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a b s t r a c t

The reactions of chloro-bridged dimeric complexes [{(h3;h3-C10H16)Ru(m-Cl)Cl}2] and [{(h4-C8H12)RhCl}2]
with 1-(4-cyanophenyl)imidazole (CPI), 1-(4-nitrophenyl)imidazole (NOPI), 1-(4-formylphenyl)imidazole
(FPI) and 1-(4-hydroxy-phenyl)imidazole (HPI) have been investigated. These reactions afforded
complexes with the general formulations [(h3;h3-C10H16)RuCl2(L)] (L¼ CPI, 1; NOPI, 2; FPI, 3; HPI, 4) and
[(h4-C8H12)RhCl(L)] (L¼ CPI, 5; NOPI, 6; FPI, 7; HPI, 8). Resulting complexes have been characterized by
analytical and spectral (IR, 1H and 13C NMR, UVeVis) studies. Crystal structures of 2, 5 and 6 have been
determined by single crystal X-ray diffraction analyses. Structural studies on the complexes 2, 5 and 6
revealed the presence of extensive inter- and intra-molecular CeH/X (X¼O and Cl) and CeH/p
interactions. Theoretical studies have been performed to authenticate the structures and NBO calcula-
tions to determine electronic properties of the complexes.

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

The chloro-bridged dimeric ruthenium(IV) and rhodium(I)
complexes [{(h3;h3-C10H16)Ru(m-Cl)Cl}2] and [{(h4-C8H12)RhCl}2]
are known for many years [1,2]. However, their chemistry has not
been developed to the same extent as that of chloro-bridged
dimeric arene ruthenium [{(h6-arene)Ru(m-Cl)Cl}2] [(are-
ne¼ benzene and its derivatives) and pentam-
ethylcyclopentadienyl rhodium and iridium complexes [{(h5-
C5Me5)M(m-Cl)Cl}2] (M¼ Rh, Ir) [3e8]. Like arene ruthenium and
pentamethylcyclopentadienyl rhodium/iridium complexes these
undergo chloro-bridge cleavage reactions leading to the formation
of neutral and cationic mononuclear complexes [9e11]. Such
complexes have been important because of their involvement in
a number of stoichiometric and catalytic reactions including
reduction of carbonyl group, activation of carbon-hydrogen bonds,
alkene oligomerization and polymerizations [12e15].

The designing and syntheses of novel coordination ligands are
challenging and continuous efforts are being made to tune the
: þ91 542 2368174.

All rights reserved.
nature of interactions between the reactants to afford desired
structures [16e21]. In this context, imidazole and it’s derivatives
are particularly interesting beacause of their excellent ligational
properties and diverse coordination modes [22e26]. Cyanide is
another ligand that has attracted immense current attention and
employed in the construction of extended structures [27e29].
Further, ligands containing both the imidazole and cyanide group
have scarsely been utilized in the construction of functional MOFs
[30]. 1-(4-cyanophenyl)imidazole (CPI) and related ligands like 1-
(4-nitro-phenyl)imidazole (NOPI), 1-(4-formylphenyl)imidazole
(FPI) and 1-(4-hydroxy-phenyl)imidazole (HPI), are known for
many years [31e35]. While we and other research groups have
reported numerous mono- and binuclear compounds containing
CPI, the ligational properties of NOPI, FPI and HPI with the
complexes [{(h3;h3-C10H16)Ru(m-Cl)Cl}2] and [{(h4-C8H12)RhCl}2]
have not been studied [31e33,36,37].

To develop the chemistry of ligands CPI, NOPI, FPI and HPI and
because of our interests in this area we have examined reactivity of
with the dimeric complexes [{(h3;h3-C10H16)Ru(m-Cl)Cl}2] and
[{(h4-C8H12)Rh(m-Cl)}2] with these lignads and have isolated
a series of neutral mononuclear complexes. In this paper we report
the synthesis and spectral characterization of complexes containing
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CPI, NOPI, FPI and HPI and {(h3;h3-C10H16)RuCl2}-/{(h4-C8H12)RhCl}-
moieties. Also, we present herein the crystal structures of repre-
sentative complexes [(h3;h3-C10H16)RuCl2(NOPI)], [(h4-C8H12)RhCl
(CPI)] and [(h4-C8H12)RhCl(NOPI)] and theoretical studies per-
formed on these complexes to investigate their electronic
properties.

