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Abstract: Symmetrical and unsymmetrical ligands containing terpyridyl coordinating units (N, N, N) or a
cyclometalating equivalent (N, C, N), connected back-to-back either directly or pigeigphenylene or 1,3-
phenylene spacer, have been used to construct new diruthenium complexes. These compounds incorporate
various terdentate chelates as capping ligands, to allow a double control of the electronic properties of each
subcomplex and of the ensemble: via the terminal ligand or through the bridging fragment. Electronic coupling
was studied from the intervalence transitions observed in several bimetallic ruthenium complexes of the bis-
(cyclometalated) type differing by the substitution of a nitrogen atom by carbon in the terminal terpyridyl
unit. The largest metalmetal interaction was found in complexes for which the terminal complexing unit is

of the 1,3-di-2-pyridylbenzene type, i.e., with the carbon atom located on the-rnet#dl C, axis of the
molecule. Investigations of the mechanism of interaction by extendettdficalculations showed that the
replacement of nitrogen by carbon raises the filled ligand levels, increasing the mixing with ligand orbitals
and thus the metalmetal coupling. Finally, the intervalence transition was still observed for a bridging ligand
containing three phenylene units as spacers, corresponding to a 24-A-metal distance.

Introduction the carbon atom on the bridging ligand in central position
(“central” meaning on the metametal C, axis). Later
Constable et al. described compoufdin which the carbon
atom is located on the terminal ligand, in a lateral posftion
(“lateral” meaning outside the metainetal C, axis of the
molecule). More recently, we have synthesized compodnds
and5, in which the carbon atoms lie on the binary axis of the
molecule but either both on the terminal ligands or one on the
bridging and one on the terminal ligand. Finally, Constable et

Intramolecular electron transfer between two metal sites
linked by an organic ligand can be easily followed by the study
of intervalence transition’s.In previous papers, we have studied
bimetallic ruthenium complexes linked by ligands of either the
bis(terpyridine) type(1, cf. Figure 1) or the bis(cyclometalated)
type @).2 It was found that the metaimetal coupling was much
higher in the second kind of complexes, which was tentatively
assigned to “a better orbital matching” between ruthenium and
ligand orbitals. However, no detailed investigation of the aI.. re.portt.ad compouna, where thg carbon atoms are on the
interaction mechanism was performed at that time. bridging ligand in the lateral positich.

Since then, several new compounds of the cyclometalated _11NiS large variety of structures allows now a sharper
type, with the connecting carbon atom located in different discussion of the effect of C/N substitution. We have thus

positions, have been prepareg—6 in Figure 1). All com- systematically studied intervalence transitions and the corre-
pounds reported here have the same general structure, eacfPonding metatmetal couplings/as obtained through Hush's

ruthenium atom being coordinated to two different ligands: a [ormulé for the above structures. The mechanism of metal
bridging ligand on one side and a terminal capping ligand on metal coupling through the bridging ligand has been enlighted

the other side. Thus we have first described compdmith by means of extended 'tdkel calculations. Finally, starting
from the most favorable structurg)( we have investigated the

CNRS, Toulouse. cases of compoung, where the metatmetal distance reaches
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Kensington, London SW7 2AY, U.K. phenylene spacer is of the meta type.
(1) See for instance the following reviews: Crutchley RAdv. Inorg.
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Figure 1. Structure of the studied compountis 8.

Resul Di i . . . .
esults and Discussion described in the literaturé® (iii) The third strategy uses ru-

Synthesis of Ligands. The precursor ligands involved in  thenium(ll) complexes as building blocks an aromatic cross-
the ruthenium complexes are represented in Chart 1. The newcoupling reaction (Suzuki’'s procedure) between a diboronic

ligand tpy-dpbH (tpy= terpyridine, dpb= dipyridylben- derivative and a brominated ruthenium complex (compodnds
zene) was prepared in two steps as shown in the bottom ofand8).10
Chart 1. Experimental Electronic Couplings in the Different Cy-

Synthesis of Complexes.Three different strategies have clometalated Compounds. Since all studied compounds

been used to prepare the homodinuclear ruthenium com-contain two ruthenium(ll/lll) redox centers, two oxidation
plexes described in this study. An example for each strategy processes are anticipated:

is depicted in Chart 2. (i) The first was based on the initial
synthesis of the central bridging ligands and terminal ligands. _ (7) Beley, M.; Collin, J.-P.; Louis, R.; Metz, M.; Sauvage, JJPAm.
The formation of a ruthenium moiety at each site of the CNeM. Soclo9l 113 8521-8522.

- . . . , (8) Barigelletti, F.; Flamigni, L.; Balzani, V.; Collin, J.-P.; Sauvage, J.-
bridging ligand can be simultaneous or sequential. This method p_: Sour, A.; Constable, E. C.; Cargill Thompson, A. M. %Chem. Soc.,

allows the achievement of the symmetrical complekesid6 Chem. Commur993 942-944.
and the asymmetrical compléx (ii) The second strategy leads (9 Tzalis, D.; Tor, ¥.J. Chem. Soc., Chem. Commd296 1043-
to the dinuclear complexes by oxidative (compou®d or (10) Chodorowski-Kimmes, S.; Beley, M.; Collin, J.-P.; Sauvage, J.-P.

reductive (compound3and4) coupling reactions as previously  Tetrahedron Lett1996 37, 2963-2966.



Electron Coupling in Bis(cyclometalated) Ru Complexes

Ru(ll)—Ru(ll) — " = Ru(I)=Ru(lll)  (E°)

(E%)

However, if the two standard redox potenti&y andE®; are

too close, a single two-electron wave is observed, with minor

differences in shape with respect to a true bielectronic process.
The different species are connected by the comproportionation
equilibrium

Ru(I—Ru(lll) — e = Ru(lll)—Ru(lll)

Ru(I)—Ru(ll) + Ru(li)—Ru(ll) =
2Ru(I)—Ru(ll1) (Ko

K¢ being determined by the differenc®E® = E°, — E°;.

