Stable mononuclear rhodium(ir) polypyridyl complexes: synthesis,
spectroscopic and structural characterisation
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The reaction of RhCl;-3H,0 and 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz) in refluxing ethanol-water (1: 1) resulted
in the hydrolysis of tptz to bis(2-pyridylcarbonyl)amide anion (bpca) and afforded a mixture of Rh™ and Rh™
complexes which were separated and characterised as [Rh™(bpca),][PF,] and [Rh™(bpca),]-3H,O 1. Similarly the
reaction of tptz and Rh(tpy)Cl; (tpy = 2,2": 6’,2"-terpyridyl) yielded mixed ligand complexes [Rh™(bpca)(tpy)]** and
[Rh"(bpca)(tpy)]Cl:8H,0 2. The molecular structures of complexes 1 and 2 have been established by single-crystal
X-ray analysis. In complex 1 two bpca moieties are co-ordinated to Rh™ with nitrogen as donor atoms in a mutually
perpendicular fashion. In complex 2 bpca and tpy are bound to the metal ion in a similar fashion to that found in 1.
The axial Rh—N bond distances in 1 and 2 are significantly shorter compared to equatorial Rh—N bond distances,
indicating an axially compressed octahedral geometry of the metal ion. Complexes 1 and 2 exhibit absorption bands
in the 545-600 nm region whereas their Rh™ analogues do not show any band in this region. Electrochemical studies
of 1 and 2 revealed a metal based reduction (Rh™—Rh’) at —1.13 and —0.72 V, respectively, followed by two ligand-

based redox couples. EPR studies of 1 and 2 in acetonitrile at 77 K show g, > g, ~ g, indicating a d- _ - ground
state and a compressed octahedral geometry for the metal ion, consistent with the crystal structures.

Introduction

The co-ordination chemistry of rhodium is dominated by its
+1 and +3 oxidation states. Among known Rh(11) complexes
diamagnetic dimers with an Rh-Rh bond are the most
common.' Only a limited number of reports have addressed
mononuclear paramagnetic Rh(ir) complexes.®” The stability of
the mononuclear complexes depends mainly on the structural
and electronic properties of the ligands. Many of those com-
plexes were stabilised using sterically crowded ligands such as
tertiary phosphine, porphyrins, crown thioethers, Schiff bases,
arynes and hydrotris(pyrazolyl) borate.*® Molecular geometries
of only a few of these complexes have been established by
single-crystal X-ray studies.*'®* However, using poly(pyridyl)
ligands a few dimeric Rh(m) complexes have been isolated >’
but no stable monomer has been reported with the exception
[Rh(bipy),][NO;]."® However, short-lived Rh™ mononuclear
complexes were generated by one-electron reduction of the
corresponding Rh™ complexes either photochemically ! or
electrochemically % and their properties were studied in solu-
tion. Generally, when mononuclear octahedral Rh™ complexes
are reduced to Rh™ they undergo ligand labilization, which
results in the loss of one ligand and either dimerization or
disproportionation to Rh™ and Rh' species.'*?

Recently we studied the reaction of RhCl; with 2.4,6-tris-
(2-pyridyl)-1,3,5-triazine  (tptz), which in ethanol-water
resulted in the hydrolysis of tptz to the bis(2-pyridylcarbonyl)-
amide anion (bpca) and afforded a mixture of Rh™ and
Rh" complexes, the Rh™ complex was characterised as [Rh-
(bpca),][PF4.>* The reaction of Rh(tpy)Cly(tpy =2,2’:6’,2"-
terpyridine) with tptz also promoted the hydrolysis of tptz to
bpca and yielded a mixture of mixed ligand complexes of Rh™
and Rh™. The Rh™ complex, [Rh(bpca)(tpy)][PF4], has also
been reported.”® The Rh™ complexes (minor products) were
separated successfully from their Rh™ analogues. Herein, we
report the synthesis, purification, spectroscopic and structural
characterisation of these two rare examples of mononuclear
Rh" complexes.

Experimental
Materials

Sephadex SP C-25 and the ligand 2,2':6',2"-terpyridine and
tetrabutylammonium tetrafluoroborate were obtained from
Aldrich. Hydrated rhodium trichloride was obtained from
Arora Matthey. Solvents were purified by standard methods
before use.

Physical measurements

Elemental analyses (C, H, N) were performed on a model 2400
Perkin-Elmer Elemental Analyser. UV/VIS spectra were
recorded on a model 8452A Hewlett-Packard Diode Array
spectrophotometer. EPR studies were performed on a Bruker
ESP 300 X-band spectrometer attached to an ESP 1600 data
system. Electrochemical measurements were carried out with a
model 273A EG & G Princeton Applied Research Potentiostat.
All electrochemical experiments were conducted in an argon
atmosphere with a glassy carbon working electrode. A satur-
ated calomel electrode (SCE) was used as reference with 0.1 mol
dm ™3 [NBu"J[BF,] as the supporting electrolyte.

Syntheses

[Rh(bpca),]-3H,0 1. A mixture of tptz (624 mg, 2 mmol) and
RhCl,+3H,0 (264 mg, 1 mmol) in ethanol-water (1:1, 60 cm®)
was refluxed under an argon atmosphere for 45 h. The volume
of the reaction mixture was reduced to ca. 20 cm® by rotary
evaporation and an aqueous solution (5 cm®) of NH,PF (326
mg, 2 mmol) was added. The resulting precipitate ([Rh™-
(bpca),][PF]) was filtered off and washed with water (5 cm?,
three times). The filtrate and washing were collected and evap-
orated to dryness by rotary evaporation. The crude solid was
chromatographed on deactivated alumina (5% H,0) in
acetonitrile-water (9:1). After removal of a minor first fraction
the desired compound was separated as a greenish brown solu-
tion which was kept at room temperature allowing slow evapor-
ation. After ten days a crystalline compound suitable for single
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Table 1 Summary of crystallographic data and parameters for com-
plexes 1 and 2

1 2

Empirical Formula CyH,;¢NgO; sRh C,;H3sN;O,,CIRh
M 623.80 741.97
Crystal system Monoclinic Triclinic
Space group C2c Pi
Crystal dimensions/mm 0.14 x 0.10 x 0.08 0.22 %X 0.09 x 0.05
al 23.410(4) 9.072(4)
bIA 16.013(7) 11.749(3)
clA 15.006(8) 16.605(5)
al® 75.09(2)
pl° 108.23(3) 77.14(3)
pI° 89.52(3)
UIA? 5343.0(4) 1665.1(10)
Z 8 2
DJ/gcm™? 1.551 1.480
F(000) 2536 762
#(Mo-Ka)/mm™* 0.697 0.654
Total reflections 4679 5843
Observed reflections 3686 5292

[7>2a(1)]
Parameters refined 360 406
Final R1 (on F)* 0.059 0.044
Final wR2 (on F?)® 0.187 0.141

“ R1 =3||F| = |F||[/EIF,|. * wR2 = [Ew(F,2 — F2/Z[w(F2".

crystal X-ray study was obtained. Yield: 20% (Found: C, 47.04;
H, 3.81; N, 13.52. Calc. for C,,H,,N,O,Rh: C, 47.30; H, 3.64;
N, 13.79%). Molar conductance (Ay/Q ' cm? mol™'): 16 (non-
electrolyte). An./nm (¢/dm® mol™' ecm™) (acetonitrile): 270
(20400), 335sh (4700), 400sh (1300), 545sh (235) and 592 (310).

[Rh(bpca)(tpy)]IC1-8H,O 2. [Rh(tpy)Cl;]* (442 mg, 1 mmol)
and tptz (312 mg, 1 mmol) were refluxed in ethanol-water (1:1,
60 cm®) under an argon atmosphere for 40 h. The solution was
then concentrated to ca. 20 cm® and chromatographed on a
Sephadex SP C-25 column with an aqueous 0.05 mol dm™®
solution of sodium chloride as eluent. After separation of a
small first fraction complex 2 was separated and finally the Rh™
complex was eluted using a 0.2 mol dm™* solution of sodium
chloride. Solvent was removed from the desired fraction in a
rotary evaporator and the residue was extracted with dry
ethanol (5 cm®), the process was repeated three times, the solid
mass was then dissolved in acetonitrile-water (1:1, 10 cm®) and
allowed slowly to evaporate at room temperature. After 15 days
a crystalline compound suitable for X-ray study was separated.
Yield: 14% (Found: C, 43.46; H, 4.92; N, 11.08. Calc. for
C,H3sNsO,,CIRh: C, 43.71; H, 4.75; N, 11.33%). Molar con-
ductance (4,/Q™' cm? mol™): 148 (1:1 electrolyte). A, /nm
(e/dm® mol~! cm™!) (acetonitrile): 280 (22800), 326 (11800), 338
(10500), 356 (7000), 410sh (550), 552 (375) and 600 (170).

