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A new family of ruthenium complexes of general formula [Ru(DIP)y(L,)]>*, 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 = CF3SO;7* (2), CHsCN (3), and MeOH (4).
When L, is a bidentate ligand, the compounds [Ru(DIP),(Hcmbpy)][Cl]> (5) and [Ru(DIP),(H2dchpy)][Cl]. (6) were
prepared (Hcmbpy = 4-carboxy-4'-methyl-2,2-bipyridine, H2dcbpy = 4,4'-dicarboxy-2,2'-bipyridine). Complex
[Ru(DIP),(MeOH),][OTf], (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 keal/mol relative to the trans species. The solution behaviors of monocarboxylic complex [Ru(DIP),(Hecmbpy)]-
[Cl]2 (5) and dicarboxylic complex [Ru(DIP),(H2dchpy)][Cl]. (6) were investigated by H 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 coordination chemistry provides an opportunity to study these
interactions through the design of complexes incorporating
both z-stacking and hydrogen-bonding functionalities. In
1984, Yamatera and co-workers showedyNMR studies
that complex [Ru(pheg]?™ displays self-association in
solution? In aqueous media, this species gives rise to NMR
spectra that are significantly concentration-dependent and

stacking interaction3.Furthermore, these two interactions glsplay features cc}:nsstg-nt with-stacking  interactions
are of pivotal importance in the construction of supermol- etween cations to form dimers (Figure 1).

ecules through supramolecular asseniiyrhe field of More recently, it has been shown by NMR and X-ray
crystallography that the octahedral eilatin complexes

*To whom correspondence should be addressed. E-mail: amouri@ [M(L —L)(eilatin)?* (M = Ru, Os; =L = bpy, phen),

ccr.jussieu.fr. . . L .
T UniversifePierre et Marie Curie Paris V. where eilatin is a heptacycllc aromatic ligand Wlth strong
*UniversiteParis 7. z-character, dimerize in solution via—x stacking® In
® Ecole Polytechnique. articular, the X-ray crystallography showed that a hetero-
(1) Steed, J. W.; Atwood, J. LSupramolecular ChemistryWiley: P ’ y cry grapny
Chichester, U.K., 2000.

Among the most important types of noncovalent interac-
tions in solutions encountered in both biological and chemical
systems are hydrogen-bonding ane- interactions. A
remarkable example provided by nature is DNA, which has
a double helical structure that involves two complementary
strands linked together via hydrogen bonding andx

(2) (a) Watson, J. D.; Crick, F. H. QNature 1953 171, 737-738. (b) (3) Lehn, J.-M.Supramolecular Chemistry, Concept and Perspesti
Calladine, C. R.; Drew, H. RUnderstanding DNA: The Molecule VCH: Weinheim, Germany, 1995.
and How It Works2nd ed.; Academic Press: New York, 1997. (4) Masuda, Y.; Yamatera, HBull. Chem. Soc. Jpril984 57, 58—62.
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Figure 1. Schematic representation of [Ru(phg?) showingr-stacking CHA-CN
interactions between bidentate phenanthroline ligands, giving rise to dimers ¢ [Ru(DIP),Cl,] (1)
in solution. 24 o0
1 + 2CI°
. o - o Ph_\ 2+ 20Tf Hembpy Ph_|
chiral association is formed betweAA[M(L —L)(eilatin)]** I 12);\33T%N § o
. . . 37
and A-[M(L —L)(eilatin)]?" cations. All of the examples  pn L Ph \N/ A H
reported so far have focused on complexes with ligands AN __NC-CHg ‘ N [ /N\I
incorporating onlyr-stacking functionalities. Thus, octahe- \N/RT\NC-CHS N T\N N
dral metal complexes with ligands displaying both hydrogen- ' N o ‘ N, o CH,
bonding andz— interactions have not been investigated, L L
to the best of our knowledge. To this end, we report here Ph ® o @

the synthesis of some ruthenium polypyridyl complexes of

general formula [Ru(DIBJL,)][CI],, where DIP = 4,7- and intercalate between DNA base péiGomplexes with
diphenylphenanthroline, a stromgcharacter ligand, and,L. ~ mixed bipyridyl ligands are well-known; in contrast, com-
= Hcmbpy = 4-carboxy-4methyl-2,2-bipyridine 6) and plexes with mixed DIP ligands have been less fully inves-
H2dcbpy= 4,4-dicarboxy-2,2bipyridine ). Both ligands tigated. We note, however, that complex [Ru(B]@I] > has
possess carboxylic acid groups and are therefore capable obeen fully characterized and examined by several gréups.
hydrogen bonding. The solution behavior of these compounds  Treatment of RuGtnH,O with 2 equiv of DIP in distilled
was studied by NMR spectroscopy, providing valuable DMF provided chloride derivative [Ru(DIEGI] (1) as violet
information about the nature of the interaction between microcrystalline material in 71% yield. When [Ru(Dbe)]
cations in solution. We also report the synthesis and full (1) was treated with AgOTf in CkCl,, the dark burgundy
characterization of novel complexes [Ru(DiTf)2] (2) complex [Ru(DIPYOTf);] (2) was obtained in 94% yield
and [Ru(DIPYCHsCN),][OTf] > (3). Furthermore, the syn-  (Chart 1). This complex was fully characterized by elemental

thesis and X-ray molecular structure thns[Ru(DIP)- analysis and NMR spectroscopy. The infrared spectrum of

(MeOH)][OTf] > (4) are included. 2 recorded from KBr disks showed bands characteristic of
) ) coordinated triflatesy(SO) at 1023 and 1308 crh and

Results and Discussion »(CFs) at 1166 and 1235 cm, which are at lower wave-

In a previous work, we reported the enantioselective numbers than for uncoordinated triflafésThe reaction of

synthesis of the ruthenium complexes with mixed bipyridyl 2 With CHCN for 24 h proceeded smoothly at room
ligands, @, A)-[Ru(bpyh(Hcmbpy)][PRl. and @, A- temperaturg and prgwded a microcrystalline brlght orange
[Ru(bpy)-(H2dcbpy)][PR]2 where one of the bipyridyl compound in 93% _yleld, which was fully characte_rlzed an_d
ligands carries either one or two carboxylic functionalifies. 9av€ Spectroscopic and analytical data consistent with
The monocarboxylic compounds showed moderate binding [RUDIPR(CHCN)J[OTf]> (3) (Chart 1). The*H NMR

to DNA, and the dicarboxylia-[Ru(bpy,(H2dcbpy)][PR. spectrum showed one singlgtéﬂ?.% for the tW(_) coordi-
cleaved DNA? nated CHCN molecules, which integrated to six protons.

Complexes2 and 3 are stable in air and can be stored for
long periods of time. Attempts to obtain target complexes
[Ru(DIPX(Hcmbpy)][Cl]. (5) and [Ru(DIP}H2dcbpy)][ClL

(6) from either complex have been unsuccessful. This
g’ndicates that the binding of either the gEN 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 anion¥.1t may be that the steric and

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

(5) (a) Gut, D.; Rudi, A.; Kopilov, J.; Goldberg, I.; Kol, M. Am. Chem.

So0c.2002 124, 5449-5456. (b) Bergman, S. D.; Kol, Mnorg. Chem. (8) Erkkila, K. E.; Odom, D. T.; Barton, J. KChem. Re. 1999 99, 2777
2005 44, 1647-1654. 2796 and references therein.
(6) Caspar, R.; Amouri, H.; Gruselle, M.; Cordier, C.; NMzkux, B.; (9) (a) Goldstein, B. M.; Barton, J. K.; Berman, H. Morg. Chem1986
Duval, R.; Levéque, H.Eur. J. Inorg. Chem2003 499-505. 25, 842-847. (b) Kim, H.-K_; Lincoln, P.; Norte, B.; Tuite, E.Chem.
(7) Caspar, R.; Musatkina, L.; Tatosyan, A.; Amouri, H.; Gruselle, M; Commun.1997 2375-2376.
Guyard-Duhayon, C.; Duval, R.; Cordier, {iorg. Chem2004 43, (10) Mahon, M. F.; Whittlesey, M. K.; Wood, P. ©rganometallics1999
7986-7993. 18, 4068-4074.
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complexes of ruthenium bipyridyl and ruthenium phenan-
throline have been reportééto the best of our knowledge,
trans-[Ru(DIP)(MeOH),][OTf] > (4) is the first X-ray struc-
ture of a ruthenium complex with two DIP ligands in trans
position. Furthermore, severnsruthenium 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 positidilt is clear that these examples,
in which the tetradentate ligands are able to adopt only the
trans configuration, are intrinsically different from duans
ruthenium complex [Ru(DIB{MeOH),][OTf] » (4) that fea-
tures bidentate ligands, for which the preferred geometry is
Figure 2. Top: X-ray molecular structure of the cation df trans cis. In summary, a trans configuration #is a rare example
[Ru(DIP)(MeOH)]2*, with hydrogen atoms omitted. The thermal ellipsoids ~ Of this geometry of the DIP ligands in the literature.

