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Reaction of the oximes of salicyladehyde (H2L
1), 2-hydroxyacetophenone (H2L

2) and
2-hydroxynaphthaldehyde (H2L

3; general abbreviation H2L, where H2 stands for the two dissociable protons,
one phenolic proton and one oxime proton) with [Rh(PPh3)3Cl] afforded a family of rhodium(III) complexes
of the type [Rh(PPh3)2(HL)(L)]. The crystal structure of [Rh(PPh3)2(HL2)(L2)] has been determined by X-ray
diffraction. One oxime ligand is coordinated via dissociation of only the phenolic proton, while the other oxime
ligand is coordinated via dissociation of both the phenolic and oxime protons. Both the oxime ligands are
coordinated as bidentate N,O-donors, forming six-membered chelate rings. The complexes are diamagnetic
(low-spin d6, S ¼ 0) and their 1H NMR spectra are in excellent agreement with their compositions. All three
[Rh(PPh3)2(HL)(L)] complexes display intense absorptions in the visible and ultraviolet regions. Cyclic
voltammetry on all the complexes shows two oxidations; the first one is observed within the range 0.61 to 0.76 V
vs. SCE and the second one within 1.20 to 1.32 V vs. SCE. There is also one irreversible reduction between
�1.05 and �1.30 V vs. SCE.

Introduction

The chemistry of rhodium complexes has been receiving con-
siderable current attention,1 primarily because of the interest-
ing reactivities exhibited by these complexes. As the
properties of complexes are primarily dictated by the coordina-
tion environment around the metal center, complexation of
rhodium by ligands of selected types has been of significant
importance. The present work has originated from our interest
in this area.2 As in our earlier works,2 Wilkinson’s catalyst, viz.
[Rh(PPh3)3Cl], has again been chosen as the rhodium starting
material in the present study. This particular complex is known
to undergo dissociation in solution, producing free PPh3 and a
formally tricoordinated Rh(PPh3)2Cl species,

3 which has been
found to undergo simple complexation,2d as well as to promote
interesting reactions such as cyclometallation via C–H activa-
tion,2b activation of molecular oxygen,2a reduction of hydrox-
amic acids2c and unusual chemical transformation of
semicarbazones.2e Thus, Wilkinson’s catalyst has also been
found to serve as an useful synthon for the preparation of
interesting complexes.

To interact with Wilkinson’s catalyst, a group of three
oxime ligands (1; viz. the oximes of salicylaldehyde,

2-hydroxyacetophenone and 2-hydroxynaphthaldehyde) con-
taining a phenolic OH group, in addition to the oxime func-
tion, have been selected. These ligands are abbreviated in
general as H2L, where H2 stands for the two dissociable pro-
tons, the phenolic proton and the oxime proton. These ligands
are known to bind to metal ions, usually via dissociation of
only the phenolic proton, as bidentate N,O-donors to form
stable six-membered chelate rings.4 Under suitable experimen-
tal conditions, the oxime proton also dissociates.5 We have
also observed these ligands to undergo the interesting oxime
(>C=N–OH) to imine (>C=N–H) transformation upon
reaction with [Ru(PPh3)3Cl2].

6 It may be mentioned here that
though rhodium complexes of different oxime ligands have
received some attention,7 the chemistry of the rhodium com-
plexes of these oxime ligands (1) appears to have remained
unexplored. The primary intention of the present study has
been to see how the oxime ligands (1) interact with Wilkinson’s
catalyst. Upon reaction of [Rh(PPh3)3Cl] with 1 a group of
rhodium complexes of the type [Rh(PPh3)2(HL)(L)] has been
obtained. The chemistry of these complexes is reported in this
paper with special reference to their synthesis, structure and
electrochemical properties.