Crystal structure determination

Preliminary data on the space group and unit cell dimensions as
well as intensity data were collected on an Enraf-Nonius CAD4
X-ray diffractometer using graphite-monochromatised Mo-Ka
radiation (1=0.7107 A) in the range 0 2-23°. Accurate cell
dimensions were obtained using 25 high angle reflections
(10< 0 <14). The crystal orientation, refinement of cell
parameters and intensity measurements were carried out using
the program CAD-4 PC.2® Intensities were corrected for
Lorentz-polarisation effects but not for absorption. The
Lorentz-polarisation correction and data reduction were
carried out using the NRCVAX program.”” The structure
was solved by the heavy-atom method using the program
SHELXL 97.® Intermolecular calculations were carried out
using the program CSU.? All computations were performed on
a Pentium-Pro PC. Crystallographic data for complexes 1 and 2
are summarised in Table 1.
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For complex 1, the difference Fourier map after the aniso-
tropic refinement of non-hydrogen atoms of [Rh(bpca),] con-
tained one peak of height 9.2 ¢ A~* and eleven other peaks of
height varying from 4.9 to 1.19 ¢ A~ These peaks were
assigned to water molecules, the first one with full occu-
pancy and others with partial occupancies according to peak
height. The occupancies of oxygen atoms were refined using
SHELXL 97.

For complex 2, after the anisotropic refinement of non-
hydrogen atoms of [Rh(bpca)(tpy)]Cl the difference map
revealed seven peaks of height 7.6 to 6 ¢ A™* followed by
two peaks of height 3.5 and 3.3 ¢ A% As in complex 1, the
first seven peaks were assigned to seven water molecules with
full occupancies and refined anisotropically and the last two
were assigned to a two component disordered water molecule
and refined by using the FVAR facility in SHELXL 97. The
H-atoms of the bpca and tpy moieties were fixed stereo-
chemically and refined using a riding model. The H-atoms of
the water molecules with full occupancies were modelled taking
into account their H-bonding interactions using the program
csu®

CCDC reference number 186/1424.

See http://www.rsc.org/suppdata/dt/1999/2009/ for crystallo-
graphic files in .cif format.

Results and discussion
Synthesis of the complexes

The reaction of rhodium trichloride and tptz in refluxing
ethanol-water resulted in the hydrolysis of tptz to the bis(2-
pyridylcarbonyl)amide anion (bpca) and afforded Rh™ and
Rh™ complexes of composition [Rh(bpca),]”* (n=0 and 1).
Similarly, the reaction of [Rh(tpy)Cl;] and tptz yielded com-
plexes of composition [Rh(bpca)(tpy)]"* (n=1 and 2). In both
cases the Rh"™ complexes were the minor products. The addition
of NH,PF; to the [Rh(bpca),]”" mixture allowed the isolation
of Rh™ complex as its PFy~ salt, [Rh(bpca),][PF]. The Rh"
complex is a neutral species (7 = 0) and it remained in solution
from which it was isolated and purified by column chroma-
tography on deactivated alumina.

In the [Rh(bpca)(tpy)]”" mixture both the complexes are
cations and the separation was carried out by ion-exchange
chromatography on Sephadex. From the eluent the desired
complex can be isolated as its PF,~ anion but the Cl™ salt gave
better quality crystals for X-ray study. The Rh™ complexes
were pale yellow and those of Rh™ were greenish brown. The
ligand (tptz) and complexes 1 and 2 are shown in Scheme 1.

The reduction of Rh™ to Rh™, induced by ligand or solvent
has been known for many years. It is common in the reactions
between hydrated rhodium(mr) chloride and phosphines in
ethanol” but is also found in the presence of other ligands such
aslithium aryl (2,4,6-triisopropylphenyl), C;Me, 5,5'-thiodisali-
cylic acid and NO.”" It has also been reported that the reac-
tion between rhodium trichloride hydrate and bulky phosphine
resulted in a mixture of rhodium(m) and rhodium(ir) com-
plexes.'>*® Our observations, therefore, are similar to some
earlier reports with different types of ligands.'>*

Crystal structures

ORTEP*! views of complexes 1 and 2 along with their atom
numbering schemes are shown in Figs. 1 and 2, respectively.
Selected bond distances and angles of both the complexes are
presented in Table 2. The tridentate bpca ligands in 1 and tri-
dentate bpca and tpy in 2 are bound to the metal ion almost in a
mutually perpendicular fashion forming a distorted octahedral
geometry around the rhodium(i) centre. In both complexes 1
and 2 the middle nitrogen atoms [N(2) and N(5)] of the ligands
are at the axial positions and the nitrogen atoms of the wing
pyridyl rings [N(1), N(3), N(4) and N(6)] formed the equatorial



Table 2 Selected bond distances (A) and angles (°) for complexes 1 and 2

1 2 1 2
Rh-N(1) 2.059(5) 2.024(3) Rh-N(6) 2.022(5) 2.046(3)
Rh-N(2) 1.990(5) 1.990(3) C(6)-0(1) 1.198(7) 1.202(6)
Rh-N(3) 2.036(5) 2.023(3) C(7)-0(2) 1.165(7) 1.205(6)
Rh-N(4) 2.043(5) 2.049(4) C(18)-0(3) 1.207(7) —
Rh-N(5) 1.997(5) 1.963(3) C(19)-0(4) 1.219(7) —
N(1)-Rh-N(4) 93.18(19) 92.80(14) N(2)-Rh-N(5) 178.5(2) 179.33(13)
N(1)-Rh-N(6) 89.55(19) 89.47(14) N(2)-C(6)-C(5) 111.6(2) 110.9(4)
N(3)-Rh-N(4) 91.0(2) 90.65(14) N(2)-C(7)-C(8) 110.9(5) 111.0(4)
N(3)-Rh-N(6) 91.4(2) 92.66(14) N(5)-C(18)-C(17) 111.9(5) 112.8(3)
N(1)-Rh-N(3) 163.22(17) 163.22(14) N(5)-C(19)-C(20) 111.8(5) —
N(4)-Rh-N(6) 162.38(18) 160.76(14) N(5)-C(22)-C(23) — 112.9(4)

4"
=
C(1) c(22)

Fig. 1 An ORTEP (50% probability) view of complex 1 with the
atom labelling scheme shown; water molecules and hydrogen atoms are
omitted for clarity.

o o T n+
sqpe
RhCl3*3H,0 >~ _N ‘ Nao
\Rh/
ethanol-water
TS s
= N ] %
“
n=1, Rh(lIl)
XN n=2Rh(Il)1
| 7
= | N ]
N N
tptz
Rh(tpy)Cl3
ethanol-water

2, R(I11)
1, Rh(ll) 2

Scheme 1

base. The trans angles of the axial nitrogens [N(2)-Rh-N(5)
178.5(2) in 1 and 179.33(13)° in 2] are very close to the ideal
value of 180°. The same angles for the equatorial nitrogens

C(10)

Fig. 2 An ORTEP (50% probability) view of the cation of complex 2
with the atom labelling scheme; hydrogen atoms are omitted for clarity.

deviate significantly [160.76(14)-163.22(17)°] from the ideal
value indicating a tetrahedral distortion in the equatorial base,
which may be due to constraints imposed by the five-membered
chelate ring. The axial Rh—N distances in both complex 1 and 2
are significantly shorter compared to the equatorial Rh—N dis-
tances (Table 2) indicating an axially compressed octahedral
geometry of the rhodium ion. The wing pyridyl rings of the
bpca and tpy ligands in both complexes show slight deviations
from their mean plane.