correspond to the 30% probability level. Bottom: alternative view of the Cis—trans Isomerization and Computational Stud
cation of4, perpendicular to the plane of the methanol molecules. Selected p Y

bond distances (A) and angles (deg): Reld1 = 2.075(4), Rui:-N2 = The unexpected formation dfans[Ru(DIP)(MeOH)]-
2.077(4), Rui-~O1 = 2.090(4), C1-N1= 1.336(7), N1-C5=1.371(6),  [OTf], (4) from a solution okis[Ru(DIP(OT),] (2) during
551.%977)1'4(%;-(-7(%‘3'\]3.5253:8(155)37%:(2-)30’12;&104:261('73)27gz-'-((::f1.0:2 crystallization from MeOH/BED prompted us to study this
1.437(7), C11-C12 = 1.343(8), C7--C12 = 1.438(7), C7--C8 = behavior experimentally and by computation (vide infra). The
1.430(8), C8-:C9 = 1.386(8), C9-C10 = 1.394(7), O1-C25 = IH NMR of 4 recorded in CRCl, showed the presence of
#f?éi)l‘_,{\'Oli'5“81;_'2162(;)’7,3'2{4&?3_c';‘f'f;g'_agg?)': Nll(.),lé%?('lgg' only five sets of signals, consistent with a higher symmetry
= 115.7(4), N2--C6---C5 = 115.7(4). (trans configuration) than that of compl@xcis configura-

tion); interestingly, the bound methanol molecules gave rise

electronic effects of the DIP ligands ihrender the triflate  to a singlet ab 3.46 and integrated to six protons. We note
anions less labile. _ _ ~ that trans[Ru(DIP),(MeOH)][OTf] , (4) was unstable in

Compounds? and3 were highly soluble in most organic  solution and decomposed slowly. In contrast, on leadng
solvents, which prevented the preparation of crystals of eitherin CD;OD for a period of 1 month, we detected no
complex for an X-ray study. However, very few crystals were decomposition or signals correspondingtdndeed, previ-
obtained after the diffusion of diethyl ether into a methanol ous experimental work shows preferential formation of the
solution of 2 over several weeks. A single-crystal X-ray cis isomer, and the interconversion to the trans isomer
diffraction study was undertaken and gave an X-ray molec- appears difficult to achiev¥. Thus, we performed a com-
ular structure identified unexpectedly &ans[Ru(DIP)- putational study within the framework of DFT using the
(MeOH)][OTf] > (4). Although 4 was first obtained unin-  Gaussian set of programs. Calculations were performed using
tentionally, it was later formed reproducibly, always in small  the B3PW91 functional (see Experimental Section for further

amounts upon the attempted crystallizatiomisf{Ru(DIP)- details regarding basis sets employed and methods). In a first
(OTf),] (2) from MeOH/ELO, which remained in solution.  series of calculations, the phenyl groups were replaced by
X-ray Molecular Structure of Trans-[Ru(DIP) x(MeOH)_]- H atoms and the cis and trans configurations of the related

[OTf] 2 (4). Complex4 crystallizes in the monoclinic unit  complex [Ru(phen{MeOH),]* were optimized. Both cal-
cell with space group2/n. A view of the cationic part with  culations yielded structures that are very close to the
atom labeling and selected bond distances and angles ar@xperimental ones. The energies obtained for both configura-
shown in Figure 2. The structure shows the presence of twotions suggest that the cis isomer is more stable by 13.6 kcal/
bidentate DIP ligands occupying the equatorial positions in mol relative to the trans species. To get more accurate data,
atrans geometry. The two coordinated MeOH molecules arewe carried out calculations on the complexes featuring phenyl
in the axial positions, completing the octahedral geometry groups. The ONIOM (B3PW91/UFF) method was employed
around the metal center. The phenanthroline unit of the DIP to minimize computation time. Only the phenyl groups were
ligand is planar, whereas the two phenyl groups deviate outcomputed at the molecular mechanics level of theory, with
of the plane by a dihedral angle of almost'45he Ru-N the core of the complex (the two phen and two MeOH
bond distance is 2.072.08 A, slightly longer than that ligands as well as the Ru atom) being computed at the
reported for the [Ru(DIR)[CI] . complex with Ru-N = 2.06

A% and shorter than that reported for [Ru([9]aggBIP)- (12) (a) Coe, B. J.; Meyer, T. J.; White, P.I6org. Chem1993 32, 4012~
i N = 11 i — 4020. (b) Nazeeruddin, M. K.; Zakeeruddin, S. M.; Humphry-Baker,
CI][BF4]. Wlth. Ru-N . 2.10 At The bite angle NRU=N R.; Gorelsky, S. |.; Lever, A. B. P.; Gratzel, Moord. Chem. Re
of DIP in 4 is 78&, slightly smaller than that reported for 200Q 208 213-225. (c) Bonneson, P.; Walsh, J. L.; Pennington, W.
[Ru(DIPX][CI] 2, about 79-81°,° and that reported for a3 I) %ordes, g- \4V-;FDLII|rhham, Blr'lqorg. C,\Teml‘E)Sd?zj 22, '\yﬁl—l}'?GS.h
o 11 a) Renouard, T.; Fallahpour, R.-A.; Nazeeruddin, M. K.; Humphry-
[Ru([9]ane$)(DIP)CI][BF4], 79°. Although some trans Baker, R.; Gorelsky, S. |.; Lever, A. B. P.; Gratzel, Morg. Chem.
2002 41, 367—-378. (b) Concepcion, J.; Just, O.; Laiva, A. M.; Loeb,
(11) Madureira, J.; Santos, T. M.; Goodfellow, B. J.; Lucena, M.; Pedrosa B.; Ress, W. Slnorg. Chem.2002 41, 5937-5939.
de Jesus, J.; Santana-Marques, M. G.; Drew, M. G. BixFé. J. (14) Concepcion, J.; Loeb, B.; Simon-Manso, Y.; ZuloagaRélyhedron
Chem. Soc., Dalton Tran200Q 4422-4431. 200Q 19, 2297+2302.
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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 Jt
in ball-and-stick format, and atoms included in the MM part are represented
by tubes.

T T T T T T T T T T T d
9.2 8.8 8.4 8.0 7.6 7.2 ppm

; ; - Figure 4. H NMR spectra (500 MHz) of [Ru(DIRjH2dcbpy)][CIL (6)
quantum mechanics level of theory' Here again, a gOOd fit in CD.Cl, without NaOD (upper trace) and after the addition of NaOD

between experimental and theoretical structures was obtainedgower trace).
Single-point calculations were carried out on the ONIOM
structures at the quantum mechanics level of theory (using (i) Temperature DependenceVariable-temperature (VT)
the same basis sets as those used for the calculations on thMR studies of6 were conducted in £D,Cl, (bp 145°C)
model complexes). Views of the two optimized structures in the range 293353 K. Upon warming the sample, we
are shown in Figure 3. Interestingly, we found that the observed some improvement in resolution. However, at 353
introduction of phenyl groups does not significantly mod- K, the maximum temperature investigated, the peaks re-
ify the energy difference between the two configurations, mained broad and poorly resolved, suggesting that strong
and the cis isomer was found to be more stable by 12.2 aggregation occurs among individual cations in this solvent.
kcal/mol relative to the trans species. Analogous experiments were performed in{CD, because
These results support our experimental findings on the the resolved signals in this solvent could be assigned.
instability of 4 in solution. We believe that the trans isomer Increasing the temperaturé @ 3 mM solution of5 or 6 in
of 2 is formed in small amounts during the preparation of CD3;CN resulted in no significant changes in resolution or
compound? but in low quantities (less than 5%) by analysis line widths. However, the proton H3 adjacent to the
of the'H NMR spectrum o. Another possible explanation  carboxylic group in [Ru(DIPYHcmbpy)][CI]: (5) underwent

is photochemical transformation ofs-2 to trans4 during a downfield shift of approximately 0.1 ppm when the
the crystallization process @& temperature was raised to 333 K. The spectrum of complex
Preparation of Target Complexes [Ru(DIP}Hcmbpy)]- 6 showed changes in the same peaks a$ tout to a lesser

[CI]2 (5) and [Ru(DIP),(H2dcbpy)][CI] 2 (6) and Solution extent. The maximum change in chemical shift observed for
Behavior. Treatment of [Ru(DIRCIl] (1) with either H3 in [Ru(DIP)(H2dcbpy)][CIL (6) was approximately 0.03
monocarboxylic-bpy (Hcmbpy) or dicarboxylic-bpy (H2dcbpy) ppm.
in a MeOH/HO mixture provided complexes [Ru(DHP) (ii) Concentration DependenceThe effect of concentra-
(Hembpy)][ClL: (5) and [Ru(DIPY(H2dcbpy)][CIL (6) in 92 tion on theH NMR spectra of both complexes was also
and 96% yield, respectively. Compléxwas obtained as a  studied in CRCN solution, with results similar to those from
red microcrystalline material, where@svas obtained as a  the temperature-dependence experiments. With a change in
burgundy powder. Both compounds were fully characterized concentration from 3 to 0.3 mM [Ru(DI¥mcbpy][Cll,
by spectroscopic methods and elemental analysis. the 'H NMR spectra showed several small changes in the
Complexes [Ru(DIR{Hcmbpy)][Cl] (5) and [Ru(DIP)- chemical shifts of several peaks. Again, the largest change
(H2dcbpy)][CIL (6) were highly soluble in many organic  was for H3, which underwent a total shift of approximately
solvents, but théH NMR spectra obtained from different  0.03 ppm over this concentration range. The [Ru(BIP)
solutions were markedly different. For instance, ftHNMR (H2dcbpy)][CIEL (6) complex showed negligible changes with
spectra obtained fra a 3 mMsolution of either5 or 6 in the 10-fold lower concentration in GON.
CD3sCN or DMSO4; at 295 K showed sharp, clearly resolved (iii) Addition of NaOD. The most strikingH NMR spec-
peaks, whereas a similar solution in €I}, showed broad-  tral changes were obtained when NaOD (5 equiv) was added
ened peaks fob and extremely broad signals fér Such to a 2.7 mM solution of either complex or 6 in CD,Cl..
behavior has been observed for octahedral ruthenium com-An immediate and dramatic sharpening of all the peaks
plexes with bidentate ligands that possess extended aromatiin the spectrum of both [Ru(DIRHmMcbpy)][Cl. (5) and
systems and has been attributed to the aggregation of cationi¢Ru(DIP)(H2dcbpy)][CIL (6) was observed. The result was
species in solution through—z interactions:®> However, particularly significant for the diacidic [Ru(DIRH2dcbpy)]-
our complexes incorporate both carboxylic acid groups, [Cl], complex (Figure 4), for which theH NMR spectrum
which are capable of displaying hydrogen bonding, and displayed the most broadening prior to the addition of the
extended aromatic systems, which can disptastacking NaOD.
behavior, and hence the aggregation in solution may result In addition to the sharpening and resolution of the peaks
from either interaction or a combination of both interactions. in the spectra of [Ru(DIBjHcmbpy)][CI]. (5), changes in
Thus, we carried out severdil NMR experiments in order  the chemical shifts were also observed, so that most of the
to elucidate the nature of the aggregation interaction. peaks underwent chemical shift changes of approximately

4074 Inorganic Chemistry, Vol. 45, No. 10, 2006
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Figure 5. H NMR spectra (500 MHz) of [Ru(DIBjH2dcbpy)][CIL (6) in MeOH-d, of 6 (upper trace) and after the addition of NaOD (lower trace).

0.1 ppm. The chemical shift changes due to the addition of
NaOD are difficult to analyze in the spectra of [Ru(D}P)
(H2dcbpy)][CIL (6) (Figure 4), because of the extent of the
broadening in the spectrum of the &I}, 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)(H2dcbpy)][CIL (6) were therefore analyzed in
MeOH-d,;, 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, Figure 6. Double-chained 1D polymer of [Ru(bpyii2dcbpy)f* showing
hydrogen-bonding association betwednand A enantiomers. From H.
upon the addition of 5 equw of NaOD; proton HB, situated Amouri and C. Cordier et alnorg. Chem2004 43, 7986. Reprinted with
meta to the carboxylate groups and in the ortho position to permission.
the heterocyclic nitrogen, underwent an upfield shift of 0.24
ppm (Figure 5).
These experiments show clearly that aggregation observe ) . . .
for 5 and 6 in CD,Cl, solution is mainly due to strong omochiral fashion with &i(0-0) distance of 2.43 A

hydrogen bonding between the individual ruthenium cations. (Figure 6). [Ru(DIPXH2dcbpy)][CIL (6) is expected to show
This association is stronger 6 because of the presence of arelated hydrogen-bonded structure (Figure 7). In summary,
two carboxylic functions, than if. Deprotonation by NaOD these hydrogen-bonding interactions are responsible for the

1
removes the hydrogen-bonding interaction and hampers the association behavior observed in solution'syNMR of 5

cations’ association. We feel that the-7 interactions in and 6. It is worth mentioning that X-ray structures of
these complexes, if occurring, are much weaker than theoctahedral metal complexes with three DIP ligands (e.g.,

9 ;
interaction due to hydrogen bonding. In previous work, we [Ru(DIP)][CI]2™) and two DIP1I|ghandsb(e.g., [OS(DdIP) q
reported the X-ray molecular structure of dicarboxylic (PhAS—CH,—~CH,—~AsPh)][Ts].") have been reported an

complex [Ru(bpyXH2dcbpy)][PR],. The structure shows the showed nar—sr stacking interactions between the phenan-

formation of a double-chained 1D polymer in which a throline groups of DlF.) in the solid state. In contrast, a
A-[Ru(bpyk(H2dcbpy)F' cationic subunit is connected to complex with one DIP ligand, [Ru([9]anefDIP)CII[BF4],

a A-[Ru(bpyh(H2dcbpy)p* cationic subunit by two hy- showedz—r stacking between the phenanthroline part of

drf)ge” bonds of equal distances, \Nd(O—O) = 2.60 A (15) Carlson, B.; Phelan, G. D.; Kaminsky, W.; Dalton, L.; Jiang, X.; Liu,
(Figure 6)? S.; Jen A. K.-Y.J. Am. Chem. So@002 124, 14162-14172.

These heterochiralA—A) units are enchained through
Citrong intermolecular hydrogen bonding in an alternate

Inorganic Chemistry, Vol. 45, No. 10, 2006 4075



Figure 7. Proposed structure for [Ru(Di#H2dcbpy)f* showing as-
sociation between the individual octahedral ruthenium complexes through
hydrogen bonding.

DIP.1 By comparison, we feel that [Ru(DIFH2dcbpy)]-
[CI]2 (6) will not show azr—a 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

Caspar et al.

million downfield from tetramethylsilane and are referenced to the
residual hydrogen signal of deuterated solvents (gEDat 1.94
ppm, CHDB,OD at 3.31 ppm, CHDGland GHDCI, at 5.30 ppm).
NaOD experiments were carried out by the addition of NaOD (10
uL, 0.1 M solution in BO) to a solution of the relevant complex
in the solvent indicated (500L), 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 400800 cnt! region.
[Ru(DIP).Cl;] (1). A solution of RuC}-3H,0O (196 mg, 0.75
mmol), PhPhen (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 t6@, 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!H NMR (300 MHz, CQCl,, 298 K): 6 7.20 (2
H, d,J=5.7 Hz), 7.48 (10 H, d) = 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,= 9.5
Hz), 10.63 (2 H, dJ = 5.3 Hz).13C NMR (125 MHz, CDBCl,,
293 K): 0 126.24 (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): v 668, 702, 735, 766, 830, 847, 913, 1026,
1086, 1252, 1399, 1414, 1443, 1491, 1507, 1671, 1968, 2927, 3056
cm~L. Anal. Calcd. for GgHz,CloNsRu-DMF-H,0: C, 66.02; H,
4.45; N, 7.55. Found: C, 65.87; H, 4.66; N, 7.53.
[Ru(DIP),(OTf) ] (2). A solution of [Ru(DIP)Cl,]-DMF-H,0
(100 mg, 0.11 mmol) in CkCl, (20 mL) was added to AgOTf (64
mg, 0.25 mmol, 2.3 equiv). The solution immediately turned from

and complements previous examples in octahedral rutheniumpurple to red and was stirred for 24 h in the dark. The reaction

complexes in whichr—s stacking was responsible for their
association in solutioh?®

Conclusion

In this paper, the synthesis of a new family of ruthenium
complexes of general formula [Ru(DHR),)]?", 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
= CRSO;! (2), CH:CN (3), and MeOH ¢). Complex
[Ru(DIP),(MeOHY][OTf] , (4) displayed a trans configuration
of the DIP ligands, a rare example of this geometry in the
literature. Monocarboxylic complex [Ru(DIFHcmbpy)]-
[CI]2 (5) and dicarboxylic compound [Ru(DIFH2dchbpy)]-
[Cl]2 (6) were also prepared, and their solution behaviors
were investigated byH NMR spectroscopy. VT-NMR,
concentration dependence, and reaction with NaOD allowed
us to suggest that aggregation of the cationic species in
solution, especially fo6, originates mainly from hydrogen-
bonding interactions.

Experimental Section

All solvents used were reagent grade or better. Deuterated

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.
IH NMR (300 MHz, CyOD, 298 K): 6 7.47 (2 H, d,J = 5.7
Hz), 7.54 (10 H, s), 7.71 (6 H, m), 7.90 (4 H, 3= 6.9 Hz), 8.09
(2H,d,J=5.6Hz),8.18 (2 H, dJ=9.4 Hz), 8.35 (2 H, dJ =

7.7 Hz), 8.37 (2 H, dJ = 3.7 Hz), 9.95 (2 H, dJ = 5.4 Hz). IR
(KBr disk): v 517,637,702, 741, 764, 838, 849, 1023 (50166,
1212, 1235, 1262 (€F), 1308, 1397, 1420, 1447, 1559, 1594,
1625, 1652, 2817, 2848, 2929, 2953, 2972, 3061, 3103.chmal.
Calcd. for GoH3zFeN4sOsRUS-5CH,Cly: C, 44.37; H, 2.84; N, 3.76.
Found: C, 44.45; H, 2.83; N, 4.44.

[Ru(DIP) 2(MeCN),J[OTf] 2 (3). A solution of [Ru(DIP}CI,]-
DMF-H,0 (305 mg, 0.33 mmol) in CkCl, (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

solvents and commercially available reagents were used as receivedmicrocrystalline orange powdéid NMR (500 MHz, CDCl,, 303

IH 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
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K): 6 2.53 (6 H, s, MeCN), 7.54 (6 H, d| = 5.9 Hz, H3, H22,
H26), 7.60 (6 H, dJ = 6.5 Hz, H23, H24, H25), 7.72 (2 H, d,
= 7.2 Hz, H18), 7.76 (4 H, t) = 7.8 Hz, H17, H19), 7.86 (4 H,
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,J

, 6.5 Hz, H16, H20), 8.06 (2 H, d = 5.2 Hz, H2), 8.17 (2
= 9.8 Hz, H6), 8.32 (2 H, dJ = 9.1 Hz, H7), 8.38 (2 H,
, 5.9 Hz, H10), 10.09 (2 H, dJ = 5.2 Hz, H11).1C
NMR (125 MHz, CDBCl,, 303 K): 6 5.15 (MeCN), 126.23
(C2,C6), 126.63 (C7), 126.91 (M), 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): v 517, 573, 637, 702, 737, 766, 834, 851,
1030, 1152, 1223, 1262 (), 1273, 1401, 1420, 1445, 1495,
1559, 1597, 1625, 2007 &N), 3058 cnl. Anal. Calcd. for
Cs4H3sFsNeOsRUS2H,0O: C, 54.86; H, 3.56; N, 7.11. Found: C,
55.18; H, 3.46; N, 6.39.

trans-[Ru(DIP) ;(MeOH),][OTf] » (4). This species was obtained
by slow crystallization (approximately 1 month) by the diffusion
of diethyl ether into a concentrated solution of [Ru(B(&)Tf),]
in methanol. (Note: This complex slowly decomposes in a
CH,Cl; solution.}H NMR (500 MHz, CDB,Cly, 303 K): 6 3.46 (s,
Me), 7.69 (d,J = 7.2 Hz), 7.74 (tJ = 7.3 Hz), 7.83 (m), 8.19 (d,
J = 5.4 Hz), 8.27 (s), 10.44 (d] = 5.4 Hz).

[Ru(DIP) o(Hcmbpy)][CI] 2 (5). A solution of [Ru(DIP}CI;]-
DMF-H,0O (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

d,J
H,d
d,J

was filtered and washed with GBI,. The precipitate was dissolved

in ethanol and filtered, and the solvent was removed by evaporation.
The residue was further washed with &Hb and diethyl ether to
give the product (557 mg, 96%) as a microcrystalline dark red
powder.*H NMR (500 MHz, MeOD#,, 300 K): 6 7.62-7.71 (20

H, m, Ph), 7.73 (2 H, d) = 5.0 Hz, H18), 7.87 (2 H,d) = 5.5

Hz, H9), 7.96 (2 H, dd)J= 6.0, 1.0 Hz, H5),8.20 2 H,d = 5.5

Hz, H6), 8.22 (2 H, dJ = 5.5 Hz, H19), 8.31 (4 H, m, H15, H16),
8.40 (4 H, dJ = 5.5 Hz, H8), 9.26 (2 H, dJ = 0.5 Hz, H3).13C
NMR (100 MHz, MeOD4d,, 300 K): 6 125.2 (C3), 127.5 (C15,
C16), 127.8 (C9, C18), 128.2 (C5), 130.3 (m, Ph), 13181.1

(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): v 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) énAnal. Calcd.

for C60H4QC|2N504RU‘5/2H20‘1/2CH2C|2: 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'® Density functional theory (DFTj was applied for two

(50 mL, 4:1 v/v) was heated to reflux for 24 h, causing the solution Model complexes (in which the phenyl substituents on the phenan-
to turn from purple to red. The reaction mixture was then cooled throline ligands were replaced by H atoms) with the B3PW91
to room temperature; the solution volume was concentrated to functional’® The basis set for the ruthenium atom was that
approximately one-third by evaporation of the solvent, and the pH associated with the pseudo potential, with a standard ddfible-

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,CHand 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!H NMR (500 MHz, CDB,Cly, 293 K): 6 7.83

(1 H,d,J=5.4 Hz, HB), 7.66 (21 H, m, H5, Ph), 7.83 (3 H, 4,

= 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, dJ = 5.3 Hz, H7), 8.19 (1

H, d,J = 5.5 Hz, H6), 8.27 (4 H, m, H9, HOH10, H10), 8.37 (1

H, d,J = 5.4 Hz, H11), 8.43 (1 H, d) = 5.4 Hz, H11), 8.45 (1

H, d,J = 5.5 Hz, H7), 8.64 (1L H, s, HB 9.18 (1 H, s, H3)13C
NMR (125 MHz, CQCl,, 293 K): ¢ 21.68 (CH), 124.64 (C3),
125.80 (C3), 126.54 (CH), 126.85 (CH), 126.94 (CH), 127.33 (CH),
127.86 (CH), 129.26 (C}) 129.48 (quat), 129.63 (m, §h130.20

(m, Phy), 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 (C11153.14 (C7), 157.34
(quat), 157.50 (quat), 167.17 (CO) ppm. IR (KBr disk): 702,

766, 833, 1019, 1082, 1227, 1360, 1416, 1480, 1493, 1557, 1621,
1717 (CO), 1974, 3029, 3056, 3401s ¢mAnal. Calcd. for
C60H42C|2N602RU'5H201 C, 63.16; H, 4.59; N, 7.37. Found: C,
63.19; H, 4.20; N, 7.41.

[Ru(DIP) »(Hodcbpy)][Cl] 2 (6). A solution of [Ru(DIP}CI,]-
DMF-H,0 (500 mg, 0.54 mmol), kicbpy (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

LANL2DZ contractiod® completed by a set of polarizatioh
functions (441/3111/311/29.Geometry optimizations on the model
complexes were performed with the 6-8G* 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?* 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 f3art.
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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