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A new family of ruthenium complexes of general formula [Ru(DIP)2(L2)]2+, where DIP ) 4,7-diphenyl-1,10-
phenanthroline, a bidentate ligand with an extended aromatic system, was prepared and fully characterized. When
L is a monodentate ligand, the following complexes were obtained: L ) CF3SO3

-1 (2), CH3CN (3), and MeOH (4).
When L2 is a bidentate ligand, the compounds [Ru(DIP)2(Hcmbpy)][Cl]2 (5) and [Ru(DIP)2(H2dcbpy)][Cl]2 (6) were
prepared (Hcmbpy ) 4-carboxy-4′-methyl-2,2-bipyridine, H2dcbpy ) 4,4′-dicarboxy-2,2′-bipyridine). Complex
[Ru(DIP)2(MeOH)2][OTf]2 (4) displayed a trans configuration of the DIP ligands, which is rare for octahedral complexes
featuring DIP bidentate ligands. DFT calculations carried out on 4 showed that the cis isomer is more stable by
12.2 kcal/mol relative to the trans species. The solution behaviors of monocarboxylic complex [Ru(DIP)2(Hcmbpy)]-
[Cl]2 (5) and dicarboxylic complex [Ru(DIP)2(H2dcbpy)][Cl]2 (6) were investigated by 1H NMR spectroscopy.
VT-NMR, concentration dependence, and reaction with NaOD allowed us to suggest that aggregation of the cationic
species in solution, especially for 6, originates mainly from hydrogen bonding interactions.

Introduction

Among the most important types of noncovalent interac-
tions in solutions encountered in both biological and chemical
systems are hydrogen-bonding andπ-π interactions.1 A
remarkable example provided by nature is DNA, which has
a double helical structure that involves two complementary
strands linked together via hydrogen bonding andπ-π
stacking interactions.2 Furthermore, these two interactions
are of pivotal importance in the construction of supermol-
ecules through supramolecular assembly.1,3 The field of

coordination chemistry provides an opportunity to study these
interactions through the design of complexes incorporating
both π-stacking and hydrogen-bonding functionalities. In
1984, Yamatera and co-workers showed by1H NMR studies
that complex [Ru(phen)3]2+ displays self-association in
solution.4 In aqueous media, this species gives rise to NMR
spectra that are significantly concentration-dependent and
display features consistent withπ-stacking interactions
between cations to form dimers (Figure 1).

More recently, it has been shown by NMR and X-ray
crystallography that the octahedral eilatin complexes
[M(L -L)2(eilatin)]2+ (M ) Ru, Os; L-L ) bpy, phen),
where eilatin is a heptacyclic aromatic ligand with strong
π-character, dimerize in solution viaπ-π stacking.5 In
particular, the X-ray crystallography showed that a hetero-
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† UniversitéPierre et Marie Curie Paris VI.
‡ UniversitéParis 7.
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chiral association is formed between∆-[M(L -L)2(eilatin)]2+

and Λ-[M(L -L)2(eilatin)]2+ cations. All of the examples
reported so far have focused on complexes with ligands
incorporating onlyπ-stacking functionalities. Thus, octahe-
dral metal complexes with ligands displaying both hydrogen-
bonding andπ-π interactions have not been investigated,
to the best of our knowledge. To this end, we report here
the synthesis of some ruthenium polypyridyl complexes of
general formula [Ru(DIP)2(L2)][Cl] 2, where DIP ) 4,7-
diphenylphenanthroline, a strongπ-character ligand, and L2

) Hcmbpy ) 4-carboxy-4′methyl-2,2′-bipyridine (5) and
H2dcbpy) 4,4′-dicarboxy-2,2′-bipyridine (6). Both ligands
possess carboxylic acid groups and are therefore capable of
hydrogen bonding. The solution behavior of these compounds
was studied by NMR spectroscopy, providing valuable
information about the nature of the interaction between
cations in solution. We also report the synthesis and full
characterization of novel complexes [Ru(DIP)2(OTf)2] (2)
and [Ru(DIP)2(CH3CN)2][OTf] 2 (3). Furthermore, the syn-
thesis and X-ray molecular structure oftrans-[Ru(DIP)2-
(MeOH)2][OTf] 2 (4) are included.

Results and Discussion

In a previous work, we reported the enantioselective
synthesis of the ruthenium complexes with mixed bipyridyl
ligands, (∆, Λ)-[Ru(bpy)2(Hcmbpy)][PF6]2 and (∆, Λ-
[Ru(bpy)2-(H2dcbpy)][PF6]2, where one of the bipyridyl
ligands carries either one or two carboxylic functionalities.6

The monocarboxylic compounds showed moderate binding
to DNA, and the dicarboxylic∆-[Ru(bpy)2(H2dcbpy)][PF6]2

cleaved DNA.7

Pursuing our research in this area, we intended to pre-
pare the analogous compounds using a strongπ-acceptor
ligand such as DIP) 4,7-diphenylphenanthroline instead of
bpy ) bipyridine. Our choice of this ligand stems from the
fact that other groups have shown that complexes such as
[Ru(phen)2(L2)]2+, where L2 is a polypyridyl ligand with a
strongπ-acceptor character, show strong binding to DNA

and intercalate between DNA base pairs.8 Complexes with
mixed bipyridyl ligands are well-known; in contrast, com-
plexes with mixed DIP ligands have been less fully inves-
tigated. We note, however, that complex [Ru(DIP)3][Cl] 2 has
been fully characterized and examined by several groups.9

Treatment of RuCl3‚nH2O with 2 equiv of DIP in distilled
DMF provided chloride derivative [Ru(DIP)2Cl2] (1) as violet
microcrystalline material in 71% yield. When [Ru(DIP)2Cl2]
(1) was treated with AgOTf in CH2Cl2, the dark burgundy
complex [Ru(DIP)2(OTf)2] (2) was obtained in 94% yield
(Chart 1). This complex was fully characterized by elemental
analysis and NMR spectroscopy. The infrared spectrum of
2 recorded from KBr disks showed bands characteristic of
coordinated triflatesν(SO) at 1023 and 1308 cm-1 and
ν(CF3) at 1166 and 1235 cm-1, which are at lower wave-
numbers than for uncoordinated triflates.10 The reaction of
2 with CH3CN for 24 h proceeded smoothly at room
temperature and provided a microcrystalline bright orange
compound in 93% yield, which was fully characterized and
gave spectroscopic and analytical data consistent with
[Ru(DIP)2(CH3CN)2][OTf] 2 (3) (Chart 1). The1H NMR
spectrum showed one singlet atδ 2.53 for the two coordi-
nated CH3CN molecules, which integrated to six protons.
Complexes2 and3 are stable in air and can be stored for
long periods of time. Attempts to obtain target complexes
[Ru(DIP)2(Hcmbpy)][Cl]2 (5) and [Ru(DIP)2(H2dcbpy)][Cl]2
(6) from either complex have been unsuccessful. This
indicates that the binding of either the CH3CN or the triflate
anion to the ruthenium center is not labile. This is in contrast
to the usual behavior of triflate anions, which are considered
to be weakly binding anions.10 It may be that the steric and

(5) (a) Gut, D.; Rudi, A.; Kopilov, J.; Goldberg, I.; Kol, M.J. Am. Chem.
Soc.2002, 124, 5449-5456. (b) Bergman, S. D.; Kol, M.Inorg. Chem.
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Figure 1. Schematic representation of [Ru(phen)3]2+ showingπ-stacking
interactions between bidentate phenanthroline ligands, giving rise to dimers
in solution.

Chart 1
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electronic effects of the DIP ligands in2 render the triflate
anions less labile.

Compounds2 and3 were highly soluble in most organic
solvents, which prevented the preparation of crystals of either
complex for an X-ray study. However, very few crystals were
obtained after the diffusion of diethyl ether into a methanol
solution of 2 over several weeks. A single-crystal X-ray
diffraction study was undertaken and gave an X-ray molec-
ular structure identified unexpectedly astrans-[Ru(DIP)2-
(MeOH)2][OTf] 2 (4). Although 4 was first obtained unin-
tentionally, it was later formed reproducibly, always in small
amounts upon the attempted crystallization ofcis-[Ru(DIP)2-
(OTf)2] (2) from MeOH/Et2O, which remained in solution.

X-ray Molecular Structure of Trans-[Ru(DIP) 2(MeOH)2]-
[OTf] 2 (4). Complex4 crystallizes in the monoclinic unit
cell with space groupP2/n. A view of the cationic part with
atom labeling and selected bond distances and angles are
shown in Figure 2. The structure shows the presence of two
bidentate DIP ligands occupying the equatorial positions in
a trans geometry. The two coordinated MeOH molecules are
in the axial positions, completing the octahedral geometry
around the metal center. The phenanthroline unit of the DIP
ligand is planar, whereas the two phenyl groups deviate out
of the plane by a dihedral angle of almost 45°. The Ru-N
bond distance is 2.07-2.08 Å, slightly longer than that
reported for the [Ru(DIP)3][Cl] 2 complex with Ru-N ) 2.06
Å9a and shorter than that reported for [Ru([9]aneS3)(DIP)-
Cl][BF4] with Ru-N ) 2.10 Å.11 The bite angle N-Ru-N
of DIP in 4 is 78°, slightly smaller than that reported for
[Ru(DIP)3][Cl] 2, about 79-81°, 9a and that reported for
[Ru([9]aneS3)(DIP)Cl][BF4], 79°.11 Although some trans

complexes of ruthenium bipyridyl and ruthenium phenan-
throline have been reported,12 to the best of our knowledge,
trans-[Ru(DIP)2(MeOH)2][OTf] 2 (4) is the first X-ray struc-
ture of a ruthenium complex with two DIP ligands in trans
position. Furthermore, severaltrans-ruthenium polypyridyl
complexes have been reported that incorporate rigid tet-
radentate chelating ligands that force the four nitrogen atoms
to occupy the equatorial positions, leaving the coordinated
solvents on the axial position.13 It is clear that these examples,
in which the tetradentate ligands are able to adopt only the
trans configuration, are intrinsically different from ourtrans-
ruthenium complex [Ru(DIP)2(MeOH)2][OTf] 2 (4) that fea-
tures bidentate ligands, for which the preferred geometry is
cis. In summary, a trans configuration for4 is a rare example
of this geometry of the DIP ligands in the literature.