2. Result and discussion

2.1. Synthesis and characterization

The chloro-bridged dimeric complexes [{(h3;h3-C10H16)Ru(m-Cl)
Cl}2] and [{(h4-C8H12)Rh(m-Cl)Cl}2] reacted with 1-(4-cyanophenyl)
imidazole (CPI), 1-(4-nitro-phenyl)imidazole (NOPI), 1-(4-for-
mylphenyl)imidazole (FPI) and 1-(4-hydroxy-phenyl)-imidazole
(HPI) in dichloromethane under stirring conditions at room
temperature to afford mononuclear complexes [(h3;h3-C10H16)
RuCl2(L)] (L¼ CPI, 1; NOPI, 2; FPI, 3; HPI, 4) and [(h4-C8H12)RhCl(L)]
(L¼ CPI, 5; NOPI, 6; FPI, 7; HPI, 8) in reasonably good yields. A
simple scheme showing the synthesis of complexes is depicted in
Scheme 1.

The complexes 1e8 are non-hygroscopic, air-stable crystalline
solids soluble in common organic solvents viz., dichloromethane,
chloroform, acetone, acetonitrile, DMSO, DMF and insoluble in
water, methanol, diethyl ether, petroleum ether, n-hexane,
benzene and toluene. Analytical and spectral data (IR, 1H and 13C
NMR and electronic absorption and emission) provided valuable
information about the composition and structure of the
complexes.

IR spectra of the complexes under study displayed shifts in the
position of bands associated with n(C]N) of imidazole by
w10e20 cm�1, (1605, 1; 1599, 2; 1602, 3; 1604, 4; 1598, 5; 1598, 6;
1596, 7 and 1602 cm�1, 8) in comparison to the uncoordinated
ligands (1615, CPI; 1620, NOPI; 1617, FPI and 1620 cm�1, HPI)
[31,34,35]. It suggested the linkage of ligands to metal centre
through imine nitrogen of imidazole. Characteristic bands corre-
sponding to the n(C^N), n(NO2), n(C]O) and n(OeH) group of CPI,
NOPI, FPI, and HPI vibrated at 2230,1515,1336,1698 and 3600 cm�1

in the IR spectra of respective complexes [31,34,35].
Scheme 1. Synthesis of
2.2. NMR spectral studies

1H NMR spectral data of the complexes corroborated well with
the proposed formulations. Notably, the protons associated with
ligands and precursor complexes resonated at almost the same
position in the 1H NMR spectra of respective complexes. For
example, 1e4 in its spectrum displayed resonances due to 2,7-
dimethyloctadienediyl (h3;h3-C10H16) protons at w2.40 (CH3
protons), 3.10 (CH2 protons), 4.40, 4.60, and 5.20 ppm (bis-allyl),
while protons associated with 1,4-cyclooctadiene (h4-C8H12) in 5e8
resonated atw1.90 (CH2 protons), 2.50 (CH2 protons), 4.50 (foreCH
protons) ppm [38e40]. One can see that there is an insignificant
shift in the position of various signals corresponding to 2,7-dime-
thyloctadienediyl (h3;h3-C10H16) or 1,4-cyclooctadiene (h4-C8H12)
protons. On the other hand, resonances associated with the
aromatic proton of ligands appeared between w7.2e8.8 ppm
[31,34,35]. Diagnostic signals due to the aldehydic protons in 3 and
7 appeared at w10.00 ppm [35], while phenolic protons in 4 and 8
resonated atw8.8 ppm. The position of resonances associated with
various potons and area under each peak in the 1H NMR spectra of
respective complexes corroborated well with the proposed
formulations.

13C NMR spectra of the complexes displayed an analogous
pattern of resonances, supporting the proposed formulations.
Resulting data is summarized in the experimental section and
representative spectra for 2, 5 and 6 are shown in Figs. S1eS3. The
13C NMR spectra of 1e4 exhibited resonances corresponding to h3;
h3-C10H16 carbons at 21.10 (CH3), 36.89 (CH2), and 77.81, 95.25,
133.45 (C, bis-allyl) ppm [38], while 5e8 displayed signals associ-
ated with h4-C8H12 carbons at 30.75 (CH2), 79.62 (CH) ppm [39,40].
The carbons of eCHO and eC]N resonated at w217 and
w112 ppm, respectively. The resonances associated with other
carbons of the ligands were displayed in the range of
w112e150 ppm [31,35].

