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Abstract

The novel cyclometalated Rh(III) complex, ½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�PF6, where phpy-j2N;C20 is pyridine-2-yl-2-phenyl and
phen-dione is 1,10-phenanthroline-5,6-dione has been prepared and characterized by elemental analysis, IR, 1H NMR, and electronic
absorption spectroscopies, cyclic voltammetry, and X-ray crystallography. The crystal structure of ½Rhðphpy-j2N;C20 Þ2-
ðphen-dioneÞ�PF6 � CH3CN shows that the coordination geometry around the Rh(III) is a distorted octahedron, with bite angles of
76.13�–81.09� for all three bidentate ligands.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Cyclometalated octahedral ruthenium(II), ruthenium
(III), rhodium(III), and iridium(III) complexes have been
widely studied with particular emphasis placed on their pho-
toelectrochemical, photophysical, redox, and spectroscopic
properties [1]. The changes in such properties observed upon
the replacement of a typical N,N-donor ligand such as
2,2 0-bipyridine with its carbocylic structural analogue,
2-phenylpyridine (phpy), have been of particular interest.
The strong ligand field influence of the C-donor, combined
with the possibility of p-back donation into the metallocycle,
yields generally high-lying d–d excited states. Charge-trans-
fer states, particularly interesting in photochemistry, become
therewith often the lowest excited states [1–5].

Our research into cyclometalated complexes [6] has led
us to cyclometalated Rh(III) complex with 1,10-phenan-
throline-5,6-dione (Scheme 1).
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1,10-Phenanthroline-5,6-dione plays important roles as
molecular scaffolding for supramolecular assemblies, build-
ing block for the synthesis of metallodendrimers, thin films
of luminescent complexes and ligand for synthesis of ring-
opening metathesis polymerization (ROMP) monomer [7].
Metal complexes of phen-dione ligand allow for the varia-
tion and control of redox properties over a wide range as well
as the fine tuning of potentials through pH changes [8,9]. In
this study, we repot the facile synthesis of a Rh(III) cyclo-
metalated complex, ½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�-
PF6, where phpy-j2N;C20 is pyridine-2-yl-2-phenyl and
phen-dione is 1,10-phenanthroline-5,6-dione, and the
characterization of this complex by X-ray crystallography,
elemental analysis, IR, 1H NMR, and UV–Vis spectrosco-
pies, and cyclic voltammetry.
2. Results and discussion

The Rh(III) complex was synthesized in good yield
according to the following reactions:
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Refluxing operation was thought necessary to overcome
the greater inertness of Rh(III) toward substitution reaction.
Due to the poor solubility of ½Rhðphpy-j2N;C20 Þ2ðphen-
dioneÞ�Cl in common organic solvents, the chloride salt of
the complex was dissolved in a minimum amount of water
and then excess amount of KPF6 was added to the solution.
The orange precipitate, ½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�-
PF6 was formed. ½Rhðphpy-j2N;C20 Þ2 ðphen-dioneÞ�PF6 is
air-stable and can be readily recrystallized. Elemental analy-
sis of the complex was entirely consistent with its proposed
stoichiometry.

Orange crystals of ½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�-
PF6 � CH3CN were grown by ether diffusion into an aceto-
nitrile solution of the complex. As shown in Fig. 1, the
Rh(III) center chelated to two phpy-j2N;C20 ligands ori-
ented in a cis geometry and to a phen-dione ligand. The
phen-dione ligand is coordinated to the Rh(III) through
its nitrogen atoms. The r-bonded phenyl groups of pyri-
dine-2-yl-2-phenyl ligands are trans to the nitrogen atoms
of the phen-dione ligand. As we know the scattering power
of an atom for X-ray is proportional to its atomic number.
This means that neighboring atoms in the periodic table
NN

OO

1, 10-phenanthroline-5,6-dione

(phen-dione)

Scheme 1.
such as C and N atoms differ only slightly from one
another. For good data sets, it is usually possible to make
this distinction from X-ray data alone. The single most
powerful crystallographic indicator for a wrongly chosen
atom type is the refined Ueq value. Here, according to the
crystallographic R-factors and Ueq values, in the structure,
N atoms of two phpy-j2N;C20 ligands are in trans position
to each other.
Fig. 1. ORTEP structure of ½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�PF6�
CH3CN.



Fig. 2. Absorption spectrum of ½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�PF6 in
acetonitrile.

Fig. 3. Cyclic voltammogram of ½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�PF6 in
acetonitrile at a scan rate of 100 mV/s ; 0.1 M TBAH.
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The coordination geometry around Rh(III) is a dis-
torted octahedron, with bite angles of 76.13–81.09� for all
three bidentate ligands. The phen-dione ligand has the
smallest bite angle [N(3)–Rh–N(4) = 76.13(10)�]. The aver-
age bond length between the Rh(III) and each nitrogen
atom [N(1), N(2), N(3), or N(4)] is slightly larger than that
formed by two carbon atoms of the pyridine-2-yl-2-phenyl
ligands and Rh(III). Of the three ligands, the phen-dione is
the most planer and the angle between pyridyl rings is
10.38(13)� in the lattice. The symmetry of the monocation
½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�þ is formally C2.

It is to be noted that fluorine atoms of PF6
� counter

ions, have a high thermal parameter due to data collection
in room temperature. We tried refining these atoms in two
positions with reduced occupancy but while this model
converged satisfactorily, there was no decrease in R value
and therefore we consider that our original refinement is
the best that can be achieved and should be reported.
The P–F bond lengths range from 1.549(4) to 1.603(4) Å,
with an average of 1.564(4) Å.

The well-resolved 1H NMR spectrum with sharp reso-
nances of the cyclometalated Rh(III) complex indicates dia-
magnetic behavior at room temperature. The 1H NMR
spectrum of the complex shows 11 chemical shifts (see Sec-
tion 3). This is consistent with its structure.

The IR spectrum of free phen-dione clearly exhibits a
band at 1675 cm�1 that is ascribable to a stretching fre-
quency of the C@O bonds on the ligand [8]. This band was
seen to be not shifted much in the corresponding complexes,
which is reasonable since the C@O moieties are far removed
from the site of coordination of this ligand with the metal ion
[9–11]. In the M(O,O 0-phen-dione)3 (where M = Ti and V)
and M(O,O 0-phen-dione)3 (M 0Ln)3 (where M = V, M 0Ln =
TiCl4; M = Ti, M 0Ln = TiCp2 and M = V, M 0Ln = TiCp2),
phen-dione ligand is coordinated to metal ion as a phen-
semiquinonate or phen-diolate via oxygen atoms. In these
complexes, the carbon–oxygen stretching vibration was
shifted about 200–300 cm�1 to the lower wave numbers
[12]. The IR spectrum of the ½Rhðphpy-j2N;C20 Þ2 ðphen-
dioneÞ�PF6 shows a strong band at 1689 cm�1 that is
assigned to m(C@O) of the phen-dione ligand. The strong
absorption band at 839 cm�1 is assigned to m(P–F) and dem-
onstrates the existence of PF6

� as counter ion [13].
Electronic spectrum of the complex was taken in aceto-

nitrile solution (Fig. 2). The absorption bands seen in the
UV region (238 nm (log e = 5.07), 255 nm (log e = 4.89)
and 302 nm (log e = 2.44)) are assigned to ligand-centered
(p! p*) transitions [9,14–19]. Lower-energy absorptions
(374 nm and shoulder at 485 nm) which show a solvent
dependence are not present in the spectra of the ligands.
Thus, they must be attributed to metal-to-ligand charge
transfer (MLCT) transitions (dp! p*) involving either
the phen-dione or the phpy-j2N;C20 ligand. For the cyclo-
metalated [Rh(ĈN)2(N̂N)]+ complexes, an absorption
band observed around 370 nm is invariable with respect
to the polypyridyl co-ligands (N̂N) and this band is
assigned to Rh! phpy� [14,20–24]. Therefore, the
absorption at 374 nm is most probably due to a
Rh! phpy� transition.

Cyclic voltammetry was performed on an acetonitrile
solution of ½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�PF6 with
0.1 M TBAH as a supporting electrolyte (Fig. 3). The
phen-dione ligand is electrochemically active due to the
presence of the o-quinone moiety [25]. In this complex,
two reversible reduction couples at �0.20 and �0.942 V
are assigned to the reduction of phen-dione ligand to
phen-semiquinonate and phen-diolate, respectively by
analogy to other phen-dione complexes [8–10,26,27].

½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�þ þ e�

� ½Rhðphpy-j2N;C20 Þ2ðphen-dione�Þ�
½Rhðphpy-j2N;C20 Þ2ðphen-dione�Þ� þ e�

� ½Rhðphpy-j2N;C20 Þ2ðphen-dione2�Þ��

For the mononuclear ½Mðphpy-j2N;C20 Þ2ðN�NÞ�þ series,
reduction of the anionic pyridine-2-yl-2-phenyl ligands
usually takes place below �2.3 V [28]. The quasi-reversible



Table 1
Crystallographic data and structure refinement summary for
½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�PF6 � CH3CN

Empirical formula C36H25F6N5O2P1Rh1

Formula weight 807.49
Space group Orthorhombic
Crystal system Pna21
Unit cell dimensions

a (Å) 28.3692(18)
b (Å) 8.4364(6)
c (Å) 14.0292(11)
b (�) 90
Volume (Å3) 3357.7(4)
Z 4
Dcalc (g/cm3) 1.597
h-Range for data collection (�) 2.52–26.81
Absorption coefficient (mm�1) 0.632
Crystal size (mm) 0.25 · 0.1 · 0.08
Range of h, k, l �30/35, �10/10, �17/17
Reflections collected/unique 20,801/7097 [Rint = 0.0265]
Goodness-of-fit on F2 1.063
Parameters 472
R and Rw 0.0349, 0.0869
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reduction couple at �2.195 V is assigned to the reduction
of the pyridine-2-yl-2-phenyl ligands. As it was pointed
out previously, the coordinating N–N ligands (phen or
bpy) are much easier to reduce than the orthometalated
pyridine-2-yl-2-phenyl ligand [28].

The cyclic voltammograms of Rh(III)-polypyridyl com-
plexes exhibit a metal-based 2e� reduction (Rh(III)!
Rh(I)) at the negative potentials [29]. Ronco et al. [30]
reported an irreversible metal-center reduction for the reduc-
tive couple Rh(III)/Rh(II) at negative potentials in the
[Rh(tpy)(bpm)(4,4 0-bpy)]3+, [Rh(tpy)(bpm)(MQ)]4+, and
[Rh(tpy)(dpp)(MQ)]4+ complexes (where tpy = 2,2 0:6 0:200-
terpyridine, bpm = 2,2 0-bipyrimidine, dpp = 2,3-bis(2-pyr-
idyl)pyrazine, and MQ+ = monoquat). Cyclometalated
Rh(III) complexes with triazole ligands showed one irrevers-
ible oxidation wave around 1.4 V, which has been assigned to
a metal-centered oxidation process [24]. Complexes of
Rh(III) with two chelating ĈN ligands and one diimine
ligand exhibited at least one reversible reduction wave,
attributable to ligand-centered reduction [22].

The synthesis of cyclometalated Rh(III) complexes pro-
vides a starting point for the study of a new family of
metallointercalators.

3. Experimental

3.1. General

All reagents and solvents used were reagent grade. 1,10-
Phenanthroline-5,6-dione was synthesized according to the
literature [11]. The starting material, ½Rhðphpy-j2N;
C20 Þ2Cl�2 was prepared according to the literature [24].
UV–Vis spectroscopy was performed on a JASCO 7850
spectrophotometer. IR spectra were taken with a JASCO-
460 FT-IR spectrophotometer (KBr disks). 1H NMR data
from acetone-d6 solutions were obtained by using a Bruker
DRX-300 MHz AVANCE spectrometer. Cyclic voltamme-
try was performed using a Metrohm 694 apparatus. The
sample cell consisted of a double-walled glass crucible with
an inner volume of �20 mL which was fitted with a Teflon
lid incorporating a three-electrode system, a Pt disk work-
ing electrode (RDE), a Pt wire auxiliary electrode and SCE
reference electrode. The Pt disk working electrode was
manually cleaned with 1-lm diamond polish prior to each
scan. Acetonitrile was dried over P2O5 and vacuum
distilled. Tetrabutylammonium hexafluorophosphate
(TBAH), purchased from Aldrich, was twice recrystallized
form 1:1 ethanol/water and vacuum dried at 110 �C. Ferro-
cene (E� = 0.665 V) was used as an internal reference [31].

3.2. Synthesis of ½Rhðphpy-j2N ;C20 Þ2ðphen-dioneÞ�
PF 6 � CH 3CN

A mixture of ½Rhðphpy-j2N;C20 Þ2Cl�2 (223 mg,
0.25 mmol) and phen-dione (136 mg, 0.65 mmol) was
placed in 50 mL of EtOH/CHCl3 (2:1 v/v) and stirred at
reflux for 5 h. The light brown solution was evaporated
to dryness. The crude brown solid, ½Rhðphpy-j2N;C20 Þ2-
ðphen-dioneÞ�Cl, was dissolved in 15 mL water and precip-
itated from solution as a hexafluorophosphate salt by the
addition of KPF6 (1 mmol, 184 mg). The product,
½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�PF6, was collected by
suction filtration, washed with cold water and ether, and
then air dried. Diffusion of diethylether into an acetonitrile
solution of the complex gave orange crystals suitable for
X-ray crystallography. Yield 315 mg, 78%. Anal. Calc.
for C36H25F6N5O2P1Rh1: C, 53.54; H, 3.12; N, 8.67.
Found: C, 53. 21; H, 3.19; N, 8.86%. 1H NMR: 6.39 (d,
2H); 7.02 (t, 2H); 7.14 (t, 2H); 7.22 (t, 2H); 7.87 (d, 2H);
7.98 (d, 2H); 8.00 (d, 2H); 8.07 (dd, 2H); 8.29 (d, 2H);
8.36 (d, 2H); 8.79 (dd, 2H). IR: 839 cm�1 (s, PF6

�);
1689 cm�1 (s, C@O).

3.3. X-ray crystallographic study of ½Rhðphpy-j2N ;C20 Þ2
ðphen-dioneÞ�PF 6 � CH 3CN

Orange crystals of ½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�-
PF6 � CH3CN were grown by ether diffusion into an
acetonitrile solution of the complex. Single-crystal X-ray
diffraction measurement were carried out on a STOE IPDS
II two-circle diffractometer using graphite–monochro-
mated Mo Ka (k = 0.71073 Å) radiation at 298(2) K. Cell
parameters were determined by the least-squares calcula-
tion with h angle ranging from 2.52� to 26.81�. A numerical
absorption correction was applied to the data with the help
of the programs X-RED and X-SHAPE [32,33]. A total of 20801
independent reflections were collected, giving 7097
observed reflections with I > 2r(I). The structure was
solved by direct method [34] and refined on F2 by full-
matrix least-square using the X-STEP32 program package
[35] giving a final R1 = 0.0349, wR2= 0.0869. The largest



Table 2
Selected bond lengths (Å) and bond angles (�) for
½Rhðphpy-j2N;C20 Þ2ðphen-dioneÞ�PF6 � CH3CN

Bond lengths

Rh–N(1) 2.048(3) Rh–N(4) 2.186(3)
Rh–N(2) 2.040(3) Rh–C(1) 1.998(4)
Rh–N(3) 2.183(3) Rh–C(12) 1.998(4)

Bond angles

C(1)–Rh–N(2) 93.86(15) N(1)–Rh–N(4) 83.51(11)
C(12)–Rh–N(2) 81.09(16) N(3)–Rh–N(4) 76.13(10)
C(1)–Rh–N(1) 81.01(16) C(1)–Rh–N(4) 97.73(13)
C(12)–Rh–N(1) 96.47(15) C(12)–Rh–N(4) 174.54(12)
N(2)–Rh–N(1) 174.43(12) C(1)–Rh–N(3) 173.74(13)
N(2)–Rh–N(3) 86.05(11) C(12)–Rh–N(3) 98.52(12)
N(2)–Rh–N(4) 99.40(12) C(1)–Rh–C(12) 87.64(15)
N(1)–Rh–N(3) 99.29(11)
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peak and hole on the final difference-Fourier map were
0.401 and �0.288 e/Å�3, respectively.

Further details of the structural analyses are given in
Table 1. Selected bond lengths and bond angles are listed
in Table 2.

4. Supplementary material

CCDC 632181 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge via http://www.ccdc.cam.ac.uk/conts/retriev-
ing.html, or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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