[51,54] In the crystal
lattice of the 2-OCH3 complex, there exists fraction (75%) of a water
molecule per pair of complexmolecules, and it is found to be linked
with the complex molecule through OeH/O(phenolate) and
O/HeC interactions (Fig. 4). The carbonyl oxygen of one complex
molecule is hydrogen-bonded simultaneously to phenyl CeH and
azomethine CeH of an adjacent complex molecule.

Basedonthe similarity in syntheticprocedure andproperties (vide
infra) of the 2-R complexes, the other four 2-R (RsOCH3) complexes
are assumed to have similar structure as the 2-OCH3 complex.

The exact mechanism behind formation of both 1-R and 2-R
complexes from the same synthetic reaction is not completely clear
to us. However, the speculated sequences shown in Scheme 1 seem
probable. In the initial step the benzaldimine ligand binds, via loss
of the phenolic proton as well as another proton from one ortho
position of the phenyl ring in the benzaldehyde fragment, to the
metal center in [Os(PPh3)3Br2] as a dianinonic tridentate C,N,
O-donor. This chelation is also associated with loss of an electron
from the metal center and dissociation of one triphenylphosphine
to afford a osmium(III) complex as a reactive intermediate (A). In
the following step A undergoes reaction with a second molecule of
the benzaldimine ligand generating another intermediate B, in
which the second benzaldimine binds itself to osmium as a mono-
anionic bidentate N,O-donor by displacing the bromide and the
triphenylphosphine. The imine function of this N,O-chelated ben-
zaldimine then undergoes hydrolysis generating an amino-
phenolate fragment, which remains coordinated to osmium(III) (C),
and the corresponding free para-substituted benzaldehyde. Facile
hydrolysis of metal-bound imine function is documented in the
literature [64e66]. The coordinated aminophenolate fragment in C
is believed to undergo further one-electron and one-proton loss
[90,91], and thus affords complex 1-R. The free para-substituted
benzaldehyde reacts with intermediate A, whereby the metal
center undergoes a one-electron reduction and the benzaldehyde
undergoes decarbonylation, leading to the formation of the
carbonyl complex of osmium(II) (2-R). To check that the source of
carbonyl in 2-R complexes is the benzaldehyde generated in situ
and not the solvent 2-methoxyethanol in which the synthetic
reactions were carried out, reactions of the N-(20-hydroxyphenyl)-
4-R-benzaldimines (L-R) with [Os(PPh3)3Br2] were also carried out
in a solvent that cannot be the source of carbonyl, viz. benzene, and
Fig. 4. Hydrogen-bonding interactions in the crystal lattice of 2-OCH3 complex.
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Scheme 1. Probable steps in the formation of complexes 1-R and 2-R.
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these reactions did also afford the same 2-R complexes. Hence it
becomes apparent that the benzaldehyde, generated in situ, did
serve as the source of carbonyl. Similar osmium mediated decar-
bonylation of aldehydes has been observed earlier [92].

2.2. Spectral studies

Magnetic susceptibility measurements show that both the 1-R
and 2-R complexes are diamagnetic. From the composition of the
1-R complexes, it is clear that osmium is in the þ3 state (low-spin
d5, S ¼ 1/2) in these complexes. The observed diamagnetism of
these 1-R complexes thus indicates that strong antiferromagnetic
interaction between the unpaired electron on osmium and that on
the iminosemiquinonate radical. It is relevant to mention in this
context that similar antiferromagnetic interaction between an
osmium(III) center and an iminosemiquinonate radical has been
observed before [54]. The diamagnetic nature of the 2-R complexes
corresponds to the þ2 oxidation state of osmium (low-spin d6,
S ¼ 0) in them. 1H NMR spectra of the 1-R and 2-R complexes have
been recorded in CDCl3 solution. Each complex shows broad signals
within 7.1e7.5 ppm for the coordinated PPh3 ligands. The azome-
thine proton signal is observed near 7.60 ppm and 7.08 ppm in the
1-R and 2-R complexes respectively. A distinct singlet is observed
in the 6.38e6.84 ppm region in the 1-R complexes with R ¼ OCH3,
CH3 and Cl and a similar signal is observed in the 4.71e5.95 ppm
region in the corresponding 2-R complexes with R s H, which is
assigned to the phenyl proton in between the metallated carbon
and the substituent R (II, R s H). Appearance of this signal
confirms that orthometallation of the phenyl ring in the benzaldi-
mine fragment has indeed taken place. In the 1-NO2 complex this
signal could not be identified, probably because of its overlap with
other signals. Among the other expected aromatic proton signals
for the C,N,O-coordinated ligand, most have been clearly observed
while a few could not be detected due to their overlap with the
PPh3 signals. A distinct singlet is observed in all the 1-R complexes
at around 14.5 ppm, which is assigned to the NeH proton of
the iminosemiquinonate fragment. Among the other expected
aromatic proton signals for the C,N,O-coordinated ligand (and also



