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From the reactions between Mo,(0,CBu), and each of terephthalic acid and 4,4'-azodibenzoic acid, the compounds
[MOZ(OZCtBu)3]2(‘ll'02CC6HACOZ) (1) and [MOz(OzctBU)3]2(/l-OZCC5H4N2C5H4C02) (2) have been made and
characterized by spectroscopic and electrochemical methods. Their electronic structures have been examined by
computations employing density functional theory on model compounds where HCO, substitutes for ‘BuCO,. On
the basis of these studies, the two Mo, units are shown to be only weakly coupled and the mixed-valence ions 1+
and 27 to be valence-trapped and Class Il and I, respectively, on the Rohin—Day classification scheme for mixed-
valence compounds. These results are compared to ty®-Ru centers linked by 1,4-dicyanamidobenzene and azo-
4.4'-diphenylcyanamido bridges for which the mixed-valence ions [Ru—bridge—Ru]>* have been previously classified
as fully delocalized, Class Il [Crutchley et al. Inorg. Chem. 2001, 40, 1189; Inorg. Chem. 2004, 43, 1770], and on
the basis of results described herein, it is proposed that the latter complex ion is more likely a mixed-valence
organic radical where the bridge is oxidized and not the Ru(2+) centers.

the Creutz-Taube ion inspired and attracted numerous

Electron transfer and electron delocalization via a bridge chemists to this field of study. O the many mixed-valence
9 complexes in well-defined coordination environments, the

connecting two redox-active metal centers are closely relatedR W' —bridge-Ru!" and related.45—bridge—tz,® systems have
phenomena that permeate numerous chemical, physical, an?emained the object of significant attenti?)%g:nCompounds

. . s . ;
b'0|09'cal. systems. Th_e SIUdY of the interaction of two lose to the Class Il/lll border, which is crossed on going
redox-active and otherwise equivalent metal centers separatet?

. X S . . . rom strongly coupled to fully delocalized, are still a major
by a bridge has a history in inorganic chemistry spanning 213
the past four decades. Prominent among these studies wer(faocuS of current.researcﬂfi.v A -
those involving the CreutzTaube ion [(NH)sRU-pz- From all of thls work_, two general pnnmples pertaining
Ru(NH)gJ5. Although prepared in 1968he CreutzTaube to the electronic coupling of two redox-active centers, be
ion was not.recognized as an example of a fully delocalized thgy inorganic metal (?enters or organic rad!cals, become
compound (Class IIT)until 199152 It is fair to state that ewdent:. Q) as'the distance of the bridge increases, the

' electronic coupling decreasé$® and (2) for a two-state

model, the electronic coupling is a measure of the sum of
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general, however, one situation dominates, either electron Our own work in the area of electronic coupling between

transfer or hole transfer.

Inspired by the work of Tour et al. on enhancing the
electrical conductivity of polythiophenes by employing
alternating donoracceptor units in the chai§,Crutchley
and co-workers prepared the 4aro-di-phenylcyanamido
(u-adpc)-bridged diruthenium compound [(trpy)(bpy)Ru]
(u-adpc)(Pk). where trpy= 2,2:6',2"'-terpyridine and bpy
= 2,2-bipyridine!®2° The mixed-valence analogue of this
compound is depicted ird below. This compound is unique

3+
(trpy)(bpy)Rus

N
G
N_Q N\N—Q N\QN

Ru(troy) (opy)

o

3+

(NH3)sRus

N
Ru(N Hz)s

among the whole family of Rlu-bridge—Ru" mixed-valence
compounds, being classified as fully delocalized in its mixed-
valence state for metal atoms separated>#0 A. The
magnitude oK. = 1.3 x 10'3, determined electrochemically
from the separation of its first and second oxidation waves,
can be compared witk; = 2.7 x 10 for the relateck-1,4-
dicyanamidobenzene-bridged comgfe3) and theK,
16 observed for the weakly coupled mixed-valence ion
[(NH3)sRul(u-bp)**, where bp~ = 4,4-biphenyldicyana-
mide (y).%?