2.3. Electronic absorption spectral studies

The oxidation state of metal centre ruthenium in complexes 1e4
is (þIV, d4) and geometry is trigonal bipyramidal (TBP). In these
the complexes 1e8.



Fig. 2. Crystal structure of 2 at 30% probability of thermal ellipsoids. (H atoms
excluded for clarity).
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complexes there is no peak corresponding either to metal centre
(ded transition) or the one involving metal centre (LMCT or MLCT)
[41]. The electronic spectra of these complexes displayed only
intra-ligand transitions suggesting that the electronic absorption
spectroscopy is not a good tool to follow the formation of this type
of complexes. However, in the case of 5e8 remarkable changes in
the colour of resulting complexes have been observed along the
ligand series. It provided clear evidence about changes in the
electronic level of the metal with a change in the ligands. It is
noteworthy that the difference in colour of complexes depend on
substituents -X of the ligands (X¼CN, yellow; NO2, orange; CHO,
light yellow; OH, yellow). Electronic absorption spectra of the
complexes displayed weak and broad bands at w 600 nm, broad
bands in the region 374e380 nm (Fig. 1) and intense bands at
w261e292 nm. The bands at w600 nm have been assigned to the
ded transitions. The extinction coefficients (w100 Lmol�1 cm�1)
are high, considering that the transition is spin-forbidden for d8

configuration of Rh(I), but there is a relaxation of the selection rule
due to spineorbit coupling usually observed with the heavy d-
metals complexes [42].

2.4. X-ray crystallography

Molecular structures of 2, 5 and 6 have been determined crys-
tallographically. Details about the data collection, solution and
refinement is summarized in the crystallographic section, selected
geometrical parameters are gathered in Tables S1eS2 and ORTEP
views (30% probability of thermal ellipsoid) are depicted in Figs.
2e4. The asymmetric unit of 2 contains two independent mole-
cules which are essentially identical (Table S1). Coordination
geometry about ruthenium centre is distorted trigonal bipyramidal
(TBP) wherein, equatorial positions are occupied by the allyl groups
of (h3,h3-C10H16)- and the N1 from NOPI, while axial ones by the
chloro groups Cl1 and Cl2 [43,44]. The allyl groups are h3- bonded
to ruthenium with RueC bond distances in the range of 2.240(3)e
2.286(3) Å. The CeC distances and internal CeCeC bond angles
within the allyl groups are 1.40 and 1.41 Å (mean) and 116.0 and
115.6� (mean) for the first and second molecule, respectively
[43,44]. These are consistent with the reported values in other
transition metal h3;h3-2,7-dimethyloctadienediyl complexes.

Methyl substituents C(9)/C(10) and C(28)/C(29) exhibited devi-
ation from the allyl planes towards the ruthenium centre by 1.8 and
2.0� in first and 2.1 and 1.9� in the second molecule. This
Fig. 1. UVeVis spectra of complex 5e8.
observation is consistent with earlier reports [43,44]. The Ru(1)eCl
(1) and Ru(1)eCl(2) bond distances are 2.4384(8) and 2.4138(8) Å
while, Ru(2)eCl(3) and Ru(2)eCl(4) are 2.4427(8) and 2.4108(8) Å,
respectively [45e48]. These distances are comparable to the RueCl
distances in other related systems. The RueN bond distance of
2.175(2) Å is comparable to the values reported in literature
[49e51].

The common structural feature of complexes 5 and 6 is the
square planar arrangement of various groups about metal centre
rhodium. The asymmetric unit of 6 contains two molecules, while
only one molecule is present in 5. Arrangement of the various
groups about rhodium in both the complexes are analogous and
completed by cyclooctadiene coordinated in h4-manner, the chloro
group and imidazolyl nitrogen. Considering cyclooctadiene ring as
occupying two sites, coordination geometry about the rhodium is
square planar, which is reflected by the cis angles (C1-Rh-C6/C2-
Rh-C5) of 81.9(2)/81.87(2)� in 5 and (C1-Rh1-C6/C2-Rh1-C5) 81.8
(1)/81.82(1)� about Rh1 and (C18-Rh2-C25/C19-Rh2-C22) 81.4(1)/
82.0(1)� about Rh2 in complex 6. These are comparable to the
values reported in other rhodium complexes [52]. Cyclooctadiene
ring adopted a tub shaped configuration in both the complexes 5
and 6.

It is noteworthy that, despite having different substituents on
the phenyl ring of coordinated ligands CPI and NOPI, various bond
lengths and angles about the rhodium exhibit insignificant differ-
ences. The ligands CPI and NOPI in these complexes occupy an
equatorial position and RheN bond distances in 5 and 6 are 2.106
(3) and 2.130(3) Å, respectively. Slightly large RheN distance in 6 as
compared to that in 5 may be attributed to greater inductive effect
of eNO2. These distances are comparable to the values reported in
literature [49e52]. The torsion angles between the cyanophenyl/
nitrophenyl and imidazole rings in complexes 5 and 6 are 33.06 and
16.05�, respectively.

Weak interaction studies on complex 2 revealed that the
CeH/X (X¼O, N and Cl) inter-molecular interactions (C(8)eH
(8)/O(1)¼ 3.2692 Å, C(8)eH(8)/N(3)¼ 3.2564 Å, C(13)eH(13)/
Fig. 3. Crystal structure of 5 at 30% probability of thermal ellipsoids. (H atoms omitted
for clarity).



Fig. 4. Crystal structure of 6 at 30% probability of thermal ellipsoid. (H atoms omitted
for clarity).

Table 1
Matrices for weak bonding interactions in 2, 5 and 6

2
D-H/A d(D-H) Å d(H/A) Å d(D/A) Å <(DHA)�

C(8)eH(8)/O(1)la 0.93 2.40 3.2692 155
C(8)eH(8)/N(3)a 0.93 2.37 3.2564 159
C(13)eH(13)/Cl(3)b 0.93 2.79 3.6078 148
C(32)eH(32)/Cl(1)c 0.93 2.61 3.4816 157

5
C(9)eH(9)/Cl(1)d 0.93 2.79 3.558 141
C(13)eH(13)/Cl(1)e 0.93 2.77 3.642 156

6
C(17)eH(17) $$Cl(2)f 0.93 2.86 3.519 129
C(28)eH(28) $$O(2)g 0.93 2.64 3.419 142
C(30)eH(30) $$Cl(1)h 0.93 2.73 3.611 158

a 2� x, 1� y, 1� z.
b 1� x, 1/2þ y, 1/2� z.
c 2� x, �1/2þ y, 1/2� z.
d 1.5� x, �1/2þ y, 1/2� z.
e 2� x, 1� y, 1� z.
f x, y, �1þ z.
g x, 1þ y, �1þ z.
h �x, 1� y, 1� z.
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Cl(3)¼ 3.6078 Å, C(32)eH(32)/Cl(1)¼ 3.4816 Å [53]) leads to
a layered motif (Fig. 5). Significant interaction parameters along
with symmetry are listed in Table 1.

In complex 5, hydrogen atomH6 from cyclooctadiene (h4-C8H12)
is involved in a long range CeH/p (C6-H6/C13) interaction with
C13 of the phenyl ring (contact distance of 2.746 Å; H6 to centroid
distance 3.072 Å) of CPI (Fig. S4). Similarly, in complex 6, strong
pep interactions have been observed in both the asymmetric units,
resulting in a dimeric structure, shown in Fig. 6.

Weak interaction studies on 6 further revealed that the CeH/X
(X¼N, O and Cl) interactions lead to elliptical pipe cavity along the
crystallographic-‘c’ axis. (Fig. 7) The major axis of the ellipse is of
5.61 Å and minor axis is 4.83 Å.

2.5. Theoretical studies

2.5.1. Geometry optimizations
Optimized geometries for the complexes is depicted in Figs.

S6eS13. Optimized bond lengths and angles in 2, 5 and 6 are in
good agreementwith the single crystal X-ray structural data (Tables
S1 and S2). Structures of the other complexes also, have been
authenticated by optimization of the expected structures and
comparing the single crystal X-ray data for 2, 5 and 6. Frequency
calculations have been performed to check whether optimised
geometries were minima on the potential energy surface or not.

2.5.2. Bonding analysis
We begin with the analysis of bonding situation in the

complexes with a discussion of natural atomic charges. The natural
bond orbital (NBO) charge distribution in complexes 1e8 is shown
below in Scheme 2.

Calculated natural population analysis (NPA) charge distribu-
tions indicated that the Ru/Rh atom (h3;h3-C10H14)/(h4-C8H12) and
ligands are positively charged, while chloro groups are negatively
charged.We observed that there is analogous charge distribution in
1e4 and 5e8. Hence, conclude that the electronic properties of 1e4
and 5e8 are similar. To visualize the Ru/Rh-N1, Ru/Rh-Cl1, Ru/Rh-
Fig. 5. Zig-Zag layered motif in 2 along crystallographic-‘c’ axis.
Cl2, Ru-(h3;h3-C10H14)/Rh-(h4-C8H12) bonding, envelope plots of
some relevant molecular orbitals of 3 and 6 are shown in Fig. S14
and Fig. 8.

3. Conclusion

In this work we have described the syntheses, spectral and
structural characterization of the complexes with general formula-
tions [(h3;h3-C10H16)RuCl2(L)] (L¼ CPI,1; NOPI, 2; FPI, 3; HPI, 4) and
[(h4-C8H12)RhCl(L)] (L¼ CPI, 5; NOPI, 6; FPI, 7; HPI, 8) based on
imidazolyl ligands. Structural studies supported our earlier view-
point that the imidazole containing ligands 1-(4-cyanophenyl)
imidazole (CPI), 1-(4-nitrophenyl)imidazole (NOPI), 1-(4-for-
mylphenyl)imidazole (FPI) and1-(4-hydroxyphenyl)imidazole (HPI)
interact with the metal centre though N atom of the imidazole ring.
Further, it has been shown that a change in the functional groups on
phenyl ring results in an significant change in the properties, which
is supported by spectroscopic studies and DFT calculations.

4. Experimental section

4.1. Reagents

All the reagents used were as received without further purifica-
tions. Solvents were dried and distilled following the standard
literature procedures [54]. Isoprene, 1,5-cyclooctadiene, hydrated
rhodium(III) chloride, ruthenium(III) chloride, imidazole, 1-(4-
hydroxyphenyl)imidazole (HPI) (all Aldrich) were used as received.
The ligands 1-(4-cyanophenyl)imidazole (CPI) [31], 1-(4-nitro-
phenyl)imidazole (NOPI) [34] and 1-(4-formylphenyl)imidazole
(FPI) [35] and precursor complexes [{(h3;h3-C10H16)Ru(m-Cl)Cl}2]
[38] and [{(h4-C8H12)Rh(m-Cl)Cl}2] [39] were prepared and purified
following the literature procedures. C, H and N analyses on the
complexeswereperformedonanExterCE-440CHNAnalyzer. IR and
electronic absorption spectra were recorded on a Perkin Elmer-577
and Shimadzu-UV 1700 spectrophotometers, respectively. 1H NMR
spectra of the complexes in d-chloroform at 298 K using TMS as an
internal referencewere recorded on a JEOLAL 300 FT-NMRmachine.

4.1.1. Synthesis of [(h3;h3-C10H16)RuCl2(CPI)] (1)
CPI (85 mg, 0.5 mmol.) was added to a solution of [{(h3;h3-

C10H16)Ru(m-Cl)Cl}2] (154 mg, 0.25 mmol) in dichloromethane



Fig. 6. pep stacking interactions in 6.
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(15 ml) and stirred at room temperature. After 5 h. it was filtered
through celite to remove any solid impurities and the filtrate was
evaporated to dryness under reduced pressure. The orange yellow
powder thus obtained was extracted with dichloromethane and
filtered. The dichloromethane extract was layered with diethyl
ether and left for slow crystallization. After a couple of days, shiny
golden crystals appeared. These were separated, washed with
diethyl ether and dried under vacuum. Yield: 203 mg, 85%. Micro-
analytical data: C20H23N3Cl2Ru, requires: C, 50.32; H, 4.86; N, 8.80.
Found C, 49.87; H, 4.92; N, 8.65%. 1H NMR (CDCl3, d ppm): 2.40 (s,
6H of CH3), 3.10 (m, 4H of CH2), 4.42 (s, 2H of CH2 allylic), 4.60 (s, 2H
of CH2 allylic), 5.23 (m, 2H of CH), 7.40 (s, 1H), 7.57 (d, 2H,
J¼ 7.2 Hz), 7.83 (d, 2H, J¼ 7.2 Hz), 7.91 (s, 1H), 8.72 (s, 1H). 13C{1H}
NMR (CDCl3, d ppm): 21.10 (CH3), 36.89 (C4 and C5), 77.08 (C1 and
C8), 95.25 (C3 and C6), 133.45 (C2 and C7), 112.14 (CN), 117.65,
118.10, 121.38, 128.69, 134.08, 138.37, 139.19.

4.1.2. Synthesis of [(h3;h3-C10H16)RuCl2(NOPI)] (2)
It was prepared following the above procedure 1 except that

NOPI (95 mg, 0.5 mmol) was used in place of CPI. Yield: 201 mg,
81%. Microanalytical data: C19H23N3O2Cl2Ru, requires: C, 45.88; H,
4.66; N, 8.45. Found C, 45.45; H, 4.53; N, 8.03%. 1H NMR (CDCl3,
d ppm): 2.40 (s, 3H of CH3), 2.48 (m, 3H of CH3) 3.07 (m, 4H of CH2),
4.43 (s, 2H CH2 allylic), 4.60 (s, 2H CH2 allylic), 5.23 (m, 1H CH) 5.30
Fig. 7. Cavity resulting through we
(s, 1H CH), 7.43 (s, 1H), 7.62 (d, 2H J¼ 9 Hz), 7.94 (s, 1H), 8.40 (d, 2H
J¼ 9 Hz), 8.76 (s, 1H). 13C{1H} NMR (CDCl3, d ppm): 21.12 (CH3),
36.86 (C4 and C5), 77.10 (C1 and C8), 95.24 (C3 and C6), 133.46 (C2
and C7), 117.65, 121.38, 125.82, 129.69, 139.08, 141.03, 146.92.

4.1.3. Synthesis of [(h3;h3-C10H16)RuCl2(FPI)] (3)
It was prepared following the above procedure 1 using FPI

(86 mg, 0.5 mmol) in place of CPI. Yeild: 187 mg, 78%. Microana-
lytical data: C20H24N2Cl2ORu, requires: C, 50.00, H, 5.04, N, 5.83
Found C, 49.72, H, 5.28, N, 5.44. 1H NMR (CDCl3, d ppm): 2.39 (s, 6H
of CH3), 3.08 (m, 2H of CH2), 4.41 (s, 3H of CH2 allylic), 4.58 (s, 3H of
CH2 allylic), 5.24 (m, 2H of CH) 7.43 (s, 1H), 7.61(d, 2H, J¼ 6 Hz), 7.89
(s, 1H), 8.02 (s, 7.89), 8.07 (d, 2H J¼ 12.6 Hz), 8.73 (s, 1H) 10.06 (s,
1H). 13C{1H} NMR (CDCl3, d ppm): 21.12 (CH3), 36.86 (C4 and C5),
77.80 (C1 and C8), 95.24 (C3 and C6), 133.45 (C2 and C7), 116.89,
118.24, 121.78, 128.84, 136.54, 139.25, 140.67.

4.1.4. Synthesis of [(h3;h3-C10H16)RuCl2(HPI)] (4)
It was prepared following the above procedure for 1, except that

HPI (74 mg, 0.5 mmol) was used in place of CPI. Yield: 166 mg, 71%.
Microanalytical data: C19H24N2Cl2ORu, requires: C, 48.72; H, 5.16;
N, 9.31. Found C, 48.79; H, 5.26; N, 9.30%. 1H NMR (CDCl3, d ppm):
2.40 (s, 6H of CH3), 3.08 (m, 2H of CH2), 4.42 (s, 3H of CH2 allylic),
4.56 (s, 3H of CH2 allylic), 5.24 (m, 2H of CH), 7.44 (s,1H), 7.62 (d, 2H,
ak interactions in complex 6.
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J, 6 Hz), 7.89 (s, 1H), 8.02 (s, 7.89), 8.06 (d, 2H, J¼ 12.6 Hz), 8.75 (s,
1H), 10.56 (s, 1H). 13C{1H} NMR (CDCl3, d ppm): 21.12 (CH3), 36.79
(C4 and C5), 77.92 (C1 and C8), 95.24 (C3 and C6), 133.49 (C2 and
C7), 117.70, 118.12, 121.46, 129.89, 135.69, 139.08, 141.03.