Fig. 5. Partial molecular orbital diagram of 1-H complex.
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from the iminosemiquinonate ligand in the 1-R complexes), most
have been clearly observedwhile a few could not be detected due to
their overlap with the PPh3 signals. Infrared spectrum each 1-R
complex shows three strong bands near 518, 694 and 742 cm�1

indicating the presence of coordinated PPh3 ligands [56,93e95].
A sharp band near 3270 cm�1 is also displayed by these complexes,
which is attributable to the NeH stretch arising from the coordi-
nated iminosemiquinonate fragment. Besides showing a strong
band near 1895 cm�1 due to the coordinated carbonmonoxide [96],
infrared spectra of the 2-R complexes are qualitatively similar to
their respective 1-R analogues. The 1H NMR and IR spectral data of
the 1-R and 2-R complexes are therefore consistent with their
compositions.

The 1-R and 2-R complexes are soluble in acetone, dichloro-
methane, chloroform, etc., producing brown and bright blue
solutions respectively. Electronic spectra of the complexes have
been recorded in dichloromethane solution. Spectral data are
presented in Table 2. All the complexes show several intense
absorptions in the visible and ultraviolet regions. The absorptions
in the ultraviolet region are attributable to transitions within the
ligand orbitals and those in the visible region are probably due to
charge-transfer transitions. Multiple charge-transfer transitions
in such mixed-ligand complexes may result from the lower
symmetry splitting of the metal level, the presence of different
acceptor orbitals and from the mixing of singlet and triplet
configurations in the excited state through spin-orbit coupling
[97e100]. To have a better insight into the nature of the
absorptions in the visible region, qualitative EHMO calculations
have been performed [101,102] on computer generated models of
the 1-R and 2-R complexes. Partial MO diagrams for two repre-
sentative complexes are shown in Fig. 5 and Fig. S1 (Supple-
mentary material), and compositions of selected molecular
orbitals are given in Table S1 (Supplementary material). In the
1-R complexes the highest occupied molecular orbital (HOMO)
and the next two filled orbitals (HOMO-1 and HOMO-2) have
Table 2
Electronic spectral and cyclic voltammetric data.

Complex Electronic spectral dataalmax,
nm (3, M�1 cm�1)

Cyclic voltammetric
databE, V vs SCE

1-OCH3 231(41 200), 312c(18 600), 395(9700),
526(6600), 880(210)

0.47(80),d 1.16,e �1.02f

1-CH3 231(26 100), 297c(12 100), 400(7000),
518(4400), 859(150)

0.49(80),d 1.10,e �1.12f

1-H 231(20 900), 287c(10 730), 400(5000),
515(3400), 859(190)

0.51(80),d 1.12,e �1.08f

1-Cl 231(39 200), 300c(17 600), 400(8400),
518(5800), 859(140)

0.58(70),d 1.29,e �1.14f

1-NO2 230(22 800), 296c(10 100), 400(5500),
516(3600)

0.67(80),d 1.36,e �1.09f

2-OCH3 235(34 600), 268c(16 100), 312(13 500),
381(4600), 586(2500)

0.29(73),d 1.04(114),d

�1.23f

2-CH3 236(37 000), 272c(13 300), 315(7000),
396(2400), 607(1200)

0.31(80),d 1.11(107),d

�1.26f

2-H 234(37 700), 275c(17 000), 314(13 500),
396(5900), 606(2400)

0.36(80),d 1.17(92),d

�1.30f

2-Cl 234(39 300), 271c(13 900), 315(6900),
395(2300), 607(1200)

0.41(80),d 1.29(83),d

�1.31f

2-NO2 240(51 600), 272c(15 800), 349(1500),
438(800), 699(400)

0.51(70),d 1.11(79),d

�1.16f

a In dichloromethane solution.
b Solvent, 1:9 dichloromethaneeacetonitrile; supporting electrolyte, TBAP;

reference electrode, SCE; E1/2 ¼ 0.5 (Epa þ Epc), where Epa and Epc are anodic and
cathodic peak potentials; DEp ¼ Epa � Epc; scan rate, 50 mVs�1.

c Shoulder.
d E1/2 (DEp, mV).
e Epa value.
f Epc value.
major contributions from the osmium dxy, dyz and dzx orbitals.
These three occupied orbitals may therefore be regarded as the
osmium t2 orbitals. The lowest unoccupied molecular orbital
(LUMO) has more than 60% contribution from the osmium e
orbitals. Among the next few vacant orbitals, LUMO þ 1 is
primarily centered on the benzaldimine ligand and is concen-
trated mainly on the imine (C]N) fragment, while LUMO þ 2 is
delocalized over the C,N,O-coordinated benzaldimine ligand. The
lowest energy absorption in the 850e880 nm region (Table 2),
which is much less intense, may therefore be assigned to a ded
transition taking place from the highest filled osmium orbital
(HOMO) to the lowest vacant orbital of the same (LUMO) [103].
The other intense absorptions at higher energies may be assigned
to charge-transfer transitions from the osmium t2 orbitals to the
higher energy vacant orbitals. In the 2-R complexes, the HOMO,
HOMO-1 and HOMO-2 also have major contributions from the
osmium dxy, dyz and dzx orbitals. The LUMO, which is rather iso-
lated, has more than 80% contribution from the benzaldimine
ligand and is concentrated mainly on the imine (C]N) fragment.
The LUMO þ 1 is primarily centered on the carbonyl ligand, while
LUMO þ 2 is delocalized over both the phenyl rings of the ben-
zaldimine ligand. The intense and rather isolated absorption in
the 586e699 nm region may therefore be assigned to the charge-
transfer transition taking place from the highest filled osmium t2
orbital (HOMO) to the vacant p*(C]N) orbital of the benzaldi-
mines (LUMO). The other intense absorptions at higher energies
may be assigned to charge-transfer transitions from the osmium
t2 orbitals to the higher energy vacant orbitals.
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2.3. Electrochemical properties

Electrochemical properties of the 1-R and 2-R complexes have
been studied by cyclic voltammetry in 1:9 dichloromethane-
acetonitrile solution (0.1 M TBAP) [104]. Voltammetric data are
given in Table 2. Each 1-R complex shows an oxidative response
within 0.47e0.67 V vs SCE, and in viewof composition of the HOMO
in these complexes this oxidation is assigned to the Os(III)eOs(IV)
oxidation. This oxidation is reversible, characterized by a peak-to-
peak separation (DEp) of 70e80 mV, which remains unchanged
upon changing the scan rate, and the anodic peak current (ipa) is
almost equal to the cathodic peak current (ipc), as expected for
a reversible electron-transfer process. The 1-R complexes show
a second oxidative response within 1.10e1.36 V vs SCE, which is
tentatively assigned to the oxidation of the iminosemiquinonate
ligand. One-electron nature of both the oxidations has been verified
by comparing their current heights (ipa) with that of the standard
ferrocene/ferrocenium couple under identical experimental
conditions. Potential of the Os(III)eOs(IV) oxidation has been found
to be sensitive to the nature of the substituent R in the C,N,O-
coordinated benzaldimine ligand. The potential (E1/2) increases
with increasing electron-withdrawing character of the substituent
R. The plot of E1/2 vs s [s ¼ Hammett constant of R [105];
OCH3 ¼ �0.27, CH3 ¼ �0.17, H ¼ 0.00, Cl ¼ 0.23 and NO2 ¼ 0.78] is
linear (Figure S2, Supplementary material) with a slope (r) of 0.19 V
(r ¼ reaction constant of this couple) [106]. This linear correlation
of E1/2 vs s with a reasonable slope (r) clearly shows that a single
substituent on the C,N,O-coordinated benzaldimine can influence
the metal-centered oxidation potential in a predictable manner.
The 1-R complexes show an irreversible reduction within �1.02 to
�1.14 V vs SCE, which is assigned, in view of composition of the
LUMO, to Os(III)eOs(II) reduction. Potential of this irreversible
reduction does not show any systematic variation with the nature
of the substituent R. The 2-R complexes show two oxidative
responses on the positive side of SCE. The first response, observed
within 0.29e0.51 V, is reversible in nature and is assigned to the Os
(II)eOs(III) oxidation based on the HOMO composition. The second
oxidative response, observed within 1.04e1.29 V, is quasi-revers-
ible in nature and is tentatively assigned to Os(III)eOs(IV) oxida-
tion. Potential of the Os(II)eOs(III) oxidation correlates linearly
with the electron-withdrawing character (s) of the substituent R,
with a slope (r) of 0.21 V (Figure S3, supporting material), however,
that of the second oxidation does not show similar correlation. The
2-R complexes also show an irreversible reduction within �1.16 to
�1.31 V vs SCE, which is assigned, in view of the LUMO composi-
tion, to reduction of the coordinated benzaldimine, and potential of
this reduction does not show any linear correlation with the nature
of the substituent R.

3. Conclusions

The present study shows that the N-(20-hydroxyphenyl)-4-R-
benzaldimines (L-R) can undergo CeH activation, as well as hydro-
lytic cleavage of the imine bond, upon reaction with [Os(PPh3)3Br2].
This study also demonstrates that benzaldehydes can undergo facile
osmium-assisted decarbonylation, yielding carbonyl complexes. The
present study thus indicates that CeH activation of selective organic
substrates, having skeletal similarity with the benzaldimines (LeR),
may be achievable by their reaction with [Os(PPh3)3Br2] leading to
the formation of interesting organoosmium complexes.

4. Experimental

Microanalyses (C, H, N) were performed using a Heraeus Carlo
Erba 1108 elemental analyzer. Magnetic susceptibilities were
measured using a PAR 155 Vibrating sample magnetometer fitted
with a Walker scientific L75FBAL magnet. 1H NMR spectra were
recorded in CDCl3 solution on a Bruker Avance DPX 300 NMR
spectrometer using TMS as the internal standard. IR spectra were
obtained on a Shimadzu FTIR-8300 spectrometer with samples
prepared as KBr pellets. Electronic spectra were recorded on
a JASCO V-570 spectrophotometer. Electrochemical measurements
were made using a CH Instruments model 600A electrochemical
analyzer. A platinum disc working electrode, a platinum wire
auxiliary electrode and an aqueous saturated calomel reference
electrode (SCE) were used in the cyclic voltammetry experiments.
All electrochemical experiments were performed under a dini-
trogen atmosphere. All electrochemical data were collected at
298 K and are uncorrected for junction potentials. Commercial
osmium tetroxide was purchased from Arora Matthey, Kolkata,
India and was converted to [NH4]2[OsBr6] by reduction with
hydrobromic acid [107]. Triphenylphosphine, 2-aminophenol and
the para-substituted benzaldehydes were obtained from Merck,
India. [Os(PPh3)3Br2] was synthesized, starting from [NH4]2[OsBr6],
by following a reported procedure [108]. The N-(20-hydroxyphenyl)
benzaldimines (L-R) were prepared by reacting equimolar amounts
of respective para-substituted benzaldehyde and 2-aminophenol in
ethanol. Purification of acetonitrile and preparation of tetrabuty-
lammonium perchlorate (TBAP) for electrochemical work were
performed as reported in the literature [109,110]. All other chem-
icals and solvents were reagent grade commercial materials and
were used as received.

4.1. Synthesis of complexes

The 1-R and 2-R complexes were synthesized by following
a general procedure. Specific details are given below for one pair of
complexes.

1-OCH3 and 2-OCH3. N-(20-hydroxyphenyl)-4-methoxybenz-
aldimine (20 mg, 0.09 mmol) was dissolved in 2-methoxyethanol
(50 mL) and triethylamine (18 mg, 0.18 mmol) was added to it and
was warmed. To the warm solution was added [Os(PPh3)3Br2]
(100 mg, 0.09 mmol) and the mixture was refluxed for 24 h,
whereby a brown solution was obtained. Evaporation of this solu-
tion afforded a dark solid, which was subjected to purification by
thin layer chromatography on a silica plate. With 1:10 acetoni-
trileebenzene as the eluant, a distinct blue band separated first
followed by a brown band, both of which were extracted with 1:3
dichoromethaneeacetonitrile. Evaporation of the brown extract
gave 1-OCH3 as a crystalline brown solid and that of the blue
extract gave 2-OCH3 as a crystalline blue solid.

1-OCH3: Yield: 21%. Anal. Calc. for C38H31O3N2POs: C, 58.16; H,
3.95; N, 3.57. Found: C, 58.18; H, 3.87; N, 3.55%. 1H NMR [111]: 3.38
(OCH3); 4.71(s, H); 5.75 (d, H, J ¼ 8.2); 6.22 (t, H, J ¼ 7.5); 6.35 (d, H,
J¼ 8.2); 6.68 (t, H, J ¼ 7.5); 6.81 (t, H, J¼ 9.4); 6.93e6.96* (2H); 7.09
(d, H, J ¼ 8.3); 7.26e7.38 (PPh3); 7.47e7.49* (2H); 14.64 (s, H).
1-CH3: Yield: 22%. Anal. Calc. for C38H31O2N2POs: C, 59.37; H, 4.03;
N, 3.64. Found: C, 59.35; H, 3.95; N, 3.62%. 1H NMR: 2.34 (CH3); 4.84
(s, H); 6.00 (d, H, J¼ 7.6); 6.24 (t, H, J¼ 7.5); 6.38 (d, H, J¼ 8.2); 6.68
(t, H, J ¼ 6.2); 6.83 (t, H, J ¼ 7.5); 6.97e7.0* (2H); 7.15 (d, H, J ¼ 7.0);
7.26e7.41 (PPh3); 7.49 (d, H, J ¼ 8.4); 7.58 (s, H); 14.2 (s, H). 1-H:
Yield: 20%. Anal. Calc. for C37H29O2N2POs: C, 58.88; H, 3.84; N, 3.71.
Found: C, 58.80; H, 3.79; N, 3.68%. 1H NMR: 4.81 (s, H); 5.08 (d, H,
J ¼ 7.6); 6.15e6.25* (2H); 6.34e6.42* (2H); 6.59 (t, H, J ¼ 8.0); 6.69
(t, H, J ¼ 7.4); 6.97 (d, H, J ¼ 8.1); 6.99 (d, 1H, J ¼ 4.6); 7.10 (d, 2H,
J ¼ 7.9); 7.26e7.38 (PPh3); 7.46e7.50* (2H); 14.58 (s, H). 1-Cl: Yield:
20%. Anal. Calc. for C37H28O2N2ClPOs: C, 56.30; H, 3.55; N, 3.55.
Found: C, 56.75; H, 3.47; N, 3.50%. 1H NMR: 5.03 (s, H); 6.20 (d, H,
J ¼ 8.3); 6.28 (t, H, J ¼ 7.5); 6.39 (d, H, J ¼ 8.2); 6.71 (t, H, J ¼ 7.4);
6.86 (t, H, J ¼ 7.4); 6.93 (d, H, J ¼ 8.1); 6.99 (d, H, J ¼ 8.0); 7.16 (d, H,
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J ¼ 8.1); 7.31e7.37 (PPh3); 7.50 (d, H, J ¼ 8.5); 7.60 (s, H); 14.2 (s, H).
1-NO2: Yield: 20%. Anal. Calc. for C37H28O4N3POs: C, 55.50; H, 3.50;
N, 5.25. Found: C, 55.48; H, 3.44; N, 5.21%. 1H NMR: 5.95 (s, H); 6.27
(t, H, J ¼ 7.5); 6.39 (d, H, J ¼ 8.3); 6.74 (d, H, J ¼ 7.4); 6.88 (t, H,
J ¼ 7.7); 7.08* (2H); 7.17e7.20* (2H); 7.26e7.39 (PPh3); 7.48 (d, H,
J ¼ 8.2); 7.67 (s, H); 14.15 (s, H).

2-OCH3: Yield: 20%. Anal. Calc. for C51H41O3NP2Os: C, 63.29; H,
4.23;N,1.45. Found: C, 63.24;H, 4.35;N,1.43%.1HNMR:3.53 (OCH3);
5.66 (t, H, J¼ 7.5); 5.76(d, H, J¼ 7.2); 5.98 (d, H, J¼ 8.7); 6.36e6.40*
(2H); 6.60 (d, H, J¼ 8.4); 7.06 (s, H); 7.16 (s, H); 7.16e7.46 (2PPh3). 2-
CH3: Yield: 21%. Anal. Calc. for C51H41O2NP2Os: C, 64.35; H, 4.31; N,
1.47. Found: C, 64.73;H, 4.29;N,1.45%.1HNMR:2.45 (CH3); 5.65 (t, H,
J¼ 7.3); 5.76(d, H, J¼ 7.6); 5.99 (d, H, J¼ 8.2); 6.18 (d, H, J¼ 7.5); 6.39
(t, H, J ¼ 7.5); 6.56 (d, H, J ¼ 7.6); 6.70 (s, H); 7.08 (s, H); 7.19e7.45
(2PPh3). 2-H: Yield: 20%. Anal. Calc. for C50H39O2NP2Os: C, 64.03; H,
4.16; N, 1.49. Found: C, 64.56; H, 4.20; N, 1.49%. 1H NMR: 5.65 (t, H,
J¼ 7.4); 5.77 (d, H, J¼ 7.6); 5.93 (d, H, J¼ 8.3); 6.28e6.41* (3H); 6.61
(d, H, J ¼ 7.0); 7.00e7.04* (2H); 7.13 (s, H); 7.19e7.55 (2PPh3). 2-Cl:
Yield: 20%. Anal. Calc. for C50H38O2NClP2Os: C, 61.76; H, 3.91; N,1.44.
Found: C, 61.65; H, 3.80; N,1.46%. 1HNMR: 5.67 (t, H, J¼ 7.2); 5.77 (d,
H, J ¼ 7.6); 5.97 (d, H, J ¼ 8.3); 6.35(d, H, J ¼ 8.2); 6.40 (t, H, J ¼ 7.3);
6.52 (d, H, J¼ 8.0); 6.84 (s, H); 7.08 (s, H); 7.19e7.44 (2PPh3). 2-NO2:
Yield: 20%. Anal. Calc. for C50H38O4N2P2Os: C, 61.09; H, 3.86; N, 2.85.
Found: C, 61.62; H, 3.74; N, 2.93%. 1HNMR: 5.66 (t, H, J¼ 7.4); 5.75(d,
H, J ¼ 7.8); 5.97 (d, H, J ¼ 8.4); 6.40 (t, H, J ¼ 6.9); 6.59(d, H, J ¼ 8.4);
7.03e7.13* (2H); 7.19e7.41 (2PPh3).

4.2. X-ray crystallography

Single crystals of the 1-Cl and 2-OCH3 complexes were obtained
by slow diffusion of hexane into a dichloromethane solution of the
respective complexes. All data were collected at 120 K. Selected
crystal data and data collection parameters are given in Table 3.
Data were collected on a Bruker APEX diffractometer fitted with
a Bede Microsource using graphite monochromated MoKa radia-
tion (l¼ 0.71073�A) by 2qeu scans within the q range of 3.6e28.50�

and 3.5 to 28.30� respectively. X-ray data reduction, structure
solution and refinement were done using standard Bruker software
programs [112]. The structures were solved by the direct methods.
All data were corrected for absorption with SADABS [113]. Refine-
ment was on F2 using fullematrix least-squares technique. All
hydrogen atoms were placed at calculated position and refined
Table 3
Crystallographic data for 1-Cl and 2-OCH3.

1-Cl 2-OCH3$0.375H2O

Empirical formula C37H28ClN2O2OsP C51H41O3NP2Os.0.375H2O
Formula weight 789.23 974.74
Space group Triclinic, P1 Monoclinic, P21
a (�A) 9.7552(10) 11.9981(6)
b (�A) 13.0640(13) 17.5010(8)
c (�A) 14.1147(14) 20.0110(9)
a (deg) 102.132(4) 90
b (deg) 107.410(6) 90.085(1)
g (deg) 108.635(6) 90
V(�A3) 1530.6(3) 4203.0(16)
Z 2 4
l (�A) 0.71073 0.71073
Crystal size (mm) 0.08 � 0.11 � 0.16 0.17 � 0.25 � 0.40
T (K) 120 120
m (mm�1) 4.343 3.157
R1

a 0.0237 0.0219
wR2

b 0.0550 0.0469
Goodness-of-fit (GOF)c 1.05 0.95

a R1 ¼ SúúFoú e ú Fcúú/Sú Foú.
b wR2 ¼ [S{w(Fo2 � Fc

2)2}/S{w(Fo2)}]1/2.
c GOF¼ [S(w(Fo2� Fc

2)2)/(M�N)]1/2, whereM is the number of reflections and N is
the number of parameters refined.
using a riding model, with the exception of the water hydrogen
atomswhichwere located in the fourier differencemap and fixed at
0.86 �A from O7.
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Appendix A. Supplementary material

CCDC-764096 and -764097 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.

Partial molecular orbital diagram of the 2-H complex (Fig. S1),
least-squares plot of E1/2 values of Os(III)eOs(IV) couple vs s for
the 1-R complexes (Fig. S2), least-squares plot of E1/2 values of Os
(II)eOs(III) couple s for the 2-R complexes (Fig. S3), and compo-
sition of selected molecular orbitals for the 1-R and 2-R complexes
(Table S1).

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jorganchem.2010.05.015.
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