The adpc mixed-valence o) also showed a strong (
A~ 7000 M1 cm™1) absorption in the near-IR at 1800 nm
(5560 cntl) in acetonitrile solvent, which was assigned to
the IVCT transition. For a Class Ill fully delocalized system,
this gives H, = 2780 cm! which again is exceptionally
large for two Ru centers separated by 19.5 A.
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metak-metal (My) quadruply bonded units lead us to pre-
pare and compare the properties of the .,Mpadruply
bonded species linked by terephthalatefO&CsH,—CO,)?",

and 4,4-azodibenzoate, ({8—CgHs—N=N—CgH,—CO,)*>"
(adl?"). The latter carboxylate contains the corgHg—N=
N—CgH, of the adpé&™ unit, while the former can be viewed
as the control complex where only a small degree of
electronic coupling is expected.

Experimental Section

Synthetic Methods. All manipulations were performed under
an inert atmosphere (argon or nitrogen) using Schlenk and drybox
techniques. THF was dried via reflux over sodium/benzophenone;
toluene and hexanes were dried by reflux over sodium metal. All
solvents were then stored aveA molecular sieves and vigorously
degassed to remove oxygen. TldgFwas dried over sodium metal,
degassed by freezgoump-thawing, and stored ovet A molec-
ular sieves. DMSQls was dried by storing over molecular sieves
and degassed by freezpump—-thawing. The starting material
Mo,(O,C'Bu), was prepared according to literature meth&ds.

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) studies were performed with a Princeton Applied Research
(PAR) Model 173A potentiostatgalvanostat equipped with a PAR
176 current-to-voltage converter. A standard three-electrode cell
was utilized in a nitrogen-filled drybox. The working electrode was
a 1 mm polyethylether ketone (PEEK) platinum electrode purchased
from BAS, while platinum wire was utilized as the auxiliary
electrode. A pseudo-reference electrode was freshly prepared prior
to each experiment by placing a silver wire in either 0.05 M
TBABATF24/THF (TBA = [nBUN]4, BArF,, = [B{CeHg(CF3)2}4],
vide infra) or 0.05 TBAPETHF solution. TBAPE was purchased
from Aldrich and used after four recrystallizations from hot ethanol
or until scans of the electrolyte solution showed the absence of
any impurity peaks in the potential window. Cyclic voltammograms
were acquired at a scan rate of 500 mV while differential pulse
voltammograms were acquired at 36 m\A.sAll potential values
were referenced to the Fe@ipeCp™ couple, obtained by adding
a small amount of ferrocene to the sample after each experiment.

UV —visible spectroscopic studies were performed using a Perkin-
Elmer Lambda 19 UVW-vis—NIR absorption spectrometer. Spectra
were obtained using a quartz cell tvia 1 mmpath length modified
for use with air-sensitive compounddd NMR spectra were
recorded on either Bruker DPX-250 or DPX-400 spectrometers at
250 and 400 MHz, respectively.

Matrix-assisted laser desorption ionization (MALDI) mass spectra
of all [M ], complexes were performed at OSU’s Campus Chemical
Instrument Center (CCIC) using a Bruker Reflex Il MALDI-TOF
spectrometer. Samples were mixed with a dithranol matrix to aid
in the effective ionization of the molecules. All complexes were
kept under an inert atmosphere. Electrospray ionization (ESI) was
performed with a Micromass Q-TOF Il mass spectrometer with an
auto-injector. Samples were prepared in a 9:11 mixture of THF/
methanol with Nal as an internal standard.

Synthesis of 4,4Azodibenzoic Acid. 4,4-Azodibenzoic acid
was synthesized according to a revised literature procédui®e.

