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a b s t r a c t

Dinuclear rhodium(I) complexes, [Rh(4-Me-pf) (cod)]2 (1), [Rh(3,5-Me2-pf) (cod)]2 (2), [Rh(4-Me-pf)
(nbd)]2 (3), [Rh(3,5-Me2-pf) (nbd)]2 (4), and [Rh(2,6-F2-pf) (nbd)]2 (5), have been synthesized and
characterized by X-ray structure analysis, 1H, 13C, and 19F NMR, UVevis, ESI-TOF-MS, and elemental
analysis. In these complexes, two rhodium atoms are bridged by two formamidinato ligands and each
rhodium atom is coordinated by one chelating cod or nbd ligand to form an approximately square planar
coordination structure with two nitrogen atoms and two double bonds. The Rh$$Rh distances are in the
range of 3.2668 to 2.9726 Å, suggesting a direct bonding interaction between two rhodium atoms.
Variable temperature NMR studies in CD2Cl2 solution have revealed that 1e5 exhibit a novel dynamic
behavior, that is, an interconversion between two enantiomers. The activation parameters for racemi-
zation have been determined by the line shape analyses of the 1H and 19F NMR spectra taken at various
temperatures. Variable temperature NMR studies have also revealed that the rotation rates of the four
aryl groups around NeC(aryl) bonds are extremely different in each complex. The cyclic voltammetry
study has shown that the oxidation potentials corresponding to Rh2

3þ/Rh2þ are 0.41 V in the cod com-
plexes (1 and 2) while those in the nbd complexes (3e5) have shown negative shift by ca. 0.2 V. The
reasons for the difference in dynamic behaviors and redox properties among these complexes have been
discussed.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

A wide variety of studies have been done on the binuclear
transition metal complexes, which include i) theoretical, spectro-
scopic, and magnetic studies to reveal metalemetal interactions, ii)
structural modeling of biological molecules, and iii) catalytic ac-
tivities for various reactions [1e11]. The aim of these explorations
has been the use of transition metal ions such as rhodium and

iridium ions with bridging ligands to improve the stability and
reactivity of the binuclear transition metal complexes. Since the
first reports on binuclear chloride-bridged rhodium(I) complexes
[Rh(m�Cl) (cod)]2 and [Rh(m�Cl) (nbd)]2 carrying 1,5-
cyclooctadiene (cod) and 2,5-norbornadiene (nbd) as diene li-
gands [12e14], a number of analogous rhodium(I) complexes such
as [Rh(L) (cod)]2 (L¼ carboxylato, pyrazolato, and pyridine-2-olato)
[7e9,15e19] and [Rh(L) (nbd)]2 (L ¼ carboxylato, pyrazolato, and
pyridine-2-olato) have been investigated [8,9,20e22]. Some of
these complexes have exhibited catalytic activities in the reactions
such as hydroformylation, hydrogenation, and polymerization
[7e9,23e27]. More recently, N,N0-bis(alkylphenyl or alkoxyphenyl)
formamidinate anions (Rm-pf�) have been extensively used as
bridging ligands in transitionmetal chemistry [28e38], particularly
in the preparation of binuclear paddleewheel complexes [M2(Rm-
pf)4]0,1þ,2þ (M ¼ Rhodium or Iridium ion) [39e45]. For example,

