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a b s t r a c t

The meso-pyridyl substituted dipyrromethane ligands 5-(4-pyridyl)dipyrromethane (4-dpmane) and 5-
(3-pyridyl)dipyrromethane (3-dpmane) have been employed in the synthesis of a series of complexes
with the general formulations [(g6-arene)RuCl2(L)] (g6-arene = C6H6, C10H14) and [(g5-C5Me5)MCl2(L)]
(M = Rh, Ir). The reaction products have been characterized by microanalyses and spectral studies and
molecular structures of the complexes [(g6-C10H14)RuCl2(4-dpmane)] and [(g5-C5Me5)IrCl2(3-dpmane)]
have been determined crystallographically. For comparative studies, geometrical optimization have been
performed on the complex [(g5-C5Me5)IrCl2(4-dpmane)] using exchange correlation functional B3LYP.
Optimized bond length and angles are in good agreement with the structural data of the complex
[(g5-C5Me5)IrCl2(3-dpmane)]. The complexes [(g6-C10H14)RuCl2(3-dpmane)], [(g5-C5Me5)RhCl2(3-
dpmane)] and [(g5-C5Me5)IrCl2(3-dpmane)] have been employed as a transfer hydrogenation catalyst
in the reduction of aldehydes. It was observed that the rhodium and iridium complexes mentioned above
are more effective in this regard in comparison to the ruthenium complex.

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

Dipyrromethanes are important building blocks for many of the
structures of interest in the areas of porphyrins, materials science,
optics, and medicine [1–9]. A variety of conditions have been
established for the synthesis of dipyrromethanes of diverse struc-
tures, from substituted pyrroles to unsubstituted pyrrole and car-
bonyl compounds [10]. The dipyrromethanes can be oxidatively
converted to dipyrromethenes which are fully conjugated flat
bipyrrolic moieties, and as such, are useful ligands for chelation
to transition metals [11–14]. Although, numerous homo-/hetero-
leptic complexes based on dipyrrins are reported in the literature,
use of dipyrromethanes as ligand has scarcely been reported [15–
20]. Furthermore, there has been growing interest in the synthesis
of complexes containing g6-arene ruthenium, and g5-C5Me5 rho-
dium/iridium complexes because of their catalytic potential and
use as precursors in the synthesis of other Ru(II), Rh(III), and Ir(III)
complexes [21–27]. In this regard dimeric arene ruthenium [{(g6-
arene)Ru(l-Cl)Cl}2] (arene = benzene and their derivatives) and
structurally analogous rhodium and iridium complexes [{(g5-
C5Me5)M(l-Cl)Cl}2] (M = Rh or Ir) have proved to be indispensable
synthetic precursors [21–27]. Although, reactions of these dimers
with a variety of Lewis bases, monodentate ligands, dipyrrins, chi-
ral bidentate ligands, amino acids, peptides, and nucleobases have
All rights reserved.

: +91 542 2368174.
been studied extensively [28–40], their reactivity with meso-
substituted dipyrromethanes have not been examined.

Recently, we have reported the synthesis, spectral, electro-
chemical and structural characterization of complexes based on
g6-arene ruthenium and g5-C5Me5 rhodium/iridium moieties con-
taining various dipyrrin ligands [37–40]. To develop coordination
chemistry of dipyrromethane ligands we have examined reactivity
of the dimers [{(g6-arene)Ru(l-Cl)Cl}2] (arene = benzene and its
derivatives), and [{(g5-C5Me5)M(l-Cl)Cl}2] with 5-(4-pyri-
dyl)dipyrromethane (4-dpmane) and 5-(3-pyridyl)dipyrromethane
(3-dpmane). In this article we report the synthesis and character-
ization of mononuclear pyridyl N-bonded ruthenium complexes
[(g6-arene)RuCl2(L)] and rhodium/iridium complexes [(g5-
C5Me5)MCl2(L)] (M = Rh, Ir) and crystal structures of the complexes
[(g5-C10H14)RuCl2(3-dpmane)] and [(g5-C5Me5)IrCl2(3-dpmane)].
Also, we describe herein our findings on geometrical optimizations
performed on the complex [(g5-C5Me5)IrCl2(4-dpmane)] using ex-
change correlation functional B3LYP and application of the com-
plexes [(g6-C10H14)RuCl2(3-dpmane)], [(g5-C5Me5)RhCl2(3-
dpmane)] and [(g5-C5Me5)IrCl2(3-dpmane)] in transfer hydrogena-
tion catalysis of terephthaldehyde, 4-cyanobenzaldehyde and 4-
nitrobenzaldehyde to corresponding alcohol.
2. Experimental