4.1.5. Synthesis of [(h4-C8H12)RhCl(CPI)] (5)
A solution of [{(h4-C8H12)Rh(m-Cl)Cl}2] (123 mg, 0.25 mmol) in

dichloromethane (15 ml) was treated with CPI (85 mg, 0.5 mmol)
and stirred for 5 h at r.t. It was filtered through celite and evapo-
rated to dryness under reduced pressure. The orange yellow
powder thus obtained was extracted with dichloromethane,
layered with diethyl ether and left for slow crystallization. After
a couple of days shiny golden crystals separated. These were
separated, washed with diethyl ether and dried in air. Yield 173 mg
83%. Microanalytical data: C18H19N3ClRh, requires: C, 50.00; H,
4.61; N, 10.11%. Found C, 49.85; H, 4.68; N, 9.98%. 1H NMR (CDCl3,
d ppm): 1.86 (d, 4H, J¼ 7.2 Hz CH2 of cod), 2.51 (s, 4H CH2 of cod),
4.55 (broad, 4H CH of cod), 6.97 (s, 1H), 7.52 (d, 2H, J¼ 7.5 Hz), 7.82
(d, 2H J¼ 7.8), 8.71 (s,1H). 13C{1H} NMR (CDCl3, d ppm): 30.748 (CH2
of cod), 79.63 (CH of cod), 112.26 (CN), 117.37, 118.10, 121.85, 128.37,
134.16, 138.23, 139.19. UVevis. {CH2Cl2, lnm (3)}: 618 (108), 374
(6�102), 292 (7.88� 103).

4.1.6. Synthesis of [(h4-C8H12)RhCl(NOPI)] (6)
It was prepared following the above procedure for 5 using NOPI

(74 mg, 0.5) in place of CPI Yield: 176 mg, 81%. Microanalytical data:
C17H19N3ClO2Rh; requires: C, 46.86; H, 4.40; N, 9.64%. Found
C,46.74; H, 4.38; N, 9.56%. 1H NMR (CDCl3, d ppm): 1.86 (d, 4H,
J¼ 8.1 Hz CH2 of cod), 2.4.9 (s, 4H CH2 of cod), 4.34 (broad, 4H CH of
cod), 7.00 (s, 1H), 7.58 (d, 2H, J¼ 9 Hz), 8.39 (d, 2H J¼ 8.7 Hz), 8.72
(s, 1H). 13C{1H} NMR (CDCl3, d ppm): 30.75 (CH2 of cod), 79.62 (CH
of cod) 118.20, 121.67, 125.75, 125.36, 128.36, 138.32, 140.63, 146.96.
UV-vis. {CH2Cl2, lnm (3)}: 597 (112), 377 (4.72�102), 261
(8.78� 103).
4.1.7. Synthesis of [(h4-C8H12)RhCl(FPI)] (7)
It was prepared following the above procedure for 5 except that

FPI (86 mg, 0.5 mmol) was used in place of CPI. Yield: 167 mg, 80%.
Microanalytical data: C18H20N2ClORh, requires: C, 51.63; H, 4.81; N,
6.69%. Found C, 51.46; H, 4.86; N, 6.55%. 1H NMR (CDCl3, d ppm):
1.83 (d, 4H, J¼ 7.5 Hz CH2 of cod), 2.49 (s, 4H, CH2 of cod) 4.27
(broad, 4H, CH of cod), 6.97 (s, 1H), 7.57 (d, 2H, J¼ 8.1 Hz), 8.03 (d,
2H J¼ 8.1 Hz), 8.69 (s, 1H), 10.05 (s, 1H). 13C{1H} NMR (CDCl3,
d ppm): 30.75 (CH2 of cod), 79.62 (CH of cod) 116.85, 118.25, 121.80,
128.85,136.54,139.25,140.66. UVevis. {CH2Cl2, lnm (3)}: 605 (105),
376 (8.26�102), 288 (9.13�103).

4.1.8. Synthesis of [(h4-C8H12)RhCl(HPI)] (8)
It was prepared following the above procedure adopted for 5

except HPI (74 mg, 0.5 mmol) was used in place of CPI. Yield:
159 mg, 78%. Microanalytical data: C17H20N2ClORh requires: C,
50.20; H, 4.96; N, 6.89% Found: C, 50.12; H, 4.88; N, 6.52%. 1H NMR
(CDCl3, d ppm): 1.84 (d, 4H, J¼ 7.5 Hz CH2 of cod), 2.50 (s, 4H, CH2 of
cod), 4.25 (broad, 4H, CH of cod), 6.95 (s, 1H), 7.57 (d, 2H, J¼ 8.1 Hz),
8.02 (d, 2H J¼ 8.1), 8.67 (s, 1H), 10.50 (s, 1H). 13C{1H} NMR (CDCl3,
d ppm): 30.75 (CH2 of cod), 79.64 (CH of cod) 117.70, 118.15, 121.50,
129.88, 135.69, 139.12, 141.08. UVevis. {CH2Cl2, lnm (3)}: 610 (102),
380 (8.95�102), 291 (9.08� 103).