Cis-trans Isomerization and Computational Study.
The unexpected formation oftrans-[Ru(DIP)2(MeOH)2]-
[OTf]2 (4) from a solution ofcis-[Ru(DIP)2(OTf)2] (2) during
crystallization from MeOH/Et2O prompted us to study this
behavior experimentally and by computation (vide infra). The
1H NMR of 4 recorded in CD2Cl2 showed the presence of
only five sets of signals, consistent with a higher symmetry
(trans configuration) than that of complex2 (cis configura-
tion); interestingly, the bound methanol molecules gave rise
to a singlet atδ 3.46 and integrated to six protons. We note
that trans-[Ru(DIP)2(MeOH)2][OTf] 2 (4) was unstable in
solution and decomposed slowly. In contrast, on leaving2
in CD3OD for a period of 1 month, we detected no
decomposition or signals corresponding to4. Indeed, previ-
ous experimental work shows preferential formation of the
cis isomer, and the interconversion to the trans isomer
appears difficult to achieve.14 Thus, we performed a com-
putational study within the framework of DFT using the
Gaussian set of programs. Calculations were performed using
the B3PW91 functional (see Experimental Section for further
details regarding basis sets employed and methods). In a first
series of calculations, the phenyl groups were replaced by
H atoms and the cis and trans configurations of the related
complex [Ru(phen)2(MeOH)2]2+ were optimized. Both cal-
culations yielded structures that are very close to the
experimental ones. The energies obtained for both configura-
tions suggest that the cis isomer is more stable by 13.6 kcal/
mol relative to the trans species. To get more accurate data,
we carried out calculations on the complexes featuring phenyl
groups. The ONIOM (B3PW91/UFF) method was employed
to minimize computation time. Only the phenyl groups were
computed at the molecular mechanics level of theory, with
the core of the complex (the two phen and two MeOH
ligands as well as the Ru atom) being computed at the
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R.; Gorelsky, S. I.; Lever, A. B. P.; Gratzel, M.Coord. Chem. ReV.
2000, 208, 213-225. (c) Bonneson, P.; Walsh, J. L.; Pennington, W.
T.; Cordes, A. W.; Durham, B. Inorg. Chem.1983, 22, 1761-1765.
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2002, 41, 367-378. (b) Concepcion, J.; Just, O.; Laiva, A. M.; Loeb,
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Figure 2. Top: X-ray molecular structure of the cation of4, trans-
[Ru(DIP)2(MeOH)2]2+, with hydrogen atoms omitted. The thermal ellipsoids
correspond to the 30% probability level. Bottom: alternative view of the
cation of4, perpendicular to the plane of the methanol molecules. Selected
bond distances (Å) and angles (deg): Ru1‚‚‚N1 ) 2.075(4), Ru1‚‚‚N2 )
2.077(4), Ru1‚‚‚O1 ) 2.090(4), C1‚‚‚N1 ) 1.336(7), N1‚‚‚C5 ) 1.371(6),
C5‚‚‚C6 ) 1.427(7), N2‚‚‚C6 ) 1.372(6), N2‚‚‚C10 ) 1.327(7), C1‚‚‚C2
) 1.399(7), C2‚‚‚C3 ) 1.388(8), C3‚‚‚C4 ) 1.426(7), C4‚‚‚C11 )
1.437(7), C11‚‚‚C12 ) 1.343(8), C7‚‚‚C12 ) 1.438(7), C7‚‚‚C8 )
1.430(8), C8‚‚‚C9 ) 1.386(8), C9‚‚‚C10 ) 1.394(7), O1‚‚‚C25 )
1.433(8). N1‚‚‚Ru1‚‚‚N2 ) 78.14(17), N1‚‚‚Ru1‚‚‚N2′ ) 101.86(17),
N1‚‚‚Ru1‚‚‚O1 ) 89.26(17), N2‚‚‚Ru1‚‚‚O1 ) 90.05(17), N1‚‚‚C5‚‚‚C6
) 115.7(4), N2‚‚‚C6‚‚‚C5 ) 115.7(4).
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quantum mechanics level of theory. Here again, a good fit
between experimental and theoretical structures was obtained.
Single-point calculations were carried out on the ONIOM
structures at the quantum mechanics level of theory (using
the same basis sets as those used for the calculations on the
model complexes). Views of the two optimized structures
are shown in Figure 3. Interestingly, we found that the
introduction of phenyl groups does not significantly mod-
ify the energy difference between the two configurations,
and the cis isomer was found to be more stable by 12.2
kcal/mol relative to the trans species.

These results support our experimental findings on the
instability of 4 in solution. We believe that the trans isomer
of 2 is formed in small amounts during the preparation of
compound2 but in low quantities (less than 5%) by analysis
of the1H NMR spectrum of2. Another possible explanation
is photochemical transformation ofcis-2 to trans-4 during
the crystallization process of2.

Preparation of Target Complexes [Ru(DIP)2(Hcmbpy)]-
[Cl] 2 (5) and [Ru(DIP)2(H2dcbpy)][Cl] 2 (6) and Solution
Behavior. Treatment of [Ru(DIP)2Cl2] (1) with either
monocarboxylic-bpy (Hcmbpy) or dicarboxylic-bpy (H2dcbpy)
in a MeOH/H2O mixture provided complexes [Ru(DIP)2-
(Hcmbpy)][Cl]2 (5) and [Ru(DIP)2(H2dcbpy)][Cl]2 (6) in 92
and 96% yield, respectively. Complex5 was obtained as a
red microcrystalline material, whereas6 was obtained as a
burgundy powder. Both compounds were fully characterized
by spectroscopic methods and elemental analysis.

Complexes [Ru(DIP)2(Hcmbpy)][Cl]2 (5) and [Ru(DIP)2-
(H2dcbpy)][Cl]2 (6) were highly soluble in many organic
solvents, but the1H NMR spectra obtained from different
solutions were markedly different. For instance, the1H NMR
spectra obtained from a 3 mMsolution of either5 or 6 in
CD3CN or DMSO-d6 at 295 K showed sharp, clearly resolved
peaks, whereas a similar solution in CD2Cl2 showed broad-
ened peaks for5 and extremely broad signals for6. Such
behavior has been observed for octahedral ruthenium com-
plexes with bidentate ligands that possess extended aromatic
systems and has been attributed to the aggregation of cationic
species in solution throughπ-π interactions.4,5 However,
our complexes incorporate both carboxylic acid groups,
which are capable of displaying hydrogen bonding, and
extended aromatic systems, which can displayπ-stacking
behavior, and hence the aggregation in solution may result
from either interaction or a combination of both interactions.
Thus, we carried out several1H NMR experiments in order
to elucidate the nature of the aggregation interaction.

(i) Temperature Dependence.Variable-temperature (VT)
NMR studies of6 were conducted in C2D2Cl4 (bp 145°C)
in the range 293-353 K. Upon warming the sample, we
observed some improvement in resolution. However, at 353
K, the maximum temperature investigated, the peaks re-
mained broad and poorly resolved, suggesting that strong
aggregation occurs among individual cations in this solvent.
Analogous experiments were performed in CD3CN, because
the resolved signals in this solvent could be assigned.
Increasing the temperature of a 3 mM solution of5 or 6 in
CD3CN resulted in no significant changes in resolution or
line widths. However, the proton H3 adjacent to the
carboxylic group in [Ru(DIP)2(Hcmbpy)][Cl]2 (5) underwent
a downfield shift of approximately 0.1 ppm when the
temperature was raised to 333 K. The spectrum of complex
6 showed changes in the same peaks as for5 but to a lesser
extent. The maximum change in chemical shift observed for
H3 in [Ru(DIP)2(H2dcbpy)][Cl]2 (6) was approximately 0.03
ppm.

(ii) Concentration Dependence.The effect of concentra-
tion on the1H NMR spectra of both complexes was also
studied in CD3CN solution, with results similar to those from
the temperature-dependence experiments. With a change in
concentration from 3 to 0.3 mM [Ru(DIP)2Hmcbpy][Cl]2,
the 1H NMR spectra showed several small changes in the
chemical shifts of several peaks. Again, the largest change
was for H3, which underwent a total shift of approximately
0.03 ppm over this concentration range. The [Ru(DIP)2-
(H2dcbpy)][Cl]2 (6) complex showed negligible changes with
the 10-fold lower concentration in CD3CN.

(iii) Addition of NaOD. The most striking1H NMR spec-
tral changes were obtained when NaOD (5 equiv) was added
to a 2.7 mM solution of either complex5 or 6 in CD2Cl2.
An immediate and dramatic sharpening of all the peaks
in the spectrum of both [Ru(DIP)2(Hmcbpy)][Cl]2 (5) and
[Ru(DIP)2(H2dcbpy)][Cl]2 (6) was observed. The result was
particularly significant for the diacidic [Ru(DIP)2(H2dcbpy)]-
[Cl] 2 complex (Figure 4), for which the1H NMR spectrum
displayed the most broadening prior to the addition of the
NaOD.

In addition to the sharpening and resolution of the peaks
in the spectra of [Ru(DIP)2(Hcmbpy)][Cl]2 (5), changes in
the chemical shifts were also observed, so that most of the
peaks underwent chemical shift changes of approximately

Figure 3. Optimized structure of the real complexes computed at the
ONIOM (B3PW91:UFF) level of theory (cis complex on the left and trans
complex on the right-hand side). Atoms included in the QM part are shown
in ball-and-stick format, and atoms included in the MM part are represented
by tubes.

Figure 4. 1H NMR spectra (500 MHz) of [Ru(DIP)2(H2dcbpy)][Cl]2 (6)
in CD2Cl2 without NaOD (upper trace) and after the addition of NaOD
(lower trace).
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0.1 ppm. The chemical shift changes due to the addition of
NaOD are difficult to analyze in the spectra of [Ru(DIP)2-
(H2dcbpy)][Cl]2 (6) (Figure 4), because of the extent of the
broadening in the spectrum of the CD2Cl2 solution. However,
it appears that significant changes in the chemical shifts of
several peaks occurred with the addition of NaOD.

The changes in chemical shift after NaOD addition to
[Ru(DIP)2(H2dcbpy)][Cl]2 (6) were therefore analyzed in
MeOH-d4, because the peaks in this solvent were well-
resolved both before and after the addition of NaOD and
hence could be unambiguously assigned. As expected, the
largest changes in chemical shifts were observed for the
protons situated on the dicarboxylic-bpy (H2dcbpy) unit of
complex6. In contrast, little change was seen for the protons
situated on the DIP bidentate ligands. For instance, protons
H3 and H5, situated ortho to the carboxylate groups,
underwent upfield shifts of 0.12 and 0.17 ppm, respectively,
upon the addition of 5 equiv of NaOD; proton H6, situated
meta to the carboxylate groups and in the ortho position to
the heterocyclic nitrogen, underwent an upfield shift of 0.24
ppm (Figure 5).

These experiments show clearly that aggregation observed
for 5 and 6 in CD2Cl2 solution is mainly due to strong
hydrogen bonding between the individual ruthenium cations.
This association is stronger in6, because of the presence of
two carboxylic functions, than in5. Deprotonation by NaOD
removes the hydrogen-bonding interaction and hampers the
cations’ association. We feel that theπ-π interactions in
these complexes, if occurring, are much weaker than the
interaction due to hydrogen bonding. In previous work, we
reported the X-ray molecular structure of dicarboxylic
complex [Ru(bpy)2(H2dcbpy)][PF6]2. The structure shows the
formation of a double-chained 1D polymer in which a
Λ-[Ru(bpy)2(H2dcbpy)]2+ cationic subunit is connected to
a ∆-[Ru(bpy)2(H2dcbpy)]2+ cationic subunit by two hy-
drogen bonds of equal distances, withd(O-O) ) 2.60 Å
(Figure 6).7

These heterochiral (Λ-∆) units are enchained through
strong intermolecular hydrogen bonding in an alternate
homochiral fashion with ad(O-O) distance of 2.43 Å
(Figure 6). [Ru(DIP)2(H2dcbpy)][Cl]2 (6) is expected to show
a related hydrogen-bonded structure (Figure 7). In summary,
these hydrogen-bonding interactions are responsible for the
association behavior observed in solution by1H NMR of 5
and 6. It is worth mentioning that X-ray structures of
octahedral metal complexes with three DIP ligands (e.g.,
[Ru(DIP)3][Cl] 2

9a) and two DIP ligands (e.g., [Os(DIP)2-
(Ph2As-CH2-CH2-AsPh2)][Ts]2

15) have been reported and
showed noπ-π stacking interactions between the phenan-
throline groups of DIP in the solid state. In contrast, a
complex with one DIP ligand, [Ru([9]ane S3)(DIP)Cl][BF4],
showedπ-π stacking between the phenanthroline part of

(15) Carlson, B.; Phelan, G. D.; Kaminsky, W.; Dalton, L.; Jiang, X.; Liu,
S.; Jen A. K.-Y.J. Am. Chem. Soc.2002, 124, 14162-14172.

Figure 5. 1H NMR spectra (500 MHz) of [Ru(DIP)2(H2dcbpy)][Cl]2 (6) in MeOH-d4 of 6 (upper trace) and after the addition of NaOD (lower trace).

Figure 6. Double-chained 1D polymer of [Ru(bpy)2(H2dcbpy)]2+ showing
hydrogen-bonding association between∆ and Λ enantiomers. From H.
Amouri and C. Cordier et al.Inorg. Chem.2004, 43, 7986. Reprinted with
permission.
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DIP.11 By comparison, we feel that [Ru(DIP)2(H2dcbpy)]-
[Cl] 2 (6) will not show aπ-π interaction; hence, the asso-
ciation behavior results from hydrogen bonding. This work
shows a new example in which the association of cations in
octahedral metal complexes arises from hydrogen bonding
and complements previous examples in octahedral ruthenium
complexes in whichπ-π stacking was responsible for their
association in solution.4,5

Conclusion

In this paper, the synthesis of a new family of ruthenium
complexes of general formula [Ru(DIP)2(L2)]2+, where DIP
) 4,7-diphenyl-1,10-phenanthroline, a bidentate ligand with
extended aromatic system, is reported. When L is a mono-
dentate ligand, the following complexes were obtained: L
) CF3SO3

-1 (2), CH3CN (3), and MeOH (4). Complex
[Ru(DIP)2(MeOH)2][OTf] 2 (4) displayed a trans configuration
of the DIP ligands, a rare example of this geometry in the
literature. Monocarboxylic complex [Ru(DIP)2(Hcmbpy)]-
[Cl] 2 (5) and dicarboxylic compound [Ru(DIP)2(H2dcbpy)]-
[Cl] 2 (6) were also prepared, and their solution behaviors
were investigated by1H NMR spectroscopy. VT-NMR,
concentration dependence, and reaction with NaOD allowed
us to suggest that aggregation of the cationic species in
solution, especially for6, originates mainly from hydrogen-
bonding interactions.

Experimental Section

All solvents used were reagent grade or better. Deuterated
solvents and commercially available reagents were used as received.
1H NMR spectra were recorded on a Bruker AC-300 spectrometer
and a Bruker DRX-500 spectrometer equipped with a Silicon
Graphics workstation. Chemical shifts are reported in parts per

million downfield from tetramethylsilane and are referenced to the
residual hydrogen signal of deuterated solvents (CHD2CN at 1.94
ppm, CHD2OD at 3.31 ppm, CHDCl2 and C2HDCl4 at 5.30 ppm).
NaOD experiments were carried out by the addition of NaOD (10
µL, 0.1 M solution in D2O) to a solution of the relevant complex
in the solvent indicated (500µL), followed by shaking for 5 min.
IR spectra were recorded on a Bio-RAD FTS 165 FT-IR spectro-
photometer as KBr pellets in the 4000-400 cm-1 region.

[Ru(DIP)2Cl2] (1). A solution of RuCl3‚3H2O (196 mg, 0.75
mmol), Ph2Phen (500 mg, 1.50 mmol, 2 equiv), and LiCl (223 mg,
5.4 mmol, 7.2 equiv) in DMF (15 mL) was heated to reflux for 24
h. The reaction mixture was then cooled to 4°C, resulting in the
crystallization of the product, which was filtered and washed with
water and diethyl ether. A second crop was obtained after the
addition of acetone to the filtrate, which was then left standing at
4 °C for 24 h. The two crops were combined and dried under
vacuum to give the product (447 mg, 71%) as a microcrystalline
purple powder.1H NMR (300 MHz, CD2Cl2, 298 K): δ 7.20 (2
H, d, J ) 5.7 Hz), 7.48 (10 H, d,J ) 5.3 Hz), 7.65 (6 H, m), 7.78
(4 H, dd,J ) 1.8, 6.6 Hz), 8.03 (6 H, m), 8.17 (2 H, d,J ) 9.5
Hz), 10.63 (2 H, d,J ) 5.3 Hz). 13C NMR (125 MHz, CD2Cl2,
293 K): δ 126.24 (CH), 126.45 (CH), 127.11 (CH), 127.31 (CH),
128.40 (CH), 128.73 (quat), 129.14 (quat), 129.50 (CH), 129.58
(CH), 130.04 (CH), 130.12 (CH), 130.32 (CH), 130.67 (CH), 136.00
(quat), 136.27 (quat), 138.33 (CH), 149.06 (quat), 149.29 (quat),
149.32 (quat), 149.60 (quat), 154.36 (CH), 154.53 (CH), 154.67
(CH). IR (KBr disk): υ 668, 702, 735, 766, 830, 847, 913, 1026,
1086, 1252, 1399, 1414, 1443, 1491, 1507, 1671, 1968, 2927, 3056
cm-1. Anal. Calcd. for C48H32Cl2N4Ru‚DMF‚H2O: C, 66.02; H,
4.45; N, 7.55. Found: C, 65.87; H, 4.66; N, 7.53.

[Ru(DIP)2(OTf)2] (2). A solution of [Ru(DIP)2Cl2]‚DMF‚H2O
(100 mg, 0.11 mmol) in CH2Cl2 (20 mL) was added to AgOTf (64
mg, 0.25 mmol, 2.3 equiv). The solution immediately turned from
purple to red and was stirred for 24 h in the dark. The reaction
mixture was then filtered through Celite, and the solution volume
was concentrated to approximately 3 mL by evaporation of the
solvent. The addition of diethyl ether resulted in the precipitation
of the product, which was filtered and dried under vacuum to give
the product (108 mg, 94%) as a microcrystalline dark red powder.
1H NMR (300 MHz, CD3OD, 298 K): δ 7.47 (2 H, d,J ) 5.7
Hz), 7.54 (10 H, s), 7.71 (6 H, m), 7.90 (4 H, d,J ) 6.9 Hz), 8.09
(2 H, d,J ) 5.6 Hz), 8.18 (2 H, d,J ) 9.4 Hz), 8.35 (2 H, d,J )
7.7 Hz), 8.37 (2 H, d,J ) 3.7 Hz), 9.95 (2 H, d,J ) 5.4 Hz). IR
(KBr disk): υ 517, 637, 702, 741, 764, 838, 849, 1023 (SO3), 1166,
1212, 1235, 1262 (C-F), 1308, 1397, 1420, 1447, 1559, 1594,
1625, 1652, 2817, 2848, 2929, 2953, 2972, 3061, 3103 cm-1. Anal.
Calcd. for C50H32F6N4O6RuS2‚5CH2Cl2: C, 44.37; H, 2.84; N, 3.76.
Found: C, 44.45; H, 2.83; N, 4.44.

[Ru(DIP)2(MeCN)2][OTf] 2 (3). A solution of [Ru(DIP)2Cl2]‚
DMF‚H2O (305 mg, 0.33 mmol) in CH2Cl2 (50 mL) was added to
AgOTf (248 mg, 0.97 mmol, 2.9 equiv) under Ar. The solution
immediately turned from purple to red and was stirred for 24 h in
the dark. The reaction mixture was then filtered through Celite,
and the solvent was removed by evaporation. Acetonitrile (45 mL)
was added to the residue, and the mixture was stirred for 24 h under
Ar. The solution volume was concentrated to approximately 3 mL
by evaporation of the solvent, and the addition of diethyl ether
resulted in the precipitation of the product, which was filtered and
dried under vacuum to give the product (353 mg, 93%) as a
microcrystalline orange powder.1H NMR (500 MHz, CD2Cl2, 303
K): δ 2.53 (6 H, s, MeCN), 7.54 (6 H, d,J ) 5.9 Hz, H3, H22,
H26), 7.60 (6 H, d,J ) 6.5 Hz, H23, H24, H25), 7.72 (2 H, d,J
) 7.2 Hz, H18), 7.76 (4 H, t,J ) 7.8 Hz, H17, H19), 7.86 (4 H,

Figure 7. Proposed structure for [Ru(DIP)2(H2dcbpy)]2+ showing as-
sociation between the individual octahedral ruthenium complexes through
hydrogen bonding.

Caspar et al.

4076 Inorganic Chemistry, Vol. 45, No. 10, 2006



d, J ) 6.5 Hz, H16, H20), 8.06 (2 H, d,J ) 5.2 Hz, H2), 8.17 (2
H, d, J ) 9.8 Hz, H6), 8.32 (2 H, d,J ) 9.1 Hz, H7), 8.38 (2 H,
d, J ) 5.9 Hz, H10), 10.09 (2 H, d,J ) 5.2 Hz, H11). 13C
NMR (125 MHz, CD2Cl2, 303 K): δ 5.15 (MeCN), 126.23
(C2, C6), 126.63 (C7), 126.91 (MeCN), 127.66 (C10), 129.31 (C5,
C8), 129.78 (C22, C23, C24, C25, C26), 130.22 (C18), 130.40
(C17, C19), 130.63 (C16, C20), 136.21 (C15, C21), 149.00,
149.89, 150.04, 150.49 (C4, C9, C13, C14), 153.04 (C3), 155.18
(C11). IR (KBr disk): υ 517, 573, 637, 702, 737, 766, 834, 851,
1030, 1152, 1223, 1262 (C-F), 1273, 1401, 1420, 1445, 1495,
1559, 1597, 1625, 2007 (CtN), 3058 cm-1. Anal. Calcd. for
C54H38F6N6O6RuS2‚2H2O: C, 54.86; H, 3.56; N, 7.11. Found: C,
55.18; H, 3.46; N, 6.39.

trans-[Ru(DIP)2(MeOH)2][OTf] 2 (4). This species was obtained
by slow crystallization (approximately 1 month) by the diffusion
of diethyl ether into a concentrated solution of [Ru(DIP)2(OTf)2]
in methanol. (Note: This complex slowly decomposes in a
CH2Cl2 solution.)1H NMR (500 MHz, CD2Cl2, 303 K): δ 3.46 (s,
Me), 7.69 (d,J ) 7.2 Hz), 7.74 (t,J ) 7.3 Hz), 7.83 (m), 8.19 (d,
J ) 5.4 Hz), 8.27 (s), 10.44 (d,J ) 5.4 Hz).

[Ru(DIP)2(Hcmbpy)][Cl] 2 (5). A solution of [Ru(DIP)2Cl2]‚
DMF‚H2O (100 mg, 0.11 mmol), Hcmbpy (25 mg, 0.12 mmol),
and NaOAc (25 mg, 0.30 mmol, 2.5 equiv) in methanol and water
(50 mL, 4:1 v/v) was heated to reflux for 24 h, causing the solution
to turn from purple to red. The reaction mixture was then cooled
to room temperature; the solution volume was concentrated to
approximately one-third by evaporation of the solvent, and the pH
was adjusted to 1 by the addition of dilute hydrochloric acid.
Addition of NaCl (sat) resulted in the precipitation of the product,
which was filtered and washed with NaCl (sat). The residue was
dissolved in methanol and filtered, and the solvent was removed
by evaporation. The residue was dissolved in CH2Cl2 and filtered;
the addition of benzene resulted in the precipitation of the product.
This was filtered, washed with benzene and diethyl ether, then dried
under vacuum to give the product (104 mg, 92%) as a microcrys-
talline red powder.1H NMR (500 MHz, CD2Cl2, 293 K): δ 7.83
(1 H, d,J ) 5.4 Hz, H5′), 7.66 (21 H, m, H5, Ph), 7.83 (3 H, d,J
) 5.3 Hz, H8, H8′, H12′), 7.86 (1 H, d,J ) 5.4 Hz, H12′), 7.89
(1 H, d,J ) 5.7 Hz, H6′), 7.97 (1 H, d,J ) 5.3 Hz, H7′), 8.19 (1
H, d, J ) 5.5 Hz, H6), 8.27 (4 H, m, H9, H9′, H10, H10′), 8.37 (1
H, d, J ) 5.4 Hz, H11), 8.43 (1 H, d,J ) 5.4 Hz, H11′), 8.45 (1
H, d, J ) 5.5 Hz, H7), 8.64 (1 H, s, H3′), 9.18 (1 H, s, H3).13C
NMR (125 MHz, CD2Cl2, 293 K): δ 21.68 (CH3), 124.64 (C3),
125.80 (C3′), 126.54 (CH), 126.85 (CH), 126.94 (CH), 127.33 (CH),
127.86 (CH), 129.26 (C5′), 129.48 (quat), 129.63 (m, Pha), 130.20
(m, Phb), 135.92 (quat), 135.97 (quat), 136.06 (quat), 148.60 (quat),
148.81 (quat), 148.97 (quat), 149.03 (quat), 149.60 (quat), 149.69
(quat), 149.83 (quat), 151.18 (quat), 151.62 (C12), 151.75 (C6′),
152.01 (C6), 152.18 (C11), 152.59 (C11′), 153.14 (C7′), 157.34
(quat), 157.50 (quat), 167.17 (CO) ppm. IR (KBr disk):υ 702,
766, 833, 1019, 1082, 1227, 1360, 1416, 1480, 1493, 1557, 1621,
1717 (CO), 1974, 3029, 3056, 3401s cm-1. Anal. Calcd. for
C60H42Cl2N6O2Ru‚5H2O: C, 63.16; H, 4.59; N, 7.37. Found: C,
63.19; H, 4.20; N, 7.41.