Analytical or chemically pure grade reagents were used
throughout. All the reactions were carried out under nitrogen
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atmosphere. The solvents were dried and distilled by standard
procedures before use [41]. Hydrated ruthenium(III) chloride,
hydrated rhodium(III) chloride, hydrated iridium(III) chloride,
pentamethylcyclopentadiene, 1,3-cyclohexadiene, a-phellandrene
(Aldrich) were used as received. The ligands 5-(4-pyridyl)dipyr-
romethane, 5-(3-pyridyl)dipyrromethane [42] and precursor com-
plexes [{(g6-arene)Ru(l-Cl)Cl}2] (arene = benzene [43], p-cymene
[44]), [{(g5-C5Me5)Rh(l-Cl)Cl}2] [45], [{(g5-C5Me5)Ir(l-Cl)Cl}2]
[46] were prepared and purified following the literature proce-
dures. Microanalyses were performed on a Exter CE-440 CHN Ana-
lyzer. IR and electronic absorption spectra were recorded on a
Perkin–Elmer-577 and Shimadzu-UV 1700 spectrophotometers,
respectively. 1H and 13C NMR spectra were acquired on a JEOL AL
300 FT-NMR machine in chloroform-d at 298 K using TMS as an
internal reference. Emission spectra were recorded in dichloro-
methane on a Varian Cary Eclipse Fluorescence spectrophotometer
at room temperature.
2.1. Syntheses

2.1.1. Preparation of [(g6-C6H6)RuCl2(4-dpmane)] (1)
To a suspension of [{(g6-C6H6)Ru(l-Cl)Cl}2] (125 mg, 0.250

mmol) in dichloromethane (25 mL), 5-(4-pyridyl)dipyrromethane
(112 mg, 0.500 mmol) was added and stirred at room temperature
for 4 h. It gave a clear pale red solution which was filtered through
Celite to remove any solid impurities. Addition of hexane to the fil-
trate afforded pale red crystalline product. It was separated by fil-
tration washed with diethyl ether and dried under vacuum. Yield:
180 mg, 76%, m.p. 135 �C (decomp.). Microanalytical data: C20-
H19N3Cl2Ru, requires: C, 50.75; H, 4.05; N, 8.88. Found: C, 51.04;
H, 4.20; N, 8.80%. IR (KBr pellets, cm�1): 3345, 3065, 2925, 1610,
1550, 1429, 1093, 806, 673, 473. 1H NMR (CDCl3, d ppm): 8.76
(d, 2H, J = 6.0 Hz), 8.15 (bs, 2H), 7.02 (d, 2H, J = 6.0 Hz), 6.67(d,
2H, J = 0.9 Hz), 6.10 (dd, 2H, J = 3.0, 2.4 Hz), 5.77 (bs, 2H), 5.63 (s,
6H), 5.46 (s, 1H). UV–Vis {CH2Cl2, k nm (e)}: 413 (2.20 � 103),
290 (1.17 � 104), 242 (2.10 � 104).
2.1.2. Preparation of [(g6-C6H6)RuCl2(3-dpmane)] (2)
Complex 2 was prepared from [{(g6-C6H6)Ru(l-Cl)Cl}2] (125

mg, 0.250 mmol) and 5-(3-pyridyl)dipyrromethane (112 mg,
0.500 mmol) following the method employed for 1. Yield:
177 mg, 75%, m.p. 139 �C (decomp.). Microanalytical data:
C20H19N3Cl2Ru, requires: C, 50.75; H, 4.05; N, 8.88. Found: C,
51.04; H, 4.18; N, 8.80%. IR (KBr pellets, cm�1): 3349, 3050, 1610,
1560, 1472, 1429, 1040, 1035, 823, 734, 584. 1H NMR (CDCl3, d
ppm): 9.04 (s, 1H), 8.94 (d, 1H, J = 5.1 Hz), 8.27 (bs, 2H), 7.56 (m,
1H), 7.26 (m, 1H), 6.73 (bs, 2H), 6.15 (bs, 2H), 5.86 (bs, 2H), 5.62
(s, 6H), 5.48 (s, 1H). UV–Vis {CH2Cl2, k nm (e)}: 411 (2.24 � 103),
273 (1.11 � 104), 239 (1.98 � 104).
2.1.3. Preparation of [(g6-C10H14)RuCl2(4-dpmane)] (3)
This complex was prepared using [{(g6-C10H14)Ru(l-Cl) Cl}2]

(153 mg, 0.250 mmol) and 5-(4-pyridyl)dipyrromethane (112 mg,
0.500 mmol) following the method for 1. Yield: 212 mg, 80%,
m.p. 137 �C (decomp.). Microanalytical data: C24H27N3Cl2Ru, re-
quires: C, 54.44; H, 5.14; N, 7.94. Found: C, 54.68; H, 5.29; N,
7.83%. IR (KBr pellets, cm�1): 3326, 3099, 2962, 1612, 1561,
1465, 1427, 1040, 1030, 901, 774, 728, 620, 528. 1H NMR (CDCl3,
d ppm): 8.66 (d, 2H, J = 6.0 Hz), 8.28 (bs, 2H), 6.95 (d, 2H,
J = 6.0 Hz), 6.62 (bs, 2H), 6.07 (d, 2H, J = 2.1 Hz), 5.77 (bs, 2H),
5.43 (d, 3H, J = 5.7 Hz), 5.21 (d, 2H, 5.7 Hz), 2.98 (m, 1H), 2.06 (s,
3H), 1.30 (d, 6H, J = 6.9). UV–Vis {CH2Cl2, k nm (e)}: 416
(2.2 � 103), 294 (1.15 � 104), 239 (2.30 � 104).
2.1.4. Preparation of [(g6-C10H14)RuCl2(3-dpmane)] (4)
This complex was prepared using [{(g6-C10H14)Ru(l-Cl) Cl}2]

(153 mg, 0.250 mmol) and 5-(3-pyridyl)dipyrromethane (112 mg,
0.500 mmol) following the above procedure for 1.Yield: 201 mg,
76%, m.p. 135 �C (decomp.). Microanalytical data: C24H27N3Cl2Ru,
requires: C, 54.44; H, 5.14; N, 7.94. Found: C, 54.75; H, 5.26; N,
7.83%. IR (KBr pellets, cm�1): 3340, 3047, 1610, 1564, 1470,
1425, 1032, 1028, 971, 779, 734, 584. 1H NMR (CDCl3, d ppm):
8.92 (s, 1H), 8.86 (d, 1H, J = 5.4 Hz), 8.34 (bs, 2H), 7.53 (m, 1H),
7.20 (m, 1H), 6.71 (bs, 2H), 6.13 (d, 2H, J = 2.1 Hz), 5.85 (bs, 2H),
5.47 (s, 1H), 5.39 (d, 2H, 5.7 Hz), 5.17 (d, 2H, J = 6.0 Hz), 2.89 (m,
1H), 2.02 (s, 3H), 1.25 (d, 6H, J = 7.2 Hz). UV–Vis {CH2Cl2, k nm
(e)}: 418 (2.86 � 103), 288 (1.15 � 104), 239 (2.32 � 104).

2.1.5. Preparation of [(g5-C5Me5)RhCl2(4-dpmane)] (5)
It was prepared from [{(g5-C5Me5)Rh(l-Cl) Cl}2] (154 mg,

0.250 mmol) and 5-(4-pyridyl)dipyrromethane (112 mg, 0.500
mmol) following the above procedure for 1. Yield: 207 mg, 78%,
m.p. 146 �C (decomp.). Microanalytical data: C24H28N3Cl2Rh, re-
quires: C, 54.15; H, 5.30; N, 7.89. Found: C, 54.42; H, 5.42; N,
7.82%. IR (KBr pellets, cm�1): 3340, 2923, 2857, 1613, 1558,
1460, 1426, 1377, 1093, 1026, 728, 673, 598, 522. 1H NMR (CDCl3,
d ppm): 8.63 (d, 2H, J = 5.1 Hz), 8.40 (bs, 2H), 7.05 (d, 2H,
J = 5.4 Hz), 6.66 (bs, 2H), 6.05 (bs, 2H), 5.71 (bs, 2H), 5.51 (s, 1H),
1.60 (s, 15H). UV–Vis {CH2Cl2, k nm (e)}: 402 (3.2 � 103), 268
(9.97 � 103), 238 (2.25 � 104).

2.1.6. Preparation of [(g5-C5Me5)RhCl2(3-dpmane)] (6)
Complex 6 was prepared from [{(g5-C5Me5)Rh(l-Cl)Cl}2]

(154 mg, 0.250 mmol) and 5-(3-pyridyl)dipyrromethane (112 mg,
0.500 mmol) following the procedure employed for 1. Yield:
202 mg, 80%, m.p. 145 �C (decomp.). Microanalytical data:
C24H28N3Cl2Rh, requires: C, 54.15; H, 5.30; N, 7.89. Found: C,
54.39; H, 5.45; N, 7.80%. IR (KBr pellets, cm�1): 3352, 2925, 1613,
1567, 1468, 1426, 1117, 1032, 730, 588. 1H NMR (CDCl3, d ppm):
8.83 (d, 1H, J = 4.5 Hz), 8.80 (s, 1H), 8.25 (bs, 2H), 7.55 (m, 1H),
7.26 (m, 1H), 6.73 (bs, 2H), 6.14 (d, 2H, J = 3.0 Hz), 5.85 (bs, 2H),
5.50 (s, 1H), 1.60 (s, 15H). UV–Vis {CH2Cl2, k nm (e)}: 401
(2.74 � 103), 268 (1.17 � 104), 239 (2.06 � 104).

2.1.7. Preparation of [(g5-C5Me5)IrCl2(4-dpmane)] (7)
This complex was prepared using [{(g5-C5Me5)Ir(l-Cl)Cl}2]

(199 mg, 0.250 mmol) and 5-(4-pyridyl)dipyrromethane (112 mg,
0.500 mmol) following the above procedure for 1. Yield: 233 mg,
75%, m.p. 177 �C (decomp.). Microanalytical data: C24H28N3Cl2Ir,
requires: C, 46.37; H, 4.54; N, 6.76. Found: C, 46.67; H, 4.70; N,
6.67%. IR (KBr pellets, cm�1): 3342, 2925, 1612, 1558, 1463,
1428, 1370, 1093, 1026, 729, 598. 1H NMR (CDCl3, d ppm):
8.75(d, 2H, J = 6.0 Hz), 8.17 (bs, 2H), 7.11(d, 2H, J = 5.7 Hz), 6.71
(bs, 2H), 6.12 (d, 2H, J = 2.1 Hz), 5.79 (bs, 2H), 5.54 (s, 1H), 1.56
(s, 15H). UV–Vis {CH2Cl2, k nm (e)}: 445 (1.57 � 103), 280
(1.16 � 104), 238 (2.32 � 104).

2.1.8. Preparation of [(g5-C5Me5)IrCl2(3-dpmane)] (8)
It was prepared from [{(g5-C5Me5)Ir(l-Cl)Cl}2] (199 mg,

0.250 mmol) and 5-(3-pyridyl)dipyrromethane (112 mg, 0.500
mmol) following the above procedure for 1. Yield: 230 mg, 74%,
m.p. 175 �C (decomp.). Microanalytical data: C24H28N3Cl2Ir, re-
quires: C, 46.37; H, 4.54; N, 6.76. Found: C, 46.69; H, 4.68; N,
6.70%. IR (KBr pellets, cm�1): 3350, 2923, 1615, 1570, 1464,
1427, 1110, 1030, 729, 585. 1H NMR (CDCl3, d ppm): 8.86 (d, 1H,
J = 4.8 Hz), 8.80 (s, 1H), 8.28 (bs, 2H), 7.57 (m, 1H), 7.26 (m, 1H),
6.74 (bs, 2H), 6.14 (d, 2H, J = 3.0 Hz), 5.86 (bs, 2H), 5.52 (s, 1H),
1.56 (s, 15H). UV–Vis {CH2Cl2, k nm (e)}: 435 (9.27 � 102), 276
(1.16 � 104), 240 (2.06 � 104).
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2.2. X-ray crystallography

2.2.1. Details of single crystal X-ray diffraction study
A detail about the data collection, solution and refinement is

summarized in Section 2.2.2. Intensity data for 3 and 8 were col-
lected on a OXFORD DIFFRACTION X CALIBUR-S diffractometer
equipped with graphite Mo-Ka radiation (k = 0.71073 Å) at
293(2) K. The structures were solved by direct methods (SHELXS

97) and refined by full-matrix least squares procedure based on
F2 (SHELX 97) [47]. All the non-hydrogen atoms were refined aniso-
tropically and hydrogen atoms were located at calculated positions
and refined using a riding model with isotropic thermal parame-
ters fixed at 1.2 times the Ueq value of the appropriate carrier atom.
2.2.2. Selected crystallographic data
2.2.2.1. Complex 3. Formula = C24H27Cl2N3Ru, Mw = 529.46, speci-
men 0.28 mm � 0.23 mm � 0.19 mm, monoclinic space group
P21/c, a = 14.3658(3), b = 9.70120(10), c = 17.3090(3) Å; b =
106.787(2)�; V = 2309.48(7) Å3; Z = 4; Dcalc 1.523 g cm�3,
F(0 0 0) = 1080, l = 0.926, T(K) = 150(2), k = 0.71073, R(all) =
0.0237, R(I > 2r (I)) = 0.0198, wR2 = 0.0504, wR2 [I > 2r (I)] =
0.0494, GOF = 1.043.
2.2.2.2. Complex 8. Formula = C24.50H26Cl3N3Ir, Mw = 661.03,
specimen 0.15 mm � 0.13 mm � 0.12 mm, monoclinic space group
C2/c, a = 22.180(2), b = 10.2552(12), c = 21.9926(18) Å; b =
101.374(9), V = 4904.2(9) Å3; Dcalc 1.791 g cm�3, F(0 0 0) = 2576,
l = 5.790, T(K) = 150(2), k = 0.71073, R(all) = 0.0786, R(I > 2r (I)) =
0.0595, wR2 = 0.1613, wR2 [I > 2r (I)] = 0.1509, GOF = 1.080.
2.3. Computational methods

Calculations were performed using hybrid B3LYP density func-
tional method which uses Becke’s 3-parameter non-local exchange
functionals mixed with exact (Hartree–Fock) exchange functional
and Lee–Yang–Parr’s non-local correlation functional [48,49].
Geometries of the complex 7 was optimized without any symme-
try restrictions with standard 6-31G** basis sets [50,51] for N, C, H
and Cl and LANL2DZ [52–54] for Ir, which combines quasi-relativ-
istic effective core potentials with a valence double-basis set. Elec-
tronic structure of the complex was examined by natural charges
at each atom computed using Kohn-Sham orbitals obtained from
DFT calculations [55]. The calculations were performed using
GAUSSIAN 03 program [56].
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3. Results and discussion

3.1. Syntheses and characterization

The dipyrromethane ligands were synthesized by reaction of 4-/
3-pyridyl carboxaldehyde and an excess of pyrrole following the
literature procedures [42]. Recently we have employed these li-
gands in the synthesis of dipyrrin complexes and have used the
resulting dipyrrin complexes as a synthon in the synthesis of
homo-/hetero-binuclear complexes containing g6-arene ruthe-
nium and g5-C5Me5 rhodium/iridium moieties [40]. In the present
work reactions of the dipyrromethane ligands have directly been
investigated with the chloro-bridged dimers [{(g6-arene)Ru(l-
Cl)Cl}2] (g6-arene = benzene, p-cymene) and [{(g5-C5Me5)M(l-
Cl)Cl}2] (M = Rh, Ir).

Reactions of the chloro-bridged dimeric complexes [{(g6-are-
ne)Ru(l-Cl)Cl}2] with 4-/3-dpmane in dichloromethane in 1:2
molar ratio gave mononuclear complexes with the general formu-
lations [(g6-arene)RuCl2(L)] (g6-arene = benzene, L = 4-dpmane 1;
g6-arene = benzene, L = 3-dpmane 2; g6-arene = p-cymene, L = 4-
dpmane 3; g6-arene = p-cymene, L = 3-dpmane 4). Structurally
analogous dimeric complexes [{(g5-C5Me5)M(l-Cl)Cl}2] (M = Rh,
Ir) reacted with these ligands under analogous conditions to afford
the complexes [(g5-C5Me5)MCl2(L)] 5–8 (M = Rh, L = 4-dpmane 5;
M = Rh, L = 3-dpmane 6; M = Ir, L = 4-dpmane 7; V = Ir, L = 3-
dpmane 8). A simple scheme depicting syntheses of 1-8 and is
shown in Schemes 1 and 2. All the complexes have been isolated
in reasonably good yields. These are air-stable, non-hygroscopic,
golden-yellow crystalline solids, soluble in common organic sol-
vents like acetone, dichloromethane, chloroform, dimethylform-
amide, dimethylsulfoxide, methanol, and ethanol and insoluble in
diethyl ether petroleum ether and hexane. The complexes under
investigation have been characterized by elemental analyses, spec-
tral (IR, NMR electronic and emission) studies and molecular struc-
tures of 3 and 8 have been authenticated crystallographically.

The complexes 1–8 have analogous coordination environment
about the respective metal centres (ruthenium, rhodium or irid-
ium), and displayed an analogous pattern of resonances in its 1H
NMR spectra. In general, pyridyl protons (a, b protons of 4-dpmane
and a, b, c, d protons of 3-dpmane Fig. S1) of the respective ligands
exhibited a downfield shift in comparison to the uncoordinated li-
gand [42], while other protons (pyrrolic and meso-) did not show
any appreciable shift. For example, in the 1H NMR spectrum of 1,
protons associated with g6-C6H6 resonated as a singlet at
d � 5.63 (s, 6H) ppm and ligand protons at �8.76 (d, 2H, 2,6-Py),
M
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N
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complexes 1,3,5,7.
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8.15 (bs, 2H, N-pyrrole), 7.02 (d, 2H, 3,5-Py), 6.67 (d, 2H, pyrrole),
6.10 (dd, 2H, pyrrole), 5.77 (bs, 2H, pyrrole), 5.46 (s, 1H, meso-H)
ppm. It is observed that the arene protons in these complexes res-
onated at almost the same position as in the respective precursor
complexes [43–46]. Further, the position of various peaks and inte-
grated intensity under each peak strongly supported formation of
the complexes and their proposed formulations.
Table 1
Selected bond length and angles for complexes 3 and 8.

Bonds (Å) 3 8

Ru1/Ir1–N1 2.1302(16) 2.110(7)
Ru1/Ir1–Cl1 2.4110(5) 2.128(9)
Ru1/Ir1–Cl2 2.4118(5) 2.135(9)
Ru1/Ir1–Cct 1.659 1.761
Ru1/Ir1–Cav 2.181 2.146
C13/14–C16 1.528(3) 1.520(13)
C16–C21 1.512(3) 1.478(13)
C16–C17 1.509(3) 1.494(13)
C16–H16 1.0000 1.0000
N2–H2 0.8800 0.8800
N3–H2 0.8800 0.8800
C13/14–C16–C17–N3 �104.0(2)
C13/14–C16–C21–N2 135.10(19)
C21–C16–C17–N3 127.83(19)
C17–C16–C21–N2 �98.1(2)

Fig. 1. Electronic absorption spectra of the complexes 1–8 in dichloromethane.
The electronic absorption spectra of 1–8 were acquired in
dichloromethane at room temperature and resulting data is sum-
marized in Section 2. The low spin d6 orbitals on ruthenium(II)/
rhodium(III)/iridium(III) provides filled t2g orbitals of proper sym-
metry for interaction with relatively low lying unoccupied p* orbi-
tals of the ligand. It is expected to give a band associated with
metal to ligand charge transfer transition (MLCT) (t2g ? p*) whose
position varies with the nature of metal ion and ligands acting as p
acceptor. The electronic spectra of 1–8 displayed bands at, �413/
411(1/2), �416/418 (3/4) in ruthenium complexes and �402/
401(5/6), �445/435(7/8) nm in the rhodium and iridium com-
plexes, respectively. On the basis of its position and intensity it
has been assigned as MLCT transitions [57–62] (Fig. 1). The bands
at �294 and 239 nm has been ascribed to the intra-ligand transi-
tions (n ? p*/p ? p*). Presence of MLCT bands in the electronic
absorption spectra of respective complexes support formation of
the complexes. Emission spectra of 1–8 were acquired in dichloro-
methane at room temperature. Upon excitation at their respective
MLCT bands, complexes did not show any appreciable emissions.
3.2. Molecular structure

Molecular structures of 3 and 8 have been determined crystal-
lographically. Details about the data collection, solution and refine-
ment is summarized in the crystallographic section, selected
geometrical parameters are summarized in Table 1 and ORTEP
views at 30% thermal ellipsoid probability is depicted in Figs. 2
Angle (�) 3 8

N1–Ru1/Ir1–Cl1 86.52(4) 89.4(2)
N1–Ru1/Ir1–Cl2 86.72(4) 84.8(2)
Cl1–Ru1/Ir1–Cl2 88.120(17) 88.59(9)
Cl1–Ru1/Ir1–Cct 128.10 125.80
Cl2–Ru1/Ir1–Cct 126. 01 120.32
N1–Ru1/Ir1–Cct 127.71 125.66
C13/14–C16–H16 106.5 106.6
C13/14–C16–C17 110.74(15) 109.8(8)
C13/14–C16–C21 113.22(16) 113.2(7)
C21–C16–C17 112.89(16) 113.5(9)

61.8(11)
�129.5(10)
�170.4(8)
104.5(11)



Fig. 2. ORTEP diagram of 3 at 30% thermal ellipsoid probability (H-atoms omitted for clarity).

Fig. 3. ORTEP diagram of 8 at 30% thermal ellipsoid probability (H-atoms omitted for clarity).
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and 3. Overall arrangement of the various ligands about metal cen-
tres ruthenium and iridium in 3 and 8 are analogous and the coor-
dination geometry is typical ‘‘piano-stool” geometry. It is
completed by pyridyl nitrogen of 4-dpmane, chloro- groups and
p-cymene ring coordinated in g6-manner in 3, while in 8, it is com-
pleted by pyridyl nitrogen from 3-dpmane, two chloro- groups and
C5Me5 ring coordinated in g5-manner. The M–N and M–Cl (M = Ru,
Ir) bond distances [Ru–N1 = 2.130 Å, Ru–Cl1 = 2.411 Å, Ru–Cl2 =
2.412 Å in 3 and Ir–N1 = 2.110Å, Ir–Cl1 = 2.128Å, Ir–Cl2 = 2.135 Å
in 8] are normal [37,38]. The Cl–M–Cl and N–M–Cl angles are less
than 90� [Cl1–Ru–Cl2 = 88.12�, N1–Ru–Cl1 = 86.52�, N1–Ru–
Cl2 = 86.72� in 3 and Cl1–Ir–Cl2 = 88.59�, N1–Ir–Cl1 = 89.4�, N1–
Ir–Cl2 = 84.8� in 8] are consistent with the ‘‘piano stool” arrange-
ment of various groups about the metal centres [Table 1] [57–
62]. The M–C distances are almost equal with an average Ru–
C = 2.181 [range 2.158–2.200 Å] and Ir–C = 2.146 Å [range 2.128–
2.165 Å]. The metal to centroid of g6-C10H14 ring and g5-C5Me5

ring separations are 1.659, 1.761 Å, respectively and are close to
those reported for other (g6-C10H14)-Ru(II), (g5-C5Me5)-Ir(III) com-
plexes [37,38,62].

The X-ray crystal structures of the complexes exhibited that
free pyrrolic N–H in these complexes are involved in strong hydro-
gen bonding interactions leading to a dimer in complex 3, while a
zig-zag structural motif along crystallographic-‘a’ axis in complex 8
(Figs. 4 and 5). In addition, weak interaction studies revealed the
presence of various C–H� � �Cl, C–H� � �p, p� � �p interactions in the so-



Fig. 4. Hydrogen bonding interaction leading to a dimeric structure in complex 3.

Table 2
Matrices for weak interactions for 3 and 8.

X–H–Cg H–
Cg
(Å)

H-(ring
plane) (Å)

C–Cg (Å) C–H–
Cg (�)

c (�)

Complex 3
C(14)–H(14)� � �Cg(N3–

C17–C18–C19–20)a
2.87 2.531 3.470(2) 122 28.14

C(18)–H(18)� � �Cg(N1–
C11–C12–C13–C14–
C15)b

2.90 2.830 3.632(2) 134 12.96

Complex 8
N(3)–H(3)� � �Cg(N2–C21–

C22–C23–C24)c
2.58 2.462 3.6853 162 17.14

C(10)–H(10B)� � �Cg(N3–
C17–C18–C19–C20)d

2.85 2.593 3.748(16) 153 24.59

a = X, Y, Z; b = �X, 1 � Y, �Z; c = 1/2 � X, 1/2 + Y, 1/2 � Z; d = X, Y, Z

Complex 8 Cg–Cg a (�) b (�) c (�)

Cg(N3–C17–C18–C19–C20)–Cg(N1–
C11–C12–C13–C14–C15)a

3.834(7) 24.57 21.97 28.08

Cg(C1–C2–C3–C4–C5)–Cg(C1–C2–C3–
C4–C5)b

3.845(7) 0.00 16.55 16.55

Cg(N1–C11–C12–C13–C14–C15)–
Cg(N3–C17–C18–C19–C20)c

3.834(7) 24.57 28.08 21.97

a = 1/2 � X, 1/2 + Y, 1/2 � Z; b = �X, 1 � Y, �Z; c = 1/2 � X, �1/2 + Y, 1/2 � Z

D–H� � �A D(D–H) d(H� � �A) d(D� � �A L(DHA)

Complex 3 (Å and�)
N(2)–H(2)� � �Cl(1)a 0.88 2.49 3.304(2) 154
N(3)–H(3)� � �Cl(2)a 0.88 2.46 3.2155(18) 145
C(11)–H(11)� � �Cl(2)a 0.95 2.73 3.242(2) 114
C(16)–H(16)� � �Cl(1)a 1.00 2.71 3.575(2) 145

Complex 8 (Å and�)
N(2)–H(2)� � �Cl(1)b 0.88 2.53 3.219(9) 136
C(10)–H(10B)� � �N(3)b 0.98 2.61 3.408(17) 139
C(11)–H(11)� � �Cl(1)b 0.95 2.74 3.286(10) 117
C(22)–H(22)� � �Cl(22)b 0.95 2.82 3.49(2) 128
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lid state (Table 2). Contact distances between C–H� � �Cl, C–H� � �p,
p� � �p are 2.71–2.84, 2.58–2.83 and 3.83–3.84 Å, respectively. These
interactions may be called vdw interactions, since the lengths are
significantly less than the sum of the van der Waals radii (2.8
and 3.1 Å, respectively). The C–H� � �Cl, C–H� � �p and p� � �p interac-
tions in complexes resulted in a sheet like (Fig. 6 and S2) zig-zag
motif (Fig. 7).
a = �x, 2 � y, �z; b = 1/2 � x, 1/2 + y, 1/2 � z
3.3. Theoretical calculations

To establish the structure and verify geometrical parameters
(bond length and bond angles) geometrical optimizations were
performed on the complex 7. Optimized geometry of the complex
is shown in Fig. 8. One can see that the optimized bond lengths and
bond angles for 7 are in good agreement with those obtained from
X-ray diffraction analyses of structurally analogous complex 8 (Ta-
ble S1). In addition, frequency calculations have been performed to
check whether optimized geometries are minima on the potential
energy surface or not.

We begin analysis of the bonding situation with a discussion of
natural atomic charges. Natural bond orbital (NBO) charge distri-
butions are presented in Scheme 3. To examine charge flow be-
tween the 4-dpmane and the [(g5-C5Me5)IrCl2] metal fragments,
we calculated atomic charges of the fragment in the frozen geom-
etries of the molecules. The results are shown in Scheme 3(b).
Fig. 5. Hydrogen bonding interaction leading to a zig-za
Scheme 3(c) shows that the Wiberg bond indices (WBI) of the Ir–
N and Ir–Cl bonds are 0.37, 0.45 and 0.46, respectively. It suggested
that in this complex the Ir–N/Cl bonds would be significantly more
polar with a bond order less than one.

The calculated natural charge distribution indicated that the
iridium atom, pentamethylcyclopentadienyl and 4-dpmane groups
carry a significant positive charge, while the chloro ligands are
negatively charged. Scheme 3(b) shows, that the g5-C5Me5 group
in complex has a lower positive charge than those in the metal
fragment [(g5-C5Me5)IrCl2]. It is observed that there is net flow
of charge in the direction from 4-dpmane to [(g5-C5Me5)IrCl2].
The change in the charges of [(g5-C5Me5)IrCl2] and 4-dpmane frag-
ments provides the estimate of polarization effect. It is noteworthy
that all the complexes are structurally analogous. Hence, their elec-
tronic properties are also similar.
g motif along crystallographic-‘a’ axis in complex 8.



Fig. 6. Sheet like motif resulting from C–H� � �Cl and C–H� � �p weak interactions along crystallographic-‘c’ axis in complex 3.

Fig. 7. Zig-zag motif resulting from p� � �p weak interactions along crystallographic-‘c’ axis in complex 8.

Fig. 8. Optimized geometries of 7 (ORTEP view at 30% probability, H atoms excluded for clarity).
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3.4. Catalytic transfer hydrogenation of aldehyde

Based on the pioneering studies of many workers on transfer
hydrogenation catalysis using half-sandwich organometallic Ru/
Rh/Ir complexes, [63] and on our own efforts in this direction
[37] we became interested to examine catalytic activity of the
complexes under study towards reduction of the formyl group of
aldehyde. Representative ruthenium complex 4, rhodium complex
6 and iridium complex 8 were used as catalyst and terephthalde-
hyde, 4-nitrobenzaldeyde and 4-cyanobenzaldeyde as substrates.
To compare the results we have taken analogous complexes
[(g6-C10H14)RuCl2(4-CNPy)], [(g5-C10H15)RhCl2(4-CNPy)], [(g5-
C10H15)IrCl2(4-CNPy)] imparting less bulkier 4-cyanopyridine, re-
sults shows only a small increase in yield. Respective reactions
were initiated by introducing sodium formate and aldehydes
(1.0 mmol) in water (trace of acetonitrile was used to dissolve
the catalyst) under aerobic conditions at 80 �C using 2 mol% of
the catalyst. Resulting data (Table 3) suggested that all the com-