Differential pulse voltammetry allows a relatively accurate

determination ofAE° (and thusK;) even in these circum-

stanced! The results are gathered in Table 1. In the series of

compoundd—6 derived from bis(terpyridine. can vary from

15 (one wave) to 690 (two waves). Thus the metaktal

distance is not of course the only parameter determiKing
Experimental results about the intervalence transitions (posi-

tion, extinction coefficient, width) are gathered in Table 2, and

J. Am. Chem. Soc., Vol. 120, No. 15379298
Table 1. Electrochemical Data
complex E°1 (V) E°; (V) Ke

1 (one wave) 1.27 1.34 15

2 (two waves) 0.34 0.505 690

3 (one wave) 0.51 0.578 15

4 (two waves) 0.52 0.66 222

5 (two waves) 0.46 0.61 422

6 0.62

7 (one wave) 0.48 0.49 4

8 (one wave) 0.48 0.54 10

a Standard redox potentials (V vs SCE) from differential pulse
voltammetry with curve fitting and comproportionation constant
computed fromAE®. b Reference 5.

mechanical calculations. Ideally, one should use ab initio or
semiempirical SCF (CNDO, INDO) methoéds,but these
treatments are too delicate to use for large molecules. It has
been showt that, in a number of case¥,, values can be
correctly reproduced from extended ¢kel calculations, using
the “dimer splitting” method, i.e., the splitting between molec-
ular orbitals with high weights on ruthenium atoms and different
symmetries. (This method has been also used by Lafsand
Marcus et al9).

To reduce calculation times, we have replaced in all the

some representative spectra are given in Figure 2. Bandwidthspresent study the tolyiterpy (ttpy) terminal ligand by a terpy-
are generally of the order of magnitude predicted by Hush rigine. Compounds were built and minimized using the Cerius2
theory?® except for2 (narrower) and (wider). In the case of  ggfrwarel? Using compound4 and2 as references, we found

2, this could be due to the strong electronic coupling (see below), {hat the main features of the molecular geometry were correctly

which introduces some class Il (delocalized}haracter.

reproduced (in particular, RtC bonds near 1.96 %and Ru-N

Nevertheless, Hush's equation has been used since its range ofonds near 1.99 %), but not the central EC distance (1.42

application appears to be larger than previously beliévé&ar
8, no obvious explanation for the bandwidth has been found.
The experimental/y, values obtained from Hush’s equatidn,
and theoreticaVy, values from extended Hitel calculations
are given in Table 2. Theoretic¥ly, values are obtained from
the splitting between molecular orbitals exhibiting high weights
on ruthenium atoms and opposite parities (cf. Figure 3).
ExperimentalVa, values vary widely in the serieb—6 and
follow more or less the same trendlgsvalues. K. variations

A instead of 1.51 A in the X-ray structure @*7) nor the
dihedral angle between the pyridyl or phenylene rings of the
bridging ligand (38 vs 22 from X-ray). But anyway, the exact
structure may depend on the ruthenium oxidation state, as
observed in the case of the bimetallic complexes of,3,3-
tetrakis((N,N-dimethylamino)methyl)biphenylene (“bis-pincer”)
for which the Ru(lll}-Ru(lll) form exhibits a central €C at
1.43 A and a 0 dihedral angle, while for the Ru(tHRu(ll)
complex the figures are 1.47 A and°3@ Thus, in the present

are not the subject of the present work; detailed discussions oncase, since we are dealing with a mixed valence compound,

the relation betweeK. and electronic coupling can be found
elsewhere}? If we start from the bis(terpyridine) compoudd

we have chosen a somewhat intermediate geometry with the
central C-C distance adjusted “by hand” to 1.51 A but the

as reference compound, most cyclometalated compounds givegihedral angle kept at 36 Compounds’ and8 present more

higher couplings. However, structuge in which the carbon
atoms are on the bridging ligand and in central position (i.e.,
on theC; axis of the molecule), is the best for the transmission
of electronic interaction. By contrast, in compouBdwhere

the carbon atoms are also on t8g axis, but located on the
terminal ligand, the coupling is much lower, i.e., the same as
in 1. Compound has structural features coming from b&h
and 3, and as a matter of consequence, its coupling is
intermediate. Finally, for compountj where the carbon atoms
are on the terminal ligand and in “lateral” position, we find a
moderateVy, coupling. In fact, compoundt was already
described by Constable et“alln our study, we find 5000 mot

L cm™! as the extinction coefficient by several independent
determinations. Thus it seems that the position of the carbon
atom in the NC sets plays an important role in determining
the magnitude of the coupling.

Orbital Interpretation of Electronic Couplings. Electronic

couplings and their variations can be addressed by quantum

(11) Richardson, D. E.; Taube, thorg. Chem1981, 20, 1278-1285.

(12) Sutton, J. E.; Taube, Hhorg. Chem1981, 20, 3125-3134. Ernst,
S.; Kasack, V.; Kaim, W.lnorg. Chem1988 27, 1146-1148. Salaymeh,
F.; Berhane, S.; Yusof, R.; de la Rosa, R., Fung, E. Y.; Matamoros, R.;
Lau, K. W.; Zheng, Q.; Kaber, E. M.; Curtis, J. @org. Chem1993 32,
3895-3908.

than one G-C bond connecting phenyl rings, and thus many
possible conformations with almost equal energies. Fove

have chosen a conformation with alternate positive and negative
dihedral angles, but it appeared that other conformations (e.g.,
helicodal) gave the same couplings. Ryrwe have imposed

the conformation in which the external cyclometalated units
are rotated in opposite directions so as to avoid each other as
much as possible. In both cas&sand8), the dihedral angle
was fixed at 36 and the C-C distance between phenyl rings

at 1.51 A.

(13) See the review by Newton: Newton, M. Dhem. Re. 1991, 91,
767—792.

(14) Joachim, C.; Launay, J.-P.; Woitellier, Shem. Phys199Q 147,
131-141.

(15) Larsson, SJ. Am. Chem. S0d.981 103 4034-4040. Larsson, S.

J. Chem. Soc., Faraday Trans19283 79, 1375-1388. Larsson, Sl. Phys.
Chem.1984 88, 1321-1323.

(16) Siddarth, P.; Marcus, R. A. Phys. Chem199Q 94, 2985-2989.

(17) Cerius2, Biosym/Molecular Simulations, San Diego, CA.

(18) Cambridge Structural Database: Allen, F. H.; Kennard, O.; Taylor,
R. Acc. Chem. Red983 16, 146.

(19) Steenwinkel, P. Thesis, Utrecht University, 1998. This work suggests
that the planarity of the biphenylene ligand is caused by the Ru(lll)
Ru(lll) oxidation states distribution, which favors quinoidal forms. Thus,
in a mixed valence complex, the biphenylene moiety is not expected to be
planar.
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Table 2. Parameters of the Intervalence Transitions (Maximum Wavelength, Full Width at Half-Maximum, Maximum Extinction Coefficient)
and Experimental and Theoretical Couplings for Compouhd8

complex Amax (NM) Avyp(em) emax(M~tem™?) Vab exp(€V) Vab calcd (€V) Vab caicl (€V) Vab calc§ (€V)

1 1580 4008 1620 0.047 0.065 0.042 0.145
2 1936 2665 22000 0.127 0.061 0.098 0.264
3 1585 5146 1227 0.046 0.063 0.039

4 2468 5709 5036 0.078 0.067 0.037

5 2360 5374 3648 0.066 0.063 0.061

6 0.062 0.041

7 985 7500 924 0.028 0.003 0.021

8 1848 6503 270 0.018 0.001 0.010

2 Calculated for Ru(4d) at-11.23 eV (extended Hikel). ® Calculated for Ru(4d) at-12.5 eV (extended Hikel). ¢ From ZINDO (see text).

e M em™y particular, are able to vary from one compound to another.
24000 : , . . : INDO/1 calculations were performed on closed shell systems,
22000 | i i.e., for the Ru(ll)-Ru(ll) state?? and theV, couplings extracted
20000 - 1 from the splitting between filled molecular orbitals, as for the
5000 |- RN extended Hokel pr_oceduréf‘ Although Vg, values are much

higher than experimental ones or extendetkél ones (see
16000 7 1 Table 2), the marked increase in coupling betw&eand 2 is
14000 1 2. ) reproduced. We have checked that this result remains valid
12000 = ] for a large range of input parameté?s.The problem of the
10000 i Ru(4d) energies can now be addressed on a more rigorous basis,

8000 1 by inspection of the Fock matrix. This matrix determines the
6000 - b molecular orbitals after SCF convergence. Thus the diagonal
4000 g terms can be considered as the best definition of atomic or-
2000 bital energies in a given compound, taking into account elec-

L w ' tronic repulsions. It is found that INDO/1 calculations locate

0 L Il
1000 1200 1400 1600 1800 2000 2200 Ru(4d) orbitals clearly below C(2p) orbitals, as the extended

Wavelength (nm) Hiickel method does for12.5 eV, but not for-11.23 eV (see

Figure 2. Some representative intervalence spectra, corrected from Figure 4).
cpmproportlonatlon. The numbers on the curves correspond to the  THus we consider that the extendeddkel calculation with
different compounds. Ru(4d) at—12.5 eV is a reasonable choéayith the advantage

. s . ' of giving straightforwardly realistid/ap values. This choice

(i) Variation in Vap Cpupllng .between 1 and 2 We first prog\l/ed ign addi%ion conver?ient for reproducing the weak coup-
concentrate on the main expgnmental fact, which is the large lings in 7 and 8 (see Table 2). The following discussion will
Vab variation petwe(_erl and?, i.e., upon N/C replac_ement 0N thus be based on extendeddkel calculations.
the bridging ligand in the central position. A crucial problem
is the parametrization of Ru(4d) orbital energies, and in the past,
we have used Tatsumi and Hoffmann’s vatfiee. —11.23 eV,
this figure coming from their study on Ru(N}2". However,
in the present case, the large difference in coupling betd@een
and?2 could not be reproduced, the calculation giving a slight
decrease from to 2, while experimentally there is an increase
of 170% (see Table 2). A systematic investigation of the
influence of the Ru(4d) orbital energy then revealed a curious
behavior: for Ru(4d)_ abov'e11.23 ev, (e.9.-105 e\{), the (22) Attempts to perform open shell calculations, corresponding to the
effect was reversed, i.e., higher couplings were obtained,for  Ru(I)—Ru(lll) (d5—d5) actual electronic structure of the mixed valence
instead oR. Conversely, when the energy of the Ru(4d) orbitals compounds, failed for reasons of non-SCF convergence. We attribute this
was decreased with respect td.1.23 oV, the effect of CIN  SITEUIV 1 Ihe proXiniy o e S ol orbls abianed fom
substitution increased, and for Ru(4d)-at2.5 eV, the right degeneracy of the different energy states when there is one hole with respect
order of magnitude of the couplings was obtained with a large to the ¢—d° configuration. In addition, since there is no absolute definition

increase inNVap (ca. 130%) when replacing N by C Thus it of orbital energies for open shell calculations, a rigorous calculation would
a ’ have to rely on the total energy with inclusion of configuration interaction,

appears that the.ll-23 eV value is very close to a Singu[arity which represents a formidable quantum chemistry problem for such large
and that the choice of the Ru(4d) orbital energy is crucial. molecules.

To get more insight on this problem and avoid a too arbitrary (23) Although the INDO/1 method is less arbitrary than extendéckel
there remains some empirical parameters to choose. The main ones are the

choice, we have performed comparative INDO/1 calculations jonization potentials, which are different according to the considered
on 1 and?2 using the ZINDO packag®. Since INDO/1 is a SCF electronic configuration g2, sid%, S°d", or even a mixture of all these),

calculation with explicit treatment of electremlectron repul- and theg parameters, which are used to determine the off-diagonal elements
in the Fock matrix. However, in our case, orbital energies were only weakly

The comparison of bis(terpyridine) with bis(dipyridylbenzene)
as ligands shows that, upon replacement of N by the isoelec-
tronic C-, there is a general increase in the energy of the
molecular orbitals (Figure 5). The energy of the ruthenium-
(4d) orbitals being close to the ligand HOMO energy, a better
orbital mixing can be anticipated in the cyclometalated com-
pound. However, another effect can be imagined: due to the
highero-donor strength of the carbon ligaftipne can expect

sion, it can t_)e hoped t.hat the metal o'rbltal energies are MOre e e by the choice of the Riiparameter.
correctly defined than in the extended ¢kel method and, in (24) Before quoting the-11.23 eV figure, a value of-14.9 eV was
given by Thorn and Hoffmann (Thorn, D. L.; Hoffmann, Rorg. Chem.
(20) Tatsumi, K.; Hoffmann, RJ. Am. Chem. Sod.981, 103 3328- 1978 17, 126-140) for the Ru(4d) energy. Thus the present choice?.5
3341. eV is not unrealistic.

(21) ZINDO: Zerner, M. C. Quantum Theory Project, University of (25) Watts, R. JComments Inorg. Cheni991, 11, 303. Maestri, M.;
Florida, Gainesville, FL. ZINDO 96.0: Molecular Simulations, San Diego, Balzani, V.; Deuschel-Cornioley, Ch.; von Zelewski, Adv. Photochem.
CA. 1992 17, 1.
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MO=172 E=-10.857 MO=175 E=-11.100

Figure 3. Orbitals defining thé/a, coupling in compoun@. For sake of simplicity2 has been drawn in a “flat” conformation, which does not alter
gualitatively the shape of the orbitals.

E (V) : E (V)
A A
11+
Ru (-11.23) ——— 4 7
C
¢ -4 =8
-12 + 4 9
Ru (-12.5
8 (125 - -10
Ru (2g) —_— 11
-13 .
N - .
N 12
EXT. HUCKEL ZINDO

Figure 4. Positions of the Ru(4d) orbital energies with respect to C(2p) and N(2p), from exteridé@|Hieft) and ZINDO (right). In the case
of ZINDO, a sampling of energy levels taken from the Fock matrix is given, since all orbitals of the same kind no longer have the same energy.
Although the energy scales are different, the relative positions of orbitals can be compared (see text).

some transfer of electron density on the metal with a concomi- behavior, and thus, in the following, the possiblesffect of

tant increase of the ruthenium orbitals energies. This is indeedC~ on ruthenium energies will be neglected.

Suggested by the shift in the electrochemical redox potential of A detailed examination of molecular orbitals of Comp@x

the ruthenium(lI/I1l) couple, which decreases by ca. 0.7V upon reveals that ruthenium 4d orbitals have indeed mixed more
substitution of N by C.2° Such an orbital shift shoulde- efficiently with the ligand HOMO than with the LUMO. This
creasethe mixing of metal orbitals with the ligand HOMO but, jg consistent with the appearance of an intense and low-energy
on the other hand, would increase the mixing with ligand ligand-to-metal charge-transfer transition (LMCT) when the
LUMO. However, as explained above, increasing the energy .ompjey is oxidized to the ruthenium(lll) sta®.When com-

of ruthenium(4d) orbitals does not reproduce correctly the gross paring the molecular orbitals @and in the corresponding free

(26) Beley, M.; Coliin, J-P.; Sauvage, J.-Rorg. Chem.1993 32, bridging ligand, the interaction can be rationalized as follows
4539-4543. (see Figure 6): the twoxgdorbitals of the ruthenium atoms,
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27

E (eV)
-9 L |
bag (76) o
b (77)
bag (78) 3u (77)
10 L x 1
b3u(79)
-11 J
Ru(4d)
-12 —4 .
bag (83) —H—
T
n b (89) —H—
_H_ b3u (89)
-13 b bag (90) .

Figure 5. Respective energetic positions of the ligandndz* MO
in 1 and2 and of the ruthenium (4d) orbitals. The diagram is limited
to bpg and by orbitals.

1 2 v
Wo2g
¥b3u b2g (83)
—H— /—Hbisu(w)
+
Ruz (mixed ligand
valence state) n  orbitals

Figure 6. Interaction of theWy,y and Wy3y Symmetry combinations
with ligands orbitals. The scheme corresponds to the case of compound
2, but energies are not to scale.

which have the right symmetry to interact with thesystem of
the ligand, can be combined, taking into account the molecular
symmetry Da,) to give

dA +d%) (1)

f

dA + d%) 2)

f

Patoux et al.

Figure 7. Shape of the HOMO in [(tpy)Ru(dpb)]

with the metal combinations (1) and (2) are different and a
splitting of the final levels results (Figure 6).

Another way to interpret the electronic coupling is to consider
the properties of a [(tpy)Rifdpb)I™ fragment (dpb= dipy-
ridylbenzene), i.e., one-half of molecu®e Since ruthenium-

(I1) (tzg®) has an electron pair available for back-bonding with
dpb, it is formally analogous to a donor substituent such as
—NH,. Thus the HOMO of this fragment is essentially @ d
orbital with some contributions on the phenyl ring in ortho and
para positions (see Figure 7; note that there is almost no
contribution from the lateral pyridine rings). Incidentally, this
electronic structure explains nicely the formation mechanism
of 2 from [(tpy)Ru'(dpb)": since it is formed upon oxidative
coupling/-?6we may assume that the oxidation of Ru(ll) to Ru-
(1) generates appreciable unpaired electron density at the para
position, so that a radical coupling occurs associated to a
deprotonation process. Returning now to the mechanism of
electronic interaction, when two fragments such as [(tp}}Ru
(dpb)]t are associated to give, the previous HOMOs can
combine across the centraHC bond in either a bonding or
antibonding way, which gives the orbital splitting defining the
Vap coupling (see Figure 3).

A consequence of this interpretation is that thg coupling
should be determined by the HOMO coefficient in the para
position for the [(tpy)RU(dpb)[" fragment. In fact, we found
that a qualitative study at the simplée ' ekel level of the effect
of substitution on an aromatic ring could explain the main trends.
A very simple model simulating the consequences of cyclo-
metalation is thus the following: we start from a pyridine ring
with a heteroatomic substituent attached to the nitrogen atom
(see Figure 8). To the heteroatom (playing the role of
ruthenium) we first assign a Coulomb integral equal to that of
carbon. When replacing N by C, i.e., going from a pyridine
complex to an organometallic compound, it is found that the
coefficient of the HOMO at the para position does not change.
If how we move downward the Coulomb integral of the
heteroatom to 0.5 (i units), the replacement of N by C
produces a much larger effect (Figure 8), the electron density
at the para position being multiplied by ca. 2.8hus, the

At this stage, due to the large distance between the rutheniumparticular properties of cyclometalated complexes with re-
sites, the direct metalmetal coupling is very small and the spect to terpyridyl complexes come from the fact that the
orbital splitting between the above symmetry combinations is ruthenium orbitals are slightly below C(2p) orbitalsSince in
practically zero. However, their interaction with ligand orbitals the extended Htkel method C(2p) orbitals are located-at1.4
of the same symmetry lifts the degeneracy. In particular, the eV, it is now clear why ruthenium orbitals should be located at
free ligand exhibitst orbitals with kg (no. 83) and k, (no. 89) —12.5 eV rather that-11.23 eV to reproduce the experimental
symmetries at markedly different energies. Thus, their mixings behavior. This stresses again that the major interaction is
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C?=0.034(0) C* = 0.054(C) Figure 9. Corrected spectrum of the mixed valence form7ofith
Figure 8. Simple Hickel model showing how much electronic effects ~deconvolution in two bands. The band at 800 nm is assigned to the
are transmitted in the para position. The heteroatom simulates ruthe-ferricinium chromophore present in the mixed valence species, while
nium. The square of the HOMO coefficient is given for two values of the intervalence band is the weak and broad band culminating near
the heteroatom Coulomb integral. 900 nm.

between ruthenium orbitals and the filled orbitals of ligands. and the metatmetal distance amounts to 24 A. The interva-
Recent work reported by Crutchley et al. shows the efficiency lence transition appears as a very broad tail on the edge of a
of this kind of interaction to promote strong metahetal nearby charge-transfer transition (Figure 9), but deconvolution
coupling?” A similar effect could explain the strong metal ~ Was possible and yielded,, = 0.028 eV (Table 2). To our
metal coupling observed in ruthenium complexes of the “bis- knowledge, this is one of the intervalence transitions involving
pincer” family, where “pincer= bis((dimethylamino)methyl)- electron transfer over the longest distafteThe theoretical

aryl moiety28 Vap value (0.021 eV) is close to the experimental one.

(i) Effect of the o-Aryl Position. Expanding now the Incid_entally, this vz_alue was found to _be independent of the
theoretical interpretation to the other compounds, we note in detailed conformation, provided the dihedral angles between
Table 2 that mosVa, couplings are correctly reproduced by Phenylene rings were kept at the same value.
the extended Fikel calculation with Ru(4d) at-12.5 eV. (iv) Meta Connection (8). In the same spirit as above, the
Logically, for 3, the coupling is found to be the same as for cyclometalated structure _of tyman be used to prpbe electron
because the carbon atoms are on the terminal ligands5,For transfer across a phenyl ring with a meta connection (compound
the coupling is found intermediate between thosd. @ind 2, 8). Initially, structure8 was devised to test the possibilities of
since there is only one carbon on the bridging ligand. In the controlling eIecFron transfer by sun'able substitutions on the
case of4, the calculation predicts almost no change with respect central phenyl ring. The observady is the smallest reported
to 1, which agrees with intuition because the carbon atoms are in Table 2 (0.018 eV), with again a rather good agreement with
on the terminal ligands. But the experimental value shows a the theoretical value.. A parallel experlmenta] and theoretical
noticeable increase (see Table 2). This disagreement betweer$tudy performed on diferrocenylbenzeffesxplains the weak-
experiment and calculation could be due to subtle effects not Ness of the interaction.
reproduced at the extended tkel level. Alternately we may
consider an experimental artifact becausd the intervalence
transition occurs at a particularly long wavelength with a large  The present study has shown that the best structure for a high
bandwidth. metat-metal coupling is the one in which the terminal com-

Compound6 has been recently described by Constable and plexing unit is of the dpb type, i.e., with the carbon atom
Cargill Thompsor?. No intervalence band has been reported, located on the metaimetal C; axis of the molecule. This is
but we can compute ¥, coupling of 0.041 eV, which is close  logical since quantum calculations show that the interaction is
to the computed value fot. Since most of the electronic  transmitted along the most direct path, i.e., by mixing mainly
interaction is transmitted through the aromatic ring located on with the central rings located between the metal atoms. The
the C; axis of the molecule, it is not surprising that substitution experimentaV, values and their variations with N/C substitu-
on a lateral ring has a very small effect on the coupling. tion are correctly reproduced by extendetickel calculations,

(iii) Very Long Distance Intervalence Electron Transfer provided that Ru(4d) energies are empirically adapted to a
(7). Since the best structure for efficient transmission of electron slightly different value with respect to published figures. This
interaction is2, we have expanded the previous cyclometalated adjustment can be at least qualitatively justified by semiempirical
serie§ by studying compound, in which three phenylene calculations (INDO). In addition, extended kel calculations
grc_)ups are mt_ercalated between the dlpyrldylphenyl_termlnal (29) Intervalence transitions over comparable distances have been also
units. Ruthenium atoms are separated by a total of five rings, observed with organic mixed valence systems (Bonvoisin, J.; Launay, J.-

P.; Rovira, C.; Veciana, Angew. Chem., Int. Ed. Engl994 33, 2106~
(27) Rezvani, A. R.; Bensimon, C.; Cromp, B.; Reber, C.; Greedan, J. 2109), but in organic redox sites, the definition of distance is not as clear

Conclusion

E.; Kondratiev, V. V.; Crutchley, R. Jnorg. Chem1997, 36, 3322-3329 as here because the initial and final wave functions are delocalized on more

and references therein. than one atom. A recent example by Lehn et al. describes an intervalence
(28) Sutter, J.-P.; Grove, D. M.; Beley, M.; Collin, J.-P.; Veldman, N.; transition over a similar distance (24 A) in a bimetallic sysfém.

Spek, A. L.; Sauvage, J.-P.; van Koten, &gew. Chem., Int. Ed. Engl. (30) Patoux, C.; Coudret, C.; Launay, J.-P.; Joachim, C.; Gourdon, A.

1994 33, 1282-1285. Inorg. Chem.1997, 36, 5037-5049.
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allow the “mapping” of the crucial orbitals defining the coupling,

leading to a better understanding of the mechanism of interac-

tion. Finally, for the most favorable structure, an intervalence

Patoux et al.

4H, 8 Hz), 7.91 (dd, 2H, 6 and 1.8 Hz), 7.83 (dd, 2H, 8 and 1.8 Hz),
7.38 (dd, 2H, 8 and 1.2 Hz), 7.31 (dd, 2H, 8 and 1.2 Hz). M%¥z=
463 (GiH21Ns requires 463).

transition has been observed for a particularly long distance (24 Bis(2,2-dimethyltrimethylene)-4,4'-terphenylylenediboronate (9)

A), the main limitation for larger distances being the increased
mixing with a nearby charge-transfer transition.

Experimental Section

Instrumentation. 'H NMR spectra were acquired on a Bruker
WP200 SY instrument. Mass spectra were obtained by using VG ZAB-
HF and Thomson THN 208 mass spectrometers.

Starting Organic Compounds. 3,5-Dibromobenzaldehyd@,4'-
tolyl-2,2':6',2"-terpyridiné? (ttpy), 4-bromo-2,2:6',2"-terpyridiné®
(tpy-Br), 3,5-dipyridylbenzerfe(dpbH), and 1-bromo-3,5-dipyridyl-
benzen& (dpbH-Br) were prepared according to literature procedures.

1,3-Dibromo-5-terpyridylbenzene. 3,5-Dibromobenzaldehyde (6.3
g, 23.8 mmol), 2-acetylpyridine (5.8 g, 47.7 mmol), ammonium acetate

(27.3 g, 0.34 mol), and acetamide (42 g, 0.7 mol) were heated at reflux

(160 °C) for 2 h. The solution was then allowed to cool to 11D,
and aqueous NaOH (20.7 g in 45 mL of®) was added over 15 min.
The mixture was again heated at reflux (%) for 2 h, then allowed

to cool until a black precipitate solidified. The supernatant was

tert-Butyllithium (15 mmol, 1.5 M solution in pentane) was added under
argon to a stirred solution of 4,4ibromoterphenyl (1.5 g, 3.85 mmol)

in THF (50 mL) at—78°C. After 1 h, the mixture was warmed to O
°C for 30 min, then cooled te-78 °C. The green suspension was
added via cannula to a solution of trimethylborate (0.8 g, 7.7 mmol) in
THF at —70 °C. Stirring was continued for 15 h and the mixture
allowed to warm to room temperature overnight. The yellow mixture
was poured over ice (20 g), and then 2 mL ofS8, was added.
Following removal of the THF, the diboronic acid was precipitated by
addition of concentrated HCI. The product obtained was added to a
solution of 2,2-dimethyl-1,3-propanediol (0.3 g, 2.8 mmol) in benzene
and heated under reflux under a Ded&tark head. After 2 h,
evaporation of the benzene gave the diboronate as a pale yellow solid.
It was recrystallized from a hexan¢oluene mixture (390 mg, 22%).

IH NMR (200 MHz, CDC}): 6 7.89 (d, 4H, 8.2 Hz), 7.70 (s, 4H),
7.64 (d, 4H, 8.2 Hz), 3.79 (s, 8H), 1.04 (s, 12H). Anal. Calcd for
CosH3B:04: C, 74.0; H, 7.1; B, 4.7. Found: C, 76.0; H, 7.5; B, 4.1.
MS: m/z = 454 (GgH3:B.04 requires 454.2).

Bis(2,2-dimethyltrimethylene)-1,3-phenylylenediboronate (10).

decanted. The black residue was washed with water, then extractedThis compound was prepared following the method described by Cootts

with CH.Cl; and filtered. The filtrate was evaporated to dryness to

leave a black tar, which was preadsorbed on alumina and subjected to

columm chromatography on alumina with 5%@&tn hexane and 10%

et al¥®
IH NMR (200 MHz, CDCl): 6 8.35 (s, 1H), 7.83 (d, 2H, 9 Hz),
7.34 (t, 1H, 9 Hz), 3.77 (s, 8H), 1.02 (s, 12H). MSvz = 302.

Et:O in hexane as eluents, to give 1.35 g of impure product. The impure (C,H,4B,0, requires 302).

ligand was dissolved in Ci€l, (30 mL), and a Mohr salt [FeS{NH,)--
SOy-6H,0] aqueous solution (0.54 g in 10 mL of,8) was added.
The violet solution was stirred for 10 min and &, removed. A
solution of KPFE (0.5 g in 10 mL HO) was added. The resulting
precipitate was filtered and then dissolved in N (20 mL) and
toluene (100 mL). The volume was reduced to 50 mL to give a
precipitate which was filtered and washed with toluene (40 mL) and
pentane (40 mL) to leave 1.26 g of purple crystals. The ligand was
then decomplexed from the iron by heating the purple product with a
mixture of CHCN (50 mL) and aqueous NaOH (50 mL, 1M) at 4D

for 10 mn. The CHCN was removed and the remaining aqueous
suspension filtered. The solid was washed with water (40 mL) and
recrystallized from CEHCI/EtOH to give 0.87 g (8%) of an off-white
powder.

IH NMR (200 MHz, CDCl,): 8 8.72 (d, 2H, 1.5 Hz), 8.64 (s, 2H),
8.65 (d, 2H, 8 Hz), 8.02 (d, 2H, 2 Hz), 7.86 (dd, 2H, 8 and 1.2 Hz),
7.79 (t, 1H, 2 Hz), 7.39 (dd, 2H, 8 and 1.2 Hz).

1,1-Dipyrido-5-terpyridylbenzene (tpy-dpbH). tert-Butyllithium
(2.14 mmol, 1.5 M solution in pentane) was added to a stirred solution
of 2-bromopyridine (0.17 g, 1.07 mmol) in THF (5 mL) over 6 min at
—78°C. The resulting yellow solution was stirred a8 °C for 20
min, and ZnC{§ (0.145 g, 1.07 mmol, predried under vacuum at 150
°C for 2 h) was added in one batch. The mixture was then allowed to
warm to room temperature to give a red solution. 1,3-Dibromo-5-
terpyridylbenzene (0.1 g; 0.214 mmol) and Pd (BP{0.025 g, 0.02
mmol) were added, and the mixture was heated to reflux for 66 h. The
solvents were removed, and the residue was stirred witlOQGH10
mL) and aqueous KOH (5 mL, 2 M) for 30 min, after which the layers
were separated and the aqueous phase again extracted wi€i,CH

Complexes. P 2,7 48 7,10 and 8'° were prepared as described
previously. 3 was prepared by following the method described by
Constable et al. fod.2 Homocoupling of (dpb)Ru(tpy-Br)in the
presence of a Niphosphine complex and Zn dust in DMF affordgd
in 77% yield.

IH NMR (200 MHz, CQCN): 6 9.95 (s, 4H), 8.83 (d, 4H, 7.9 Hz),
8.32 (d, 4H, 7.6 Hz), 8.20 (d, 4H, 7.9 Hz), 7.85 (ddd, 4H, 7.9, 7.9 and
1.4 Hz), 7.67 (ddd, 4H, 7.9, 7.9 and 1.4 Hz), 7.52 (t, 2H, 7.6 Hz), 7.16
(m, 12H), 6.72 (dd, 4H, 6 and 6 Hz). FAB-MS (nitrobenzyl alcohol
matrix): mPR~ = 1275 (G:H2N10RWPF; requires 1275).

(dpb)Ru(tpy-Br)(PFe) (11). This precursor was prepared in the
same manner as for the analogous compound (dpb)Ru(ttpy)fRFm
Ru(tpy-Br)Ck and dpbH in 66% yield.

1H NMR (200 MHz, CQCN): ¢ 8.95 (s, 2H), 8.42 (d, 2H, 8 Hz),
8.25 (d, 2H, 8 Hz), 8.13 (d, 2H, 8 Hz), 7.70 (ddd, 2H, 7.5, 7.5 and 1.5
Hz), 7.60 (ddd, 2H, 7.5, 7.5 and 1.6 Hz), 7.45 (t, 1H, 8 Hz), 7.13 (d,
2H, 4.7 Hz), 7.00 (m, 4H), 6.64 (ddd, 2H, 7.5, 7.5 and 1.4 Hz). FAB-
MS (nitrobenzyl alcohol matrix): PR~ = 646 (GiH21NsBrRu
requires 646).

(dpb)Ru(tpy-dpbH)(PFe) (12). A mixture of RuCh (PPh); (0.108
g, 112umol) and dpbH (26 mg, 112mol) in n-BuOH was refluxed
under argon for 3 h. Ether (20 mL) was added to the cooled reaction
mixture. The brown precipitate obtained was discarded by filtration.
The filtrate was evaporated to dryness and the residue dissolved in
EtOH (40 mL). To this solution was added the ditopic ligand tpy-
dpbH (52 mg, 112«mol). The reaction mixture was refluxed under
argon for 3 h. After evaporation of EtOH, the residue was dissolved
in CH3;CN (20 mL) and treated with an aqueous solution of KRF2

(40 mL). The extracts were combined and the solvent removed. The g in 40 mL). The precipitate obtained was washed with water (20
residue was then preadsorbed on alumina and subjected to columnmL) and toluene (20 mL). The complex was purified by silica gel

chromatography on alumina with an,©t-hexane mixture (50:50) as
the eluent to give a white powder (25 mg, 25%).

IH NMR (200 MHz, CDCl,): o 8.88 (s, 2H), 8.77 (t, 1H, 1.66
Hz), 8.75 (m, 4H), 8.69 (d, 4H, 8 Hz), 8.55 (d, 2H, 1.66 Hz), 7.99 (d,

(31) Chen, L. S.; Chen, G. J.; Tamborski, €.Organomet. Cheni981,
215, 281.

(32) Callin, J.-P.; Guillerez, S.; Sauvage, J.-P.; Barigelletti, F.; De Cola,
L.; Flamigni, L.; Balzani, V.Inorg. Chem.1991 30, 4230-4238.

(33) Constable, E. C.; Ward, M. . Chem. Soc., Dalton Tran$99Q
1405-1409.

(34) Beley, M.; Chodorowski, S.; Collin, J.-P.; Sauvage, Jerahedron
Lett. 1993 34, 2933-2936.

chromatography eluting with a mixture of GEN and an aqueous
solution of KNG; (96:4, KNG; 0.5 M) (64 mg, 62%).

14 NMR (200 MHz, CQCN): 6 9.1 (s, 2H), 8.93 (t, 1H, 1.6 Hz),
8.83 (d, 2H, 1.6 Hz), 8.74 (d, 2H, 6 Hz), 8.55 (d, 2H, 8 Hz), 8.1 (m,
6H), 7.95 (ddd, 2H, 7.5, 7.5 and 1.4 Hz), 7.66 (ddd, 2H, 7.5, 7.5 and
1.4 Hz), 8.75 (ddd, 2H, 7.5, 7.5 and 1.4 Hz, 7.46 (t, 1H, 8 Hz), 7.40
(ddd, 2H, 7.5, 7.5 and 1.4 Hz), 7.09 (d, 4H, 6 Hz), 6.92 (t, 2H, 8 Hz),
6.63 (t, 2H, 8 Hz). FAB-MS (nitrobenzyl alcohol matrixyn-PF =
795.8 (G7H32N7Ru requires 796).

(35) Cootts, I. G. C.; Goldschmid, H. R.; Musgrave, O.X.Chem.
Soc. C197Q 488-493.
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(dpb)Ru(tpy-dpbRutpy) (PFe)2 (5). A mixture of Ru(tpy)Ct (44
mg, 100umol) and AgBFR (59 mg, 30Qumol) in acetone (10 mL) was
refluxed fa 2 h under air. After filtration, the solvent was evaporated
and the mauve residue was dissolvechiBuOH (10 mL). To this
solution was added (dpb)Ru(tpy-dpbH)@PF83 mg, 88umol), and
the solution was heated at 10@, under argon, for 7 h. After
evaporation oin-BuOH, the residue was redissolved in HN (20
mL) and treated with an aqueous solution of KF8.2 g in 40 mL).

J. Am. Chem. Soc., Vol. 120, No. 1537258

length) with Teflon tubing by a syringe suction system. After spectrum
recording, the solution was transferred back in the electrochemical cell
and the electrolysis was resumed. YWs near-IR were recorded using
a Shimadzu UV-PC 3101 spectrophotometer.

In a typical experiment, ca. 10 spectra were recorded in the course
of oxidation of a Ru(Il)-Ru(ll) complex to the Ru(lll-Ru(lll) state.
This allowed an accurate location of the half-oxidation point, corre-
sponding to the maximum concentration of the mixed valence species,

The precipitate obtained was washed with water (20 mL) and ether in equilibrium with fully reduced and fully oxidized species. The initial,

(20 mL). The complex was purified by silica gel chromatography £SiO
CHsCN—aqueous KN@ mixture). After anionic exchangey was
obtained as a black powder (60 mg, 48%).

IH NMR (200 MHz, CxCN): 6 9.46 (s, 2H), 9.14 (s, 2H), 8.80 (d,
2H, 8 Hz), 8.74 (d, 2H, 8 Hz) 8.170 (m, 2H), 8.50 (t, 4H, 8 Hz), 8.34
(t, 1H, 8 Hz), 8.00 (d, 2H, 8 Hz), 7.80 (m, 6H), 7.65 (ddd, 2H, 7.5, 7.5
and 1.4 Hz), 7.40 (d, 2H, 8 Hz), 7.23 (m, 9H): 7.04 (ddd, 2H, 7.5, 7.5
and 1.4 Hz), 6.76 (ddd, 2H, 7.5, 7.5 and 1.4 Hz), 6.61 (m, 2H). FAB-
MS (nitrobenzyl alcohol matrixin-PR~ = 1275 (GzHaN10RWw: PR
requires 1275).

(ttpy)Ru(dpb-Br)(PF¢) (13). This compound was synthesized as
described for (dpb)Ru(ttpy)(RF from Ru(ttpy)Ck and dpbH-Br in
78% vyield.

'H NMR (200 MHz, CxCN): 6 8.99 (s, 2H), 8.56 (d, 2H, 8.2 Hz),
8.41 (s, 2H), 8.14 (m, 4H), 7.90 (m, 6H), 7.14 (m, 4H), 7.01 (td, 2H,
5.7 and 0.7 Hz), 6.71 (td, 2H, 5.7 and 1.6 Hz), 2.51 (s, 3H).

Electrochemistry. Cyclic voltammetry was performed with an

final and half-oxidation spectra were then combined, taking into account
the comproportionation constant, to give the corrected spectrum of the
mixed valence species. The corrected spectrum was then deconvoluted
into Gaussian bands using a procedure already desciib&thally,
the metal-metal coupling was computed from Hush’s equafion.
Molecular Modeling and Quantum Chemical Calculations.
Molecular geometry was optimized using the Cerius2 packaga.
modification of the Dreiding 2.21 force field was used, with-Rv
bonds and RtC bonds defined b, = 700 kcal mot! A-2 and Ry
=2.04 A (N)or2.02 A (C). A cosine harmonic terrig(= 90°, K =
400 kcal) around ruthenium was introduced to avoid artifactual
distortions (bending) of the ligands. In the case2pffter mimimi-
zation, the central €C bond was fixed at the crystallographic value
(1.51 A)? Extended Hukel calculations were performed with the
CACAO program of Mealli and Proserpfd. Ruthenium parameters
were taken from Tatsumi and Hoffmadhwith initially the Ru(4d)
orbitals located at-11.23 eV. This value was slightly modified during

Electromat 2000 system (ISMP Technologie) using a platinum wire as this study, as explained above. Electronic coupling valieg (vere
the working electrode and a saturated calomel electrode as the referencebtained by the “dimer splitting” methdd,i.e., from the splitting

electrode. The solvent was acetonitrile, containing 0.1 M tetrabutyl-

between two molecular orbitals with high weights on ruthenium atoms

ammonium hexafluorophosphate as the supporting electrolyte, and theand different symmetries (Figure 3). A correction (according to eq 4

standard scan rate was 0.1 V's Current potential curves were
recorded with a rotating platinum disk electrode (Metrohm). Dif-

ferential pulse voltammetry was performed with the same equipment,

using a 48-mV pulse with a width of 50 ms and with 0.37 s between

of ref 38) was used for the nonsymmetrical sys&nfor which Va, is
not directly one-half of the orbital splitting. ZINDO calculatidha/ere
performed on closed shell [Ru(tRu(ll)] molecules using %l
ionization potentials anlq = —15.0 eV for ruthenium, as advocated

pulses. Positive feedback ohmic drop compensation was used, theby Broo and Lincolr#®

solution resistance being determined by current interruptidg?, the

difference in standard potentials for the two electrochemical processes,
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K.= exp( RT )
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