In complex 1 the amido oxygen atoms of both bpca moieties
make strong intermolecular C-H - -+ O interactions* essen-
tially along the ab-plane, forming a polymeric network as illus-
trated in Fig. 3. It is interesting to note that the C-H---O
interaction from both the bpca moieties is different, O(1) and
O(2) make a bifurcated H-bond with the pyridyl carbon C(12);
whereas O(3) and O(4) each make a single interaction with C(1)
and C(24), respectively (Table 3). The disordered water mole-
cules are distributed within the cavity created by the molecule
along the ab-plane.

In complex 2 the molecular cations in the unit cell can be
described as H-bonded dimers via bifurcated C-H - - - O inter-
actions** between the oxygen atoms of the bpca moiety [O(1)
and O(2)] and the C(13) of the tpy as illustrated in Fig. 4(a).
The CI™ also shows a short C-H - - - CI contact with C(24) of
tpy. The water molecules are distributed around the dimers as
shown in Fig. 4(b) and show strong H-bonding among them-
selves.

Electronic spectra

The electronic spectra of complexes 1 and 2 were recorded in
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Table 3 Hydrogen bonding parameters (excluding water molecules) in complexes 1 and 2

Complex D« H* A€ D---A/A H---A/A D-H---A/° Symmetry code

1 C(12) H(12) O(1) 3.152(1) 2.55(7) 122(5) x, 1=y, =12 +z
C(12) H(12) 0(2) 2.958(1) 2.165(8) 144(6) x, 1=y, =12 +z
C(1) H(1) 0(3) 3.06(8) 2.483(4) 121(1) 12—x,12 -y, —z
C(24) H(24) 04) 3.205(5) 2.542(2) 128(3) x, 1=y, 12 +z

2 C(13) H(13) o(1) 3.154(1) 2.49(2) 128(3) 1-x,1-y, —z
C(13) H(13) 0(2) 3.066(3) 2.32(1) 136(3) 1-x,1-y, —z
C(24) H(24) Cl 3.678(3) 2.79(3) 159(3) x, 1=y, 12 +z

“D = Donor. * H = Hydrogen. ¢ A = Acceptor.
@

Fig. 3 A view showing the C-H - - - O interactions involving amido
oxygen atoms of the bpca moieties of complex 1.

acetonitrile. The spectra of complex 1 and its Rh™ analogue are
illustrated in Fig. 5. In the visible region complex 1 exhibits a
band at 592 nm and a shoulder at 545 nm, complex 2 also shows
absorption maxima at 600 and 552 nm whereas their Rh™
analogues did not show any band above the 400 nm region (Fig.
5). In the low-spin Rh(1r) (d7) mononuclear complexes a close
similarity was noted between the electronic spectra of six-co-
ordinate, five-co-ordinate square pyramidal and four-co-
ordinate square-planar complexes.® Most of these complexes
exhibit two or more absorption bands in the 530-600 nm
region,**3334 similar to that found in complexes 1 and 2 and
those bands can be assigned to d—d transitions.*'° The bands in
the UV region of complexes 1 and 2 are similar to those of
their Rh™ analogues except for a small shift of the absorption
maxima around 270 nm and a significant decrease in the ¢ value
of the band at 330 nm in complex 1.

Electrochemistry

The cyclic voltammograms of complexes 1 and 2 were recorded
in acetonitrile. Complex 1 shows reductions at —1.13 (AE 70),
—1.44 (122 mV) and —1.84 V vs. SCE, the reduction waves of
complex 2 appear at —0.72, —1.48 (AE94 mV) and —1.80 V. In
both complexes the last peak is poorly resolved in the cyclic
voltammograms but well resolved in the square wave. The peak
potentials of the complexes are similar to those of their Rh™
analogues but the cathodic current for the first reduction peak
of the Rh™ complexes is almost half that of their Rh™
analogues (I, Rh™/I, Rh™ = 0.54 for 1 and 0.56 for 2), as shown
in Fig. 6. The first reduction peak is metal-centred, for Rh™
complexes it is in fact a composite wave corresponding to a
two-electron process?2>% (Rh™—Rh"). For Rh™ complexes it
is a one-electron process (Rh™—>Rh"), which is consistent with
the observed difference in cathodic current for the first peak.
The other two reductions are ligand based. The similarity in the
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Fig. 4 (a) A view showing the dimeric nature of complex 2 via
C-H - - - O interactions; (b) packing diagram of complex 2 showing the
water molecules in the channels around the dimers.

peak potentials of the Rh™ and Rh™ complexes is probably due
to their similar ligand environments. Metal-based two one-
electron reduction processes (Rh™—>Rh™ and Rh"—>Rh') at
the same potential were found by us*** and others '***?*% in
many Rh™ systems.