Ir

Cl
Cl

N

NH

N
H

-0.52

q(4-dpmane)=+0.22

-0.52

+0.14

(b)

+0.68

Ir

Cl
Cl

N

NH

N
H

0.45

0.37

0.46

0.34

(c)

[(η5-C5Me5)IrCl2]................(4-dpmane)

0.00 0.00

(a)

-0.49

Scheme 3. (a) Charge distribution in different fragment when there is no bonding, (b) natural charge distribution on various groups, (c) Wiberg bond indices of bonds around
metal centre.

Table 3
Transfer hydrogenation of aldehydes by [(g6/5-CxHy)MCl2(3-dpmane)].

X
O

X
H

OH

H
HH2O (Acetonitrile in trace)

HCOONa, 80oC

X = CHO, NO2, CN

[( 6/5-Cη xHy)MCl2(3-dpmane)]

Catalyst Aldehyde % Con t/h TOFa(h�1)

[(g6-C10H14)RuCl2(4-CNPy)] Terephthaldehyde 80 10 4.0
[(g5-C5Me5)RhCl2(4-CNPy)] Terephthaldehyde 89 5 8.9
[(g5-C5Me5)IrCl2(4-CNPy)] Terephthaldehyde 85 7 6.0
[(g6-C10H14)RuCl2(3-dpmane)] (4) Terephthaldehyde 74 10 3.7
[(g5-C5Me5)RhCl2(3-dpmane)] (6) Terephthaldehyde 89 5 8.9
[(g5-C5Me5)IrCl2(3-dpmane)] (8) Terephthaldehyde 80 7 5.7
[(g6-C10H14)RuCl2(4-CNPy)] 4-Nitrobenzaldeyde 85 10 4.2
[(g5-C5Me5)RhCl2(4-CNPy)] 4-Nitrobenzaldeyde 92 5 9.2
[(g5-C5Me5)IrCl2(4-CNPy)] 4-Nitrobenzaldeyde 86 5 8.6
[(g6-C10H14)RuCl2(3-dpmane)] (4) 4-Nitrobenzaldeyde 82 10 4.1
[(g5-C5Me5)RhCl2(3-dpmane)] (6) 4-Nitrobenzaldeyde 90 5 9
[(g5-C5Me5)IrCl2(3-dpmane)] (8) 4-Nitrobenzaldeyde 85 6 7.1
[(g6-C10H14)RuCl2(4-CNPy)] 4-Cyanobenzaldehyde 80 10 4.0
[(g5-C5Me5)RhCl2(4-CNPy)] 4-Cyanobenzaldehyde 90 5 9.0
[(g5-C5Me5)IrCl2(4-CNPy)] 4-Cyanobenzaldehyde 88 5 8.8
[(g6-C10H14)RuCl2(3-dpmane)] (4) 4-Cyanobenzaldehyde 80 10 4.0
[(g5-C5Me5)RhCl2(3-dpmane)] (6) 4-Cyanobenzaldehyde 87 5 8.7
[(g5-C5Me5)IrCl2(3-dpmane)] (8) 4-Cyanobenzaldehyde 87 5 8.7

a Based on% conversion; 4-CNPy = 4-cyanopyridine.
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plexes are reasonably good hydrogen-transfer catalysts under
aqueous and aerobic conditions. It is observed that in all these
cases the formyl group of aldehyde is selectively reduced without
affecting the other substituents (–CN, –NO2). Interestingly, these
complexes selectively reduce one formyl group of terephthalde-
hyde to produce 4-hydroxymethy-benzaldehyde. Further, it was
observable that the rhodium and iridium complexes 6 and 8 are
more effective in this regard than the ruthenium complex 4.
Resulting alcohols have been characterised by IR and 1H NMR spec-
troscopy, and percentage conversions calculated by integration of
the peaks in the NMR spectra.
4. Conclusions

In this work we have described synthesis, spectral and struc-
tural characterization of a series of neutral mononuclear com-
plexes containing (g6-arene)Ru-, (g5-C5Me5)Rh- and (g5-
C5Me5)Ir-moieties and dipyrromethane ligands. Geometry and
electronic structures of 7 have been optimized by theoretical stud-
ies and compared with the single crystal X-ray data of 8. To deter-
mine bonding situation NBO calculations have also performed
which suggested an overall charge flow in the direction M L. In
addition, it has been shown that 4, 6 and 8 acts as transfer hydro-



M. Yadav et al. / Journal of Organometallic Chemistry 695 (2010) 841–849 849
genation catalyst in the reduction of terephthaldehyde, 4-cyano-
benzaldehyde and 4-nitrobenzaldehyde.
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