[Ru(DIP)2(H2dcbpy)][Cl] 2 (6). A solution of [Ru(DIP)2Cl2]‚
DMF‚H2O (500 mg, 0.54 mmol), H2dcbpy (147 mg, 0.60 mmol,
1.1 equiv), and NaOAc (350 mg, 4.27 mmol, 7.9 equiv) in methanol
and water (50 mL, 4:1 v/v) was heated to reflux for 24 h. The
reaction mixture was then cooled to room temperature, and the pH
was adjusted to 1 by the addition of dilute hydrochloric acid with
vigorous stirring. The solution volume was then concentrated to
approximately one-third by evaporation of the solvent. Addition
of NaCl (sat) resulted in the precipitation of the product, which

was filtered and washed with CH2Cl2. The precipitate was dissolved
in ethanol and filtered, and the solvent was removed by evaporation.
The residue was further washed with CH2Cl2 and diethyl ether to
give the product (557 mg, 96%) as a microcrystalline dark red
powder.1H NMR (500 MHz, MeOD-d4, 300 K): δ 7.62-7.71 (20
H, m, Ph), 7.73 (2 H, d,J ) 5.0 Hz, H18), 7.87 (2 H, d,J ) 5.5
Hz, H9), 7.96 (2 H, dd,J ) 6.0, 1.0 Hz, H5), 8.20 (2 H, d,J ) 5.5
Hz, H6), 8.22 (2 H, d,J ) 5.5 Hz, H19), 8.31 (4 H, m, H15, H16),
8.40 (4 H, d,J ) 5.5 Hz, H8), 9.26 (2 H, d,J ) 0.5 Hz, H3).13C
NMR (100 MHz, MeOD-d4, 300 K): δ 125.2 (C3), 127.5 (C15,
C16), 127.8 (C9, C18), 128.2 (C5), 130.3 (m, Ph), 131.0-131.1
(m, Ph), 137.0 (C10, C17), 141.0 (C4), 149.4 (s, ring-fused C),
149.6 (s, ring-fused C), 151.3 (s, ring-fused C), 151.4, (s, ring-
fused C), 153.1 (C19), 153.5 (C8), 154.2 (C6), 159.5 (C2), 166.0
(COOH). IR (KBr disk): υ 627, 664, 702, 737, 766, 833, 853,
1026, 1125, 1134, 1225, 1264, 1300, 1316, 1401, 1416, 1443, 1493,
1555, 1596, 1623, 1719 (CO), 3066, 3392(s) cm-1. Anal. Calcd.
for C60H40Cl2N6O4Ru‚5/2H2O‚1/2CH2Cl2: C, 62.19; H, 3.97; N, 7.19.
Found: C, 61.92; H, 3.98; N, 7.20.

Computational Details

Calculations were performed with the GAUSSIAN 03 series of
programs.16 Density functional theory (DFT)17 was applied for two
model complexes (in which the phenyl substituents on the phenan-
throline ligands were replaced by H atoms) with the B3PW91
functional.18 The basis set for the ruthenium atom was that
associated with the pseudo potential, with a standard double-ú
LANL2DZ contraction19 completed by a set of polarizationf
functions (441/3111/311/1).20 Geometry optimizations on the model
complexes were performed with the 6-31+G* basis for P, S, and
Cl atoms and with 6-31G* for H, C, N, and O atoms. The stationary
points were characterized by full vibration frequency calculations.
QM/MM optimizations of real complexes were performed at the
ONIOM (B3PW91:UFF) level with the phenyl substituents in the
MM part.21 The QM part was treated at the DFT-B3PW91 level
with the basis set used for the optimization of the model complexes
(see above), and the UFF force field was used for the MM part.22

Finally, DFT-B3PW91 single-point calculations were performed
on the optimized structures (B3PW91//B3PW91:UFF calculations)
using the same basis sets.
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X-ray Molecular Structure of trans-[Ru(DIP)2(MeOH)2]-
[OTf] 2 (4). The selected crystal was protected by paratone oil and
Araldite and then mounted on top of a glass rod. Data were col-
lected at 100 K on a Nonius KappaCCD diffractometer with
graphite-monochromated Mo KR radiation. The Nonius Supergui
program package was used for cell refinement and data col-
lection. The structure was solved by direct methods and subse-
quent difference Fourier treatment and refined by full-matrix
least-squares onF using programs of the PC version of
CRYSTALS.23 The asymmetric unit contained half a molecule of
the ruthenium complex and two CF3SO3 anions disordered over
two positions with a 0.50:0.50 occupancy ratio. All non-CF3SO3

molecules and non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were introduced in calculated positions in the last
refinements and were allocated an over all refinable isotropic
thermal parameter.
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