4.2. Crystallographic data

Crystals suitable for single crystal X-ray diffraction analyses for
2, 5 and 6 were obtained by slow diffusion from dichloromethane/
diethyl ether. X-ray data on 2, 5 and 6 were collected on a R-AXIS
RAPID II diffractometer at room temperature with Mo-Ka radiation
(l¼ 0.71073 Å) at the single crystal X-diffraction centre of National
Institute of Advanced Industrial Science and Technology (AIST),
Osaka, Japan. Structures were solved by direct methods (SHELXS
97) and refined by full-matrix least squares calculations on F2



Fig. 8. Bonding orbitals of complex 6.
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(SHELX 97) [55]. All the non-H atoms were treated anisotropically.
H-atoms attached to the carbonwere included as fixed contribution
and were geometrically calculated and refined using the SHELX
riding model [56]. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving html (or from the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: þ44-1223-
336033; E-mail: deposit@ccdc.cam.ac.uk).

Complex 2. Formula¼ C38H42Cl4N6O4Ru2, Mr¼ 990.72, Mono-
clinic, Space group P21/c, a (Å)¼ 13.628(3), b (Å)¼ 15.203(3), c
(Å)¼ 19.841(4), a (�))¼ 90.00, b (�)¼ 102.08(3), g ((�))¼ 90.00, V
(Å3)¼ 4020.0(14), Z¼ 4, Dc (Mg m�3)¼ 1.637, T (K)¼ 293(2), l (Å)
¼ 0.71073, R (all)¼ 0.0435, R [I> 2s(I)]¼ 0.0306, wR2¼ 0.0898,
wR2 [I> 2s(I)]¼ 0.0847, GooF¼ 1.060.

Complex 5. Formula¼ C18H17ClN3Rh, Mr¼ 413.71, Monoclinic,
Space group P21/n, a (Å)¼ 15.260(3), b (Å)¼ 7.8964(16), c (Å)¼
15.265(3), a (�)¼ 90.00, b (�))¼ 112.95(3), g (�))¼ 90.00, V (Å3)¼
1693.8(6), Z¼ 4, Dc (Mgm�3)¼ 1.622, T (K)¼ 293(2), l (Å)
¼ 0.71073, R (all)¼ 0.0378, R [I> 2s(I)]¼ 0.0302, wR2¼ 0.0988,
wR2 [I> 2s(I)]¼ 0.0907, GooF¼ 1.064.

Complex 6. Formula¼ C34H37Cl2N6O4Rh2, Mr¼ 870.42,
Triclinic, Space group P -1, a (Å)¼ 7.3961(15), b (Å)¼ 14.416(3), c
(Å)¼ 16.847(3), a (�))¼ 103.08(3), b (�))¼ 101.11(3), g (�))¼ 91.84
(3), V (Å3)¼ 1711.4(6), Z¼ 2, Dc (Mg m�3)¼ 1.689, T (K)¼ 293(2), l
(Å)¼ 0.71073, R (all)¼ 0.0753, R [I> 2s(I)]¼ 0.0370, wR2¼ 0.0830,
wR2 [I> 2s(I)]¼ 0.0654, GooF¼ 1.061.

4.3. Computational methods

Calculations were performed using hybrid B3LYP density func-
tional method which uses Becke’s 3-parameter nonlocal exchange
functional mixed with the exact (Hartree-Fock) exchange func-
tional and Lee-Yang-Parr’s nonlocal correlation functional [57,58].
Geometries of the complexes were optimized without any
symmetry restrictionwith standard 6-31G** basis sets for N, C, H, O
and Cl elements and LANL2DZ for Ru and Rhwhich combines quasi-
relativistic effective core potentials with a valence double-basis set
[59e63]. Frequency calculations were performed to determine
whether the optimized geometries are minima on the potential
energy surface. The electronic structures of complexes were
examined by natural charges at each atom computed using
KohneSham orbitals obtained from DFT calculations [64] using 6-
311G(d) basis sets for N, C, H, O and Cl elements and LANL2DZ for
Ru and Rh elements. The calculations carried out using the pro-
gramme the GAUSSIAN03 [65].

http://www.ccdc.cam.ac.uk/conts/retrieving
mailto:deposit@ccdc.cam.ac.uk
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CCDC-743000 (2), 743002 (5) and 743001 (6) contain the
supplementary crystallographic data for this paper. In addition,
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