Abbreviations: 4-Me-pf, N,N0-bis(4-methylphenyl)formamidinato; 3,5-Me2-pf,
N,N0-bis(3,5-dimethylphenyl)formamidinato; 2,6-F2-pf, N,N0-bis(2,6-
difluorophenyl)formamidinato; cod, 1,5-cyclooctadiene; nbd, 2,5-norbornadiene.
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binuclear rhodium(II) complex [Rh2(Rm-pf)4] was prepared by the
reaction of dirhodium(II) mixed ligand complex Rh2(Rm-
pf)2(O2CCF3)2 with molten H(Rm-pf) [46,47]. During the surveil-
lance of the literature, we have found several papers reported by
Piraino et al. [36,37,46e48] on the characterization and electro-
chemical studies of formamidinate-bridged rhodium(I) dimers,
[Rh(4-Me-pf) (cod)]2 (1) and [Rh(4-Me-pf) (nbd)]2 (3). We were
verymuch interested in these complexes as potent reducing agents.
We have considered that the catalytic activity of these complexes
can be finely tuned by the introduction of various substituents at
the nitrogen and carbon atoms of the bridged ligands. Furthermore,
the RheRh catalytic center can be modulated sterically and elec-
tronically by the nature of diene ligands. Thus, the elucidation of
the structural, spectroscopic, and redox properties of [Rh(Rm-pf)
(L)]2 (L ¼ carboxylato, pyrazolato, and pyridine-2-olato) is essential
for the development of efficient catalysts. In this paper, we will
report the syntheses, molecular structures, dynamic behavior, and
redox properties of various formamidinate bridged binuclear
complexes such as [Rh(4-Me-pf) (cod)]2 (1), [Rh(3,5-Me2-pf)
(cod)]2 (2), [Rh(4-Me-pf) (nbd)]2 (3), [Rh(3,5-Me2-pf) (nbd)2 (4),
and [Rh(2,6-F2-pf) (nbd)]2 (5) as shown in Scheme 1.

2. Experimental

2.1. Synthesis

[Rh(m�Cl) (cod)]2 and [Rh(m�Cl) (nbd)]2 were prepared by the
methods of Giordano et al. and Abel et al., respectively [12e14]. The
formamidine ligands were prepared using the modified method in
literature [49]. [Rh(4-Me-pf) (cod)]2 (1) and [Rh(3,5-Me2-pf)
(cod)]2 (2) were obtained by the reaction of [Rh(m�Cl) (cod)]2 with
H(Rm-pf) (Rm ¼ 4-Me and 3,5-Me2) in toluene (Scheme 2), ac-
cording to the method developed by Piraino et al. [48]. [Rh(4-Me-
pf) (nbd)]2(3), [Rh(3,5-Me2-pf) (nbd)]2 (4), and [Rh(2,6-F2-pf)
(nbd)]2 (5) were similarly obtained by the reaction of [Rh(m�Cl)
(nbd)]2 with H(Rm’-pf) (Rm’¼ 4-Me, 3,5-Me2, and 2,6-F2) in toluene
(Scheme 3) [48].

2.1.1. Typical procedure
In the preparation of 1e5, we have slightly modified themethod

developed by Piraino et al. [48] and obtained the complexes in
better yield. As shown in Schemes 2 and 3, a toluene solution
containing KOBut (2.10 mmol) and the formamidine ligands
(2.10 mmol) was stirred for 12 h at room temperature, to which
[Rh(m�Cl) (cod)]2 or [Rh(m�Cl) (nbd)]2 (1.00 mmol) was added. The
mixture was stirred for 6 h at room temperature. After condensa-
tion of the solution, n-hexane was added to the concentrated so-
lution. The solution was kept at room temperature for a few days.

Orange colored single crystals were obtained from the solution.
These crystals were filtered, washed with hexane, and dried under
vacuum. Analytically pure samples were obtained by recrystalli-
zation from CH2Cl2/n-hexane.

2.1.2. [Rh(4-Me-pf) (cod)]2 (1)
This complex was originally prepared and characterized by