Experimental

Materials and physical measurements

Rhodium trichloride was obtained from Arora Matthey
(Kolkata, India) and triphenylphosphine was purchased from
Loba Chemie (Mumbai, India). [Rh(PPh3)3Cl] was synthe-
sized following a reported procedure.8 The oxime ligands
were prepared by condensing the respective aldehyde or
ketone with hydroxylamine. Purification of dichloromethane
and acetonitrile, and preparation of tetrabutylammonium
perchlorate (TBAP) for electrochemical work, were
performed as before.9
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Microanalyses (C, H, N) were performed using a Heraeus
Carlo Erba 1108 elemental analyzer. IR spectra were obtained
on a Shimadzu FTIR-8300 spectrometer with samples pre-
pared as KBr pellets. Electronic spectra were recorded on a
JASCO V-570 spectrophotometer. Magnetic susceptibilities
were measured using a PAR 155 vibrating sample magneto-
meter fitted with a Walker Scientific L75FBAL magnet. 1H
NMR spectra were recorded in CDCl3 solution with a Bruker
Avance DPX 300 NMR spectrometer using TMS as the inter-
nal standard. Electrochemical measurements were done in 1:9
dichloromethane–acetonitrile solution (0.1 M TBAP) using a
CH Instruments model 600A electrochemical analyzer. The
addition of 10% dichloromethane was necessary to dissolve
the complexes and acetonitrile was necessary for detection of
the reductive response. A platinum disc working electrode, a
platinum wire auxiliary electrode and an aqueous saturated
calomel reference electrode (SCE) were used in a three-elec-
trode configuration. Electrochemical measurements were made
under a dinitrogen atmosphere. All electrochemical data were
collected at 298 K and are uncorrected for junction potentials.

Synthetic procedures

[Rh(PPh3)2(HL1)(L1)]. H2L
1 (30 mg, 0.22 mmol) was taken

up in benzene (40 mL) and to it was added triethylamine (44
mg, 0.44 mmol); the flask was purged with a stream of nitrogen
for 5 min. Then [Rh(PPh3)3Cl] (100 mg, 0.11 mmol) was added
and the mixture was heated at reflux under a nitrogen atmo-
sphere for 12 h to yield an orange solution. Evaporation of this
solution gave a yellowish-orange solid, which was subjected to
purification by thin layer chromatography on a silica plate.
With benzene–acetonitrile (10:1) as the eluant, an orange band
separated, which was extracted with acetonitrile. Upon eva-
poration of the acetonitrile extract [Rh(PPh3)2(HL1)(L1)] was
obtained as a crystalline orange solid. Yield: 75%. Anal. calcd:
C, 66.82; H, 4.57; N, 3.12; found: C, 66.07; H, 4.53; N, 3.16%.
1H NMR (300 MHz, CDCl3): d 5.66 (d, J ¼ 7.6 Hz, 2H), 5.84
(t, J ¼ 7.0 Hz, 2H), 6.01 (s, 2H), 6.51 (d, J ¼ 8.2 Hz, 2H), 6.64
(t, J ¼ 6.9 Hz, 2H), 6.9–7.5 (2PPh3), 19.38 (s, 1H). UV-vis
(CH2Cl2): lmax/nm (e/M�1 cm�1) 44210 (6200), 39810 (8200),
29610 (26 800).

[Rh(PPh3)2(HL2)(L2)]. This complex was prepared by fol-
lowing the same procedure as above using H2L

2 instead of
H2L

1. Yield: 72%. Anal. calcd: C, 67.39; H, 4.86; N, 3.02;
found: C, 68.13; H 4.88; N, 3.07%. 1H NMR (300 MHz,
CDCl3): d 1.13 (s, 2CH3), 6.06–6.14 (4H), 6.69–6.82 (4H),
7.1–7.7 (2PPh3), 19.32 (s, 1H). UV-vis (CH2Cl2): lmax/nm
(e/M�1 cm�1) 42210 (5400), 36410 (7800), 298 (39 300).

[Rh(PPh3)2(HL3)(L3)]. This complex was prepared by fol-
lowing the same procedure as for [Rh(PPh3)2(HL1)(L1)] using
H2L

3 instead of H2L
1. Yield: 75%. Anal. calcd: C, 69.75; H,

4.51; N, 2.81; found: C, 69.07; H, 4.57; N, 2.89%. 1H NMR
(300 MHz, CDCl3): d 6.89 (t, J ¼ 7.8 Hz, 2H), 6.99 (d,
J ¼ 9.0 Hz, 2H), 7.32 (d, J ¼ 8.3 Hz, 2H), 7.33 (s, 2H), 7.40
(d, J ¼ 6.9 Hz, 2H), 7.41–7.58 (4H), 7.0–7.8 (2PPh3), 19.41
(s, 1H). UV-vis (CH2Cl2): lmax/nm (e/M�1 cm�1) 46810

(6900), 432 (9700), 33210 (17 250).

X-Ray crystallography

Single crystals of [Rh(PPh3)2(HL2)(L2)] were grown by slow
evaporation of an acetonitrile solution of the complex.
Selected crystal data and data collection parameters are given
in Table 1. Data were collected on a Bruker P4 diffractometer
using graphite-monochromated MoKa radiation (l ¼ 0.71069
Å) by f and o scans. The data were corrected for empirical
absorption on the basis of psi scans. X-Ray structure solution

and refinement were done using the SHELXS-97 and
SHELXL-97 programs.11 Hydrogen atoms were fixed at
calculated positions and were refined using a riding mode.
The structure was solved by direct methods.y

Results and discussion

Reaction of the oxime ligands (H2L, 1) with [Rh(PPh3)3Cl]
proceeds smoothly in refluxing benzene in the presence of
triethylamine to afford the [Rh(PPh3)2(HL)(L)] complexes in
decent yields. Triethylamine has been used as a base to favor
the dissociation of the acidic protons. Elemental (C, H, N)
analytical data of the complexes are consistent with their com-
positions. The net synthetic reaction can be expressed as in
eqn. 1:

½RhiðPPh3Þ3Cl� þ 2H2L ! ½RhiiiðPPh3Þ2ðHLÞðLÞ�
þ PPh3 þHClþ 2Hþ þ 2e� ð1Þ

It is interesting to note that rhodium has undergone a two-elec-
tron oxidation during the course of the synthetic reaction and
a trace of oxygen, present in the reaction vessel, might have
served as the oxidizing agent. It is also interesting to note that
the coordinated chloride in [Rh(PPh3)3Cl], which was found to
be retained in all of our earlier reactions,2 has been displaced
by the oxime ligands during the present reactions.

As the oxime ligands 1 are unsymmetric bidentate in nature,
these [Rh(PPh3)2(HL)(L)] complexes may exist, in principle, in
several geometric isomeric forms. To determine the stereo-
chemistry of these complexes, the structure of one representa-
tive member of this family, viz. [Rh(PPh3)2(HL2)(L2)], has been
determined by X-ray crystallography. A view of the complex
molecule is shown in Fig. 1 and selected bond parameters
are listed in Table 2. Both the partly deprotonated oxime
ligand (HL2) and the fully deprotonated oxime ligand (L2)
are coordinated to rhodium as bidentate N,O-donors, forming
six-membered chelate rings (2) with bite angles of �88�.

Table 1 Crystallographic data for [Rh(PPh3)2(HL2)(L2)]

Formula C52H45N2O4P2Rh

Formula weight 926.75

Crystal system Monoclinic

Space group P21/n

a/Å 11.168(3)

b/Å 17.158(2)

c/Å 23.129(6)

b/deg 96.68(2)

U/Å3 4401.9(17)

Z 4

T/K 100(2)

m/mm�1 0.509

Reflections collected 9565

Independent reflections 7654

Rint 0.0908

R1 [I > 2s(I )] 0.0578

wR2 [I > 2s(I )] 0.1113

y CCDC reference number 220837. See http://www.rsc.org/
suppdata/nj/b3/b309412j/ for crystallographic data in .cif or other
electronic format.
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The two coordinated oxime ligands constitute the pseudo-
equatorial plane with the metal at the center, with the pheno-
late oxygens being cis as are the oxime nitrogens (2). The
coordinated oxime ligands are intramolecularly hydrogen-
bonded (2) through the oxime hydrogen (in HL2) and the
oximato oxygen (in L2). The two triphenylphosphines have
taken up the remaining two axial positions and hence they
are mutually trans. The N2O2P2Rh core is distorted from ideal
octahedral geometry, as reflected in all the bond parameters
around rhodium. The RhN2O2 fragment is almost planar,
however, the phenyl rings of the oxime ligands do not lie in
the same plane as the RhN2O2 fragment, primarily due to
the sp3 character of the phenolate oxygens. The oxime
fragments also do not lie in the same plane as the correspond-
ing phenyl rings, due to a rotation of these fragments about the
C(phenyl)–C(oxime) bonds. The Rh–N, Rh–O and Rh–P
lengths are quite normal and so are the phenolic C–O
lengths and the C–N and N–O distances in the oxime frag-
ment.2,7i,7m,7n,7u,7v As all three complexes have been syn-
thesized similarly and display similar properties (vide infra),
the other two [Rh(PPh3)2(HL)(L)] complexes are assumed to
have the same structure as [Rh(PPh3)2(HL2)(L2)].
Magnetic susceptibility measurements show that the

[Rh(PPh3)2(HL)(L)] complexes are diamagnetic, which is in
accordance with the trivalent state of rhodium (low-spin d6,
S ¼ 0) in these complexes. 1H NMR spectra of all the com-
plexes show broad signals for the PPh3 protons within the
6.9–7.8 ppm range. Signals for the coordinated oxime ligands
are also observed in the expected regions. In the spectrum of
the [Rh(PPh3)2(HL1)(L1)] complex, a distinct signal has been
observed at 19.38 ppm, which is attributable to the intramole-
cularly hydrogen-bonded oxime hydrogen. Besides the broad
signals for the PPh3 ligands, five (one singlet, two doublets

and two triplets) distinct signals (2H each) have been observed
in the aromatic region due to the coordinated oxime ligands
(HL1 and L1). The singlet is assignable to the azomethine pro-
ton, while the doublets and triplets are due to the four phenyl
protons of each oxime ligand. In the [Rh(PPh3)2(HL2)(L2)]
complex, a single methyl signal is observed at 1.13 ppm and
the signal for the intramolecularly hydrogen-bonded oxime
hydrogen is observed at 19.32 ppm. The other expected signals
from the coordinated oxime ligands have been observed in the
6.06–6.82 ppm region. In the [Rh(PPh3)2(HL3)(L3)] complex,
the signal for the intramolecularly hydrogen-bonded oxime
hydrogen is observed at 19.41 ppm, the azomethine proton sig-
nal is at 7.33 ppm and the aromatic proton signals of the coor-
dinated oxime ligands lie within 6.89–7.58 ppm. The 1H NMR
spectral data thus indicate that the [Rh(PPh3)2(HL)(L)] com-
plexes have a pseudo-C2 symmetry in solution and are there-
fore consistent with the composition and stereochemistry of
the complexes.
Infrared spectra of the [Rh(PPh3)2(HL)(L)] complexes show

three strong bands near 525, 695 and 745 cm�1, which are
attributable to the Rh(PPh3)2 fragment.2 Comparison with
the spectrum of [Rh(PPh3)3Cl] shows the presence of some
additional bands in the spectra of the [Rh(PPh3)2(HL)(L)]
complexes (e.g., near 1597, 1331, 1306 and 918 cm�1), which
must be due to the coordinated oxime ligands. Electronic spec-
tra of the [Rh(PPh3)2(HL)(L)] complexes have been recorded
in dichloromethane solution. Each complex shows several
intense absorptions in the visible and ultraviolet region. The
absorptions in the ultraviolet region are assignable to transi-
tions within the ligand orbitals and those in the visible region
are probably due to charge-transfer transitions involving both
metal and ligand orbitals.
For a better understanding of the nature of the transitions in

the visible region, qualitative EHMO calculations have been
performed12 on computer-generated models of all three com-
plex molecules in which phenyl rings of the PPh3 ligands have
been replaced by hydrogens. A partial MO diagram is dis-
played in Fig. 2 and composition of some selected molecular
orbitals is given in Table 3. The highest occupied molecular
orbital (HOMO) and the next two filled orbitals (HOMO� 1
and HOMO� 2) have major contribution from the dxy , dyz
and dzx orbitals of rhodium