EPR spectroscopy

The X-band EPR spectra of complexes 1 and 2 were recorded
in acetonitrile at 77 K. The spectrum of 1 is shown in Fig. 7,
the g values are g,=2.392 and g, =2.075 with hyperfine
coupling (doublet) to '*Rh (I=1/2) in the g, region (4, =155
G). The g values are reversed from those found in most of
the Rh™ systems (g, > g,) but are similar to those found in
complexes such as [RhCIL,(PPh;),],>* [Rh(NO)CIl;(PPh,),],*’
[RhCl,-2H,0)*" (studied by X-ray crystallography),*® [RhHg]*"
trapped in LiH lattice® and in a number of Rh™ species
in zeolite cavities.** The g, > g, ~ g, relationship suggests a
d,_ ground state if the unpaired electron is located on a
rhodium(mm) ion as a result of a compressed octahedral
geometry.®*#* The X-ray data for 1 show an axially compressed
octahedral geometry of the rhodium which is consistent with
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Fig. 6 Cyclic voltammograms of complex 1 and its Rh™ analogue,

[Rh(bpca),][PF], recorded in acetonitrile; scan rate 100 mV s,

the EPR data. The large 4, value (155 G), also found in many
other systems, suggests a large amount of spin density at the
rhodium nucleus.®**! Complex 2, however, shows three g values
g,=2.349, g,=2.070 and g;=1.956. The g, value is close to
that of g, of complex 1 and is split into a doublet (4, =216 G)
due to hyperfine interaction with '®Rh. The observed difference
in the spectra of 1 and 2 is probably due to the lowering of
symmetry which occurs in the mixed ligand complex.

Stability aspects

Six co-ordinate mononuclear rhodium(i) complexes generally
possess structural and electronic features that make them sus-
ceptible to ligand substitution. Strong interaction of a 6-donor
ligand along the z axis destabilises the unpaired electron in the

dpph

2500 3000 3500 4000
BIG

Fig.7 X-Band EPR spectrum of complex 1 recorded in acetonitrile at
77 K.

d_ orbital resulting in ligand labilisation. This effect causes
either a disproportionation reaction [Rh(ur) and Rh(1)] or
dimerisation with the Rh-Rh bond utilising the d, orbital.%’
However, it is evident that the steric and electronic effects of the
ligands influence the stability of the mononuclear rhodium(ir)
complexes. Factors which can stabilise the mononuclear
rhodium(ir) complexes are: bulky ligands which protect the
metal ion from external attack, the o-donor and m-donor—
acceptor capabilities of the ligand and the presence of a
delocalized m-system in the ligand backbone.” In complexes 1
and 2 the X-ray (axial Rh—N < equatorial Rh—N distances) and
EPR data (g, > g,) suggest a compressed octahedral geometry
about the rhodium centre, indicating the unpaired electron to
be in the d,._, orbital. Since the unpaired electron is no
longer in the d_. orbital, ligand labilisation due to destabilis-
ation of the d. orbital did not occur. The strong tridentate
chelate effect of the bpca and tpy moieties also protected the
periphery of the complex from external attack. The presence of
a delocalised m-system (pyridyl ring) in the ligand backbone
also contributed to the stabilisation of the rhodium(ir). The
formation of stable Rh(mr) as well as Rh(1r) complexes with the
same or similar ligands has been reported earlier.'®'?

Conclusions

The metal-promoted hydrolysis of tptz afforded a class of com-
plexes containing the ligand bis(2-pyridylcarbonyl)amide anion
which provides the necessary structural and electronic require-
ment to stabilise mononuclear paramagnetic Rh™ complexes.
To our knowledge these are the first examples of structurally
characterised mononuclear Rh™ complexes containing poly-
(pyridyl) ligands. Therefore, it is a significant contribution in
the area of mononuclear rhodium(ir) chemistry.
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