Piraino et al. [48]. We have added full 1H NMR data together with
the assignments. UVevis, IR, Reflectance, and HR-MS (ESI-TOF) data
are also listed below. 1 was isolated in 80.2% yield(697 mg,
0.802 mmol). Anal. Calcd. for C46H54N4Rh2: C, 63.60; H, 6.27; N:
6.45%. Found: C, 63.41; H, 6.18; N: 6.29%. 1H NMR (CD2Cl2, 500MHz,
298 K): d ¼ 1.79 (cod-CH2, 4H, m), 1.91 (cod-CH2, 4H, m), 2.29 (p-
CH3,12H, s), 2.54 (cod-CH2, 4H, m), 2.91 (cod-CH2, 4H, br), 3.82 (cod-
CH, 4H, br), 4.35 (cod-CH, 4H, br), 7.02 (m-H, 8H, d, J ¼ 8.0 Hz), 7.18
(o-H, 8H, br), and 7.19 ppm(CH, 2H, t, J RheH¼ 1.7 Hz). 13C NMR
(CD2Cl2, 125 MHz, 298 K): d ¼ 20.8 (p-CH3, q, J CeH ¼ 126 Hz), 31.0
(cod-CH2, t, J C-H ¼ 127 Hz), 31.4 (cod-CH2, t, J C-H ¼ 127 Hz), 76.1
(cod-CH, br), 84.7 (cod-CH, br), 125.0 (o-C, d, J C-H ¼ 160 Hz), 129.1
(m-C, d, J C-H ¼ 156 Hz), 132.4 (p-C, s), 150.3 (ipso-C, s), and
165.0 ppm(CH, d, J C-H ¼ 169 Hz). UVevis (CHCl3): lmax(ε:
104 mol�1dm3 cm�1) ¼ 241 (5.4, sh), 276 (8.2), 355 (1.7, sh), and
455 nm (0.7). Reflectance: lmax ¼ 296, 340, 379, and 460 nm. IR
(KBr): n N-C-N ¼ 1561 and n C-H ¼ 2829e3014 cm�1. HR-MS (ESI-
TOF): Calcd. for [M]þ: 868.2453: Found: 868.2450 m/z.

2.1.3. [Rh(3,5-Me2-pf) (cod)]2 (2)
2 was isolated in 82.3% (761 mg, 0.823 mmol). Anal. Calcd. for

C50H62N4Rh2: C, 64.93; H, 6.76; N: 6.06%. Found: C, 64.81; H, 6.54;
N: 6.02%. 1H NMR (CD2Cl2, 500 MHz, 298 K): d ¼ 1.83 (cod-CH2, 4H,
br), 1.92 (cod-CH2, 4H, br), 2.30 (m-CH3, 24H, s), 2.61 (cod-CH2, 4H,
br), 2.92 (cod-CH2, 4H, br), 3.90 (cod-CH, 4H, br), 4.35 (cod-CH, 4H,
br), 6.68 (p-H, 4H, s), 7.05 (o-H, 8H, br), and 7.21 ppm(CH, 2H, t, JRh-
H ¼ 2.0 Hz). 13C NMR (CD2Cl2, 125 MHz, 298 K): d ¼ 21.6 (m-CH3, q,
JC-H ¼ 126 Hz), 31.2 (cod-CH2, t, JC-H ¼ 131 Hz), 31.4 (cod-CH2, t, JC-
H ¼ 126 Hz), 76.5 (cod-CH, br), 84.4 (cod-CH, br), 123.2(o-C, d, JC-
H ¼ 163 Hz), 124.5 (p-C, d, JC-H ¼ 167 Hz), 137.7 (m-C, s), 152.7 (ipso-
C, s), and 164.6 ppm(CH, d, JC-H ¼ 170 Hz). UVevis (CHCl3): lmax(ε:
104 mol�1dm3 cm�1) ¼ 308 (2.1), 357 (1.0, sh), and 461 nm (0.4).
Reflectance: lmax¼ 310 and 479 nm. IR (KBr): n N-C-N¼ 1550 and n C-

H ¼ 2825e3018 cm�1. HR-MS (ESI-TOF): Calcd. for [M]þ: 924.3079:
Found: 924.3094 m/z.

2.1.4. [Rh(4-Me-pf) (nbd)]2 (3)
This complex was originally prepared and characterized by

Piraino et al. [48]. We have added full 1H NMR data together with
the assignments. UVevis, IR, Reflectance, and HR-MS (ESI-TOF) data
are also listed below. 3was isolated in 60.2% (504 mg, 0.602 mmol).

Scheme 1. Structural scheme of N,N’-diarylformamidinate ligands, [Rh(Rm-pf) (cod)]2(1e2), and [Rh(Rm’-pf) (nbd)]2(3e5).
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