13 and hence these three filled orbi-
tals may be regarded as components of the metal t2 orbitals.
The lowest unoccupied molecular orbital (LUMO) and the
next couple of vacant orbitals (e.g., LUMOþ 1 and
LUMOþ 2) are localized almost entirely on different parts of
the oxime ligands. Hence the absorptions in the visible region

Fig. 1 View of the [Rh(PPh3)2(HL2)(L2)] molecule.

Table 2 Selected bond parameters (distances in Å, angles in �) for
[Rh(PPh3)2(HL2)(L2)]

Rh(1)–N(1) 2.038(5) N(1)–Rh(1)–O(2) 176.50(18)

Rh(1)–N(2) 2.032(5) N(2)–Rh(1)–O(1) 177.98(18)

Rh(1)–O(1) 2.049(4) P(1)–Rh(1)–P(2) 175.78(6)

Rh(1)–O(2) 2.026(4) N(1)–Rh(1)–O(1) 87.37(17)

Rh(1)–P(1) 2.3953(17) N(2)–Rh(1)–O(2) 88.88(17)

Rh(1)–P(2) 2.3917(17) N(1)–Rh(1)–N(2) 94.62(19)

C(17)–N(1) 1.306(7) O(1)–Rh(1)–O(2) 89.14(15)

N(1)–O(11) 1.372(6) Rh(1)–N(1)–O(11) 115.2(3)

C(27)–N(2) 1.296(7) Rh(1)–N(2)–O(22) 115.2(3)

N(2)–O(22) 1.373(6)

C(11)–O(1) 1.335(7)

C(21)–O(2) 1.327(7)
Fig. 2 Partial molecular orbital diagram of [Rh(PPh3)2(HL2)(L2)].
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may be assigned to charge-transfer transitions occurring from
the filled t2 orbitals of rhodium to the vacant p* orbitals of the
oxime ligands.
Electrochemical properties of the [Rh(PPh3)2(HL)(L)] com-

plexes have been studied by cyclic voltammetry. Voltammetric
data are presented in Table 4 and a selected voltammogram is
displayed in Fig. 3. Each complex shows two oxidative
responses (OxI and OxII) on the positive side of the SCE and
one reductive response (RedI) on the negative side. The first
oxidative response is observed within 0.61–0.76 V and is
assigned to rhodium(III)-to-rhodium(IV) oxidation. This oxida-
tion is quasi-reversible in nature with a peak-to-peak separa-
tion (DEp) of 66–80 mV; the anodic peak current (ipa) is
greater than the cathodic peak current (ipc). The one-electron
nature of this oxidation has been established by comparing
its current height (ipa) with that of the ferrocene/ferrocenium
couple under identical experimental conditions. The second

oxidative response (observed within 1.20–1.32 V) is irreversible
in nature and this oxidation is believed to be centered on
the oxime ligand. The reductive response (observed below
�1.0 V) is also irreversible and in view of the composition
of the LUMO (vide supra) it is assigned to reduction of the
coordinated oxime ligand.

Conclusion

The present study shows that the oxime ligands (H2L, 1) can
bind smoothly to rhodium upon reaction with [Rh(PPh3)3Cl],
affording complexes of the type [Rh(PPh3)2(HL)(L)], where
the coordinated oxime ligands are intramolecularly hydro-
gen-bonded (2). The disposition of the oxime oxygens in these
[Rh(PPh3)2(HL)(L)] complexes points to their possible co-
ordination to another metal ion, via dissociation of the intra-
molecularly hydrogen-bonded oxime hydrogen, leading to
the formation of polymetallic assemblies. Such a possibility is
currently under exploration.
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