A 500 mL round-bottom flask was charged with 7.0 g of
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4-nitrobenzoic acid. Approximately 100 mL of a 400 M NaOH placed in a freezer for 24 h, and the solid was filtered, washed
solution was added to the organic acid, and the round-bottom flask three times with ca. 30 mL of pentanes, and dried in vacuo. Purity
was heated to ca. 70C on a hot water bath. A separate 250 mL was gauged by the compound’s appearance (snow white), as well
round-bottom flask was charged with 60 g of glucose, which was as the absence of any impurity peaks in the CV spectral window.

dissolved in 100 mL of water. The glucose solution was heated to
ca. 70 to ensure complete dissolution. The glucose solution was
then added slowly to the NaOH/4-nitrobenzoic acid mixture,
whereupon a bright yellow precipitate formed. Further addition of
the glucose solution resulted in the precipitate turning brown.
The resulting solution had a stream of oxygen drawn through it

Computational Details. Electronic structure calculations were
performed using density functional theory (DFT) as implemented
in the Gaussian 03 suite of prografisThe B3LYP exchange
correlation function&P~32 along with the 6-31Gbasis séf (with
5d functions) was used for H, C, O, and N, along with the SDD
energy-consistent pseudopotential for Ru and 3¥&eometry

for 4 days. The precipitate was then filtered and washed with three optimizations on the formate model complexes [(H§zM0,],-

50 mL aliquots of cold water and dissolved in 300 mL of hot water. (¢-adb) and [(HCQ)sMoy],(u-0,CCH4CO,) were performed under
The solution was acidified with acetic acid, whereupon a pink solid Cz» and D, symmetry, respectively. The free ligand a#ipavas
precipitated. The crude organic acid was then purified by stirring geometry-optimized irC,, symmetry. All complexes were found

in 158 mL of a 1.0 M ammonium hydroxide solution for at least to be minima on their respective potential energy surfaces through
30 min, or until most of the solid had dissolved. The solution was Vibrational frequency analyses. Electronic absorption spectra were
filtered, and the remaining solid discarded. The mother liquor was predicted using the time-dependent density functional theory
acidified with acetic acid, and then enough concentrated HCl was (TD-DFT) method as implemented within Gaussian 03 using the
added to make the solution 10% HCI by volume. The solid was default optimization criterid>37 All geometry-optimized coordi-
filtered, and the purification process was repeated with the nates are given in the Supporting Information. A single-point energy
remaining solid. The purified acid was washed with three 50 mL calculation with tight SCF convergence criteria was performed for

aliquots of cold water, followed by three 50 mL aliquots of diethyl
ether. The acid was dried in vacuo at ca. € Yield: 2.45 g.
Anal. Calcd for G4H1004N5: C, 62.22; H, 3.73; N, 10.37. Found:
C, 61.26; H, 3.72; N, 10.05H NMR (DMSO-ds, 250 MHz): ¢
8.13 (d, 4Hx,3J = 8.43 Hz), 7.97 (d, 4,2 = 8.43 Hz) ppm.
ESI-TOF: Calculated monoisotopic MW: 270.26 {M Found:
270.06m/z.

Synthesis of [(BUCO2)3Mo0],(u-O,CCeH4CO,), 1. This com-
pound was prepared in an analogous mannerBu{0;,)sMoy)] -
(u-adb) from Mg(O,C'Bu), (0.800 g, 1.34 mmol) and terephthalic
acid (0.111 g, 0.668 mmol). An orange powder was isolated via
centrifugation. The powder was washed six times with ca. 30 mL
of toluene, and three times with ca. 30 mL of hexanes. The com-
plex was dried in vacuo at 80C and isolated as an orange
powder. Yield: 0.699 g (91%) Anal. Calcd forglsgO16M0o,4: C,
39.53; H, 5.06. Found: C, 37.91; H, 4.9H NMR (THF-ds, 400
MHz): 6 8.34 (s, 4H),0 1.43 (s, 18H),0 1.39 (s, 36H) ppm.
MALDI-TOF: Calculated monoisotopic MW: 1154.62 (M
Found: 1153.00wz The low carbon count in the elemental analysis
is accounted for by the presence of higher-order oligomers. This
was verified by MALDI-TOF mass spectrometry, which revealed
the presence of small quantities of bridged chains.

Synthesis of [(BuCO,)sMo],(«-adb), 2.A 50 mL Schlenk tube
was charged with 4;4azodibenzoic acid (0.146 g, 0.538 mmol)
and Mg(O,C'Bu)4 (0.701 g, 1.18 mmol). Toluene (ca. 20 mL) was
added, and the solution was stirred for 14 days, during which time
it became dark blue in color. The product was isolated as a powder
via centrifugation and washed six times with ca. 30 mL of toluene
and three times with 30 mL of hexanes. The product was dried in
vacuo at ca. 80C. Repeated attempts to grow crystals suitable for
X-ray diffraction were unsuccessful. Yield: 0.312 g (46%). Anal.
Calcd for G4Hg016NoMo4: C, 41.78; H, 5.42; N, 2.21. Found:
C, 41.42; H, 4.88; N, 2.42H NMR (THF-ds, 250 MHz): 6 8.29
(d, 4Hax,2J = 8.5 Hz), 8.29 (d, 4k, = 8.5 Hz), 1.44 (s, 18H),
1.39 (s, 36H) ppm. MALDI-TOF: Calculated monoisotopic MW:
1258.80 (M). Found: 1258.40n/z

Synthesis 0fBusN[B{ CsH3(CFs)2} 4] (TBABArF ,,) Support-
ing Electrolyte. Na[B{ CsH3(CFs)2} 4] was synthesized according
to literature method¥’2® TBABArF,, was synthesized via the
metathesis of Na[BCeH3(CFs)2} 4] and ['BusN][CI]. The complex
was recrystallized at least five times by dissolving in ca2ImL
of CH,Cl, and adding ca. 22 mL of pentanes. The solution was

[(trpy)(bpy)Rub(u-adpc¥" in C; symmetry (the crystal structure
has a crystallographically imposed center of inversion) using the
reported crystal structure geometry. Orbital diagrams were generated
using GaussView®

Results and Discussion

Compoundsl and?2 (Scheme 1) were prepared from the
reactions between M@0,C'Bu), and terephthalic and 4;4
azo-dibenzoic acid, respectively, as shown in eq 1.
2Mo,(0,C'BU), + HO,C-R—-COH o
[('BUCO,)4MO,],(u-0,C~R—CO,) (1)

In the solid state]l is orange while2 is purple. Both
compounds are air-sensitive, sparingly soluble in toluene,
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H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
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(34) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preusgheor.
Chim. Actal99Q 77, 123.
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Scheme 1

2 (R =CgHs-Np-CeHy)

but soluble in THF. TheitH NMR spectra are as expected,
and both compounds show molecular idrisand2* in their

Chisholm et al.

that calculated for the oxalate-bridged model complex
[(HCO,)3M0,] 2(u-0,CCO,). %44 The most intense low-energy
electronic transition is calculated as the metal-to-ligand
(bridge) charge transfer (MLCT) HOMGLUMO electronic
transition.

Calculations on th€,,-symmetric model formate complex
2' once again predict that the HOMO and HOMO-1 orbitals
are metal-basedl combinations of pand @ symmetry. These
are, respectively, the out-of-phase and in-phase, Mo
combinations, the latter being slightly stabilized by back-
bonding to the bridge. The separation of the HOMO and
HOMO-1 is calculated to be very small, ca. 0.1 eV, which

MALDI mass spectra. To our knowledge, the terephthalate indicates the Mg units are only weakly electronically

complex 1 has not been previously characterized. The

coupled. The HOMO-2 is calculated to be &N lone pair

perfluoroterephthalate analogue, however, has been resmolecular orbital. Interestingly, the HOMO-3, which is 1.49

ported and characterizé®¢° and a terephthalate-bridged
[Moy],-containing compound supported by formamidinate
(ArNCHNAr, Ar = aryl) ancillary ligands has been pre-

pared and structurally characterized by Cotton and co-

workers#142
Electronic Structure Calculations. In order to aid in the

eV below the HOMO, is primarily bridge-based. This orbital
also has @symmetry, making interaction with tReHOMO

of a, symmetry possible. The LUMO is a bridge orbital
which, as in the terephthalate complex, has carboxylat®C
antibonding character and carboxylateritg C—C z-bond-
ing character. The HOMOGLUMO gap is calculated to be

interpretation of the electronic absorption spectra and the2.4 eV.

electrochemical data, vide infra, we have carried out
electronic structure calculations employing DFT and
TD-DFT®3 on the model compounds [M@.CH)z]»-
(/1'02CC6H4C02), 1’, and [MQ(OQCH)g]z(/A-02CC6H4N2-
CeH4CO,), 2', where for computational simplicity, the

Selected key frontier MO contour plots are given in Figure
1. The fully allowed HOMG-LUMO (MLCT) transition,
calculated by TD-DFT, is 597 nm for the model compound
2', which compares well with that observed experimentally
(Amax = 606 nm,e ~ 4 x 10* cm™* M~Y) for complex2 in

formate ligands have been substituted for the experimental THF. It is this absorption which gives rise to the intense

pivalate ligands. The calculations were implemented with

the aid of the Gaussian 03 suite of programs using the

B3LYP functiona$® 32 along with the 6-31G* basis sg&ffor

blue color of2 in solution.
Electrochemical Studies.Following the work of Taube
and Richardsof; CV and DPV are commonly employed to

H,C,0, and N and the SDD energy-consistent pseudo- evaluate the degree of electronic communication in mixed-
potentiat* for Mo. The geometries were fully optimized in  valence complexes. The separation between the first and
C.n symmetry, and vibrational frequency analysis found the second oxidation potentialAE,/, is a measure of the relative
complexes to be local minima on their respective potential stability of the mixed-valence complex and for a system

energy surfaces.
The calculations on the model compourdd closely

resembled those previously reported for the perfluorotere-

phthalate-bridged analogd&Key features to note are that

the HOMO and HOMO-1 are the out-of-phase and in-phase

Mo, 6 combinations, having.g and b, symmetry, respec-
tively, underD2, symmetry. The HOMO-1 is stabilized by
back-bonding with the LUMO of the f&C;H,CO; bridge,
which is az* orbital having carboxylate €0 antibonding
character but carboxylates@ng zz-bonding character. The
energy separation between the HOMO and HOMO-1 is
calculated to be ca. 0.2 eV, which is notably smaller than

(37) Stratman, R. E.; Scuseria, G. E.; Frisch, MJ.JChem. Phys1998
109, 8218.

(38) Dennington, R. K. T., II; Millam, J.; Eppinnett, K.; Hovell, W. L.;
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M. J. Am. Chem. So2002 124, 3050.
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Am. Chem. Sod 991, 113 8709.
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1998 3151.
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described by eq 2. The comproportionation constiptjs
that defined in eq 3, wherAE;, is in mV.
[Mo,](0,C—R—-CO,)[Mo,] +
KC
[Mo,](0,C—R—CO,)[Mo,|* =
2[Mo,](0,C—R—CO,)[Mo,]*" (2)

FAE,),

K RT

=exp 3)

C

As we and others have noted, although electrochemical
studies are convenient, the interpretation of the magnitude
of K¢ with respect to classification on the Robin and Day
scheme can be tenuous at b&sté K. is a thermodynamic
parameter and is dependent on the solvent and the counter-
anion for any given system. Moreover, neither CV nor DPV
inform one of whether the metal centers or the bridge are

(43) Bursten, B. E.; Chisholm, M. H.; Clark, R. J. H.; Firth, S.; Hadad, C.
M.; Wilson, P. J.; Woodward, P. M.; Zaleski, J. M. Am. Chem.
So0c.2002 124, 12244.

(44) Chisholm, M. H.; D’Acchioli, J. S.; Hadad, C. M.; Patmore, N. J.
Dalton Trans.2005 1852.

(45) Richardson, D. E.; Taube, thorg. Chem.1981, 20, 1278.
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Figure 1. Selected frontier molecular orbital plots for [M&®2CH)s](u-
0,CCsHaN2CsH4COy). Orbital plots were generated using GaussView, with
an isosurface value of 0.02.

complexes exhibited a single oxidation wave at€8.1 V
relative to the Cg=¢”* couple, which was quite broad for
1. For both complexes this wave is assigned to two
overlapping one-electron oxidation processes. However,
when 0.05 M TBABArk, [BArFz; = 3,5-(CR).CeHj
electrolyte solutions in THF were employed, two successive
oxidation waves were observed-a0.02 and—0.168 V (vs
CpFe™©) for the terephthalate compleix This givesAE;,

= 148 mV andK; (from eq 3)= 324. For complex only

one two-electron process was observed, even when employ-
ing the TBABArk4 electrolyte.

The above example highlights the effect of employing the
large, weakly coordinating BAgE counteranion on maxi-
mizing AE,, values for successive oxidation processes, as
has been pointed out by Geiger and co-workérghe
electrochemical results indicate that the idisand2" are
to be considered very weakly coupled at best, and indeed,
2% has aK; close to the statistical minimum of 4 and is
valence-trapped (Class | on the Robin and Day classification
scheme).

What governs the communication between metal centers?
The answer is a delicate balance of factors. Cotton and co-
workers have shown that in Majuadruply linked com-
pounds of the type [M@.(u-O.C—(CH=CH),—CO,) the
electronic coupling rapidly dropped off with increasingn
= 0—4)* As we have shown, the oxalate-bridged radical
cation [(BuCQ,)3Moy](u-O,CCO,)*T with a Mo,-to-Mo,
separation of-7 A shows fully delocalized propertié$The
[(‘BUCO,)3M0y] 2(1-O.,CCsF4CO,) " ion has a Me-to-Mo;
separation of~11 A and displays an EPR spectrum
consistent with a valence-trapped Mocore havingA, ~
28 G for coupling to®>*Mo and®Mo (I = 5/2). Given the
extent of electronic coupling, it is thus perhaps not surprising,
but rather to be expected, that the electronic couplingtin
is negligible given that it is small il* for Mo,-to-Mo,
distances of ca. 19 vs ca. 11 A f@rand 1, respectively.
What, then, causes the [(trpy)(bpy) Rt NCNCsHsNCN)SH
complex to be more weakly coupled than the [(trpy)(bpy)-
Rul(u-NCNGsH4NCsH4NCN)3* ion, which is made evident
by K. values of 2.7x 10" and 1.3x 103, respectively?-21

The Azobisphenylcyanamido (adp&) Bridge. By em-
ploying DFT and TD-DFT with the Gaussian 03 suite of
programs (vide supra), we start by examining the structure

being oxidized or reduced. However, if it is known that the ©f the ligand bridge dianion, adpc The calculated gas-
metal centers are being oxidized (or reduced), then a smallPhase structure was obtained by geometry optimization of
value ofK, (<100) can reasonably be taken as indicative of the dianion unde€z, symmetry. This molecular ion can be
weak electronic coupling; a large value can be taken as anconsidered as the sum of three rigid fragmenCN— =

indication of strong coupling (Class Il or 11l on the Robin
and Day scheme). However, the valuekafshould not be
employed in isolation to uniquely distinguish between
strongly coupled and fully delocalized systems.
Electrochemical studies dhand2 were carried out in a
0.1 M TBAPKR/THF (TBA = ["BuN],;) solution. Both

(46) Barriere, F.; Camire, N.; Geiger, W. E.; Mueller-Westerhoff, U. T.;
Sanders, RJ. Am. Chem. So@002 124, 7262.

(47) Chisholm, M. H.; Clark, R. J. H.; Gallucci, J. C.; Hadad, C. M,;
Patmore, N. JJ. Am. Chem. SoQ004 126, 8303.

(48) D’Alessandro, D. M.; Keene, F. Ralton Trans.2004 3950.

A, —CHs;— = B, and —NN— = C arranged in the
symmetrical manner AB—C—B—A. The utility of employ-

ing this view is that the resultant molecular orbitals can be
traced to their origins in the individual units of A, B, and C.
At the DFT level, the HOMO and HOMO-1 are-based
MOs having—NCN-— nitrogen lone-pair character together
with contribution from the phenyl and azo systems. In the

(49) Chisholm, M. H.; Pate, B. D.; Wilson, P. J.; Zaleski, J. ®hem.
Commun2002 1084.

(50) Sondaz, E.; Gourdon, A.; Launay, J.-P.; Bonvoisirindrg. Chim.
Acta 2001, 316, 79.
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Figure 2. Selected frontier molecular orbital plots for aépcOrbital plots
were generated using GaussView, with an isosurface value of 0.02.

HOMO, the azo K=N contribution is bonding, and in the
HOMO-1, it is antibonding. The phenyl ring-contribution

to each of these MOs can be considered to be derived from

the @ m-set of benzene and in the HOMO-1, this leads to
azo nitrogen-to-ring carbon-bonding (see Figure 2). The

calculated difference in energy between these occupied

frontier orbitals is 0.83 eV. Below these come in-plane
nitrogen lone pairs, with the HOMO-2 being centered on
the azo nitrogens and the HOMO-3 on th&lCN groups.

They are separated from the HOMO by 1.49 and 1.94 eV,

respectively. These are the only significant occupiegpe
bridge MOs that will interact with the filled Ruwf-type
orbitals (metal d), and clearly the dominant interactions will
be with the HOMO and HOMO-1 since the HOMO-3 is
stabilized by roughly 2 eV and the HOMO-2 is centered on
the azo unit.

The LUMO, LUMO+1, and LUMOt2 of adpé™ are also
shown in Figure 2. The LUMO is similar to the HOMO in

Chisholm et al.
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Figure 3. Frontier molecular orbital diagram calculated for [(trpy)(bpy)-
Rulx(u-adpc¥*.

smaller HOMG-LUMO gap of 1.07 eV. We also note that
the calculated electronic absorption spectra for the adpc
anion, obtained by TD-DFT calculations in this study, has
the lowest-energyr—x" absorption at 473 nm (2.62 eV).
This absorption is dominated by the fully allowed
HOMO—LUMO configuration. The calculated TD-DFT ab-
sorption compares quite favorably with the reported solution

being composed of contributions from all three fragments A, at 523 nm (2.37 eV) for adpc in DMF solutions!?

A + B + C and is again-NCN— z-lone pair in character
and azo-N-N antibonding. The aromatic component has
two nodal planes (perpendicular to thgglane), and as such,
is derived from the gbenzener-set, and the cyanamide
N-to-ring Gs-carbon interaction is bonding. A visual inspec-
tion of the orbital isosurfaces shows the contribution from
the terminal nitrogens is less than that in the HOMO and
HOMO-1. The LUMO*1 is also a very simple orbital in its
makeup, having only significant contributions from the C
ring carbonz atomic orbitals, and may be considered to be
derived from the gn-set orbitals of benzene. The LUME2

is similarly G; centered, and the only significant difference
between the LUMA-1 and LUMO+2 is that the former has

a center of inversion about the-NN centroid and the latter
does not. The calculated HOM@.UMO energy gap is 2.60
eV, and the energies of the LUMEL and LUMO+2 are
similar, but both higher-lying virtual orbitals are calculated
to be greater than 1.7 eV above the LUMO. Thus, by

However, on the basis of a 1.07 eV HOMQUMO gap at
the HF level, we might roughly expect a lowest-energy
HOMO—LUMO absorption at around 1160 nm.

The Diruthenium adpc lon. The calculations on [(trpy)-
(bpy)Rub(u-adpcy™ (o) were carried out using a single-point
calculation based on the atomic coordinates taken from the
structure obtained by a single-crystal X-ray study. This
molecular ion has a crystallographically imposed center of
inversion which endears itself to a comparison with the
electronic structure of the adfcion just described.

A molecular orbital energy level diagram calculated for
[(trpy)(bpy)Rulb(u-adpc¥* is given in Figure 3, and selected
occupied frontier molecular orbital isosurface plots are shown
in Figure 4. The HOMO can be seen to be predominantly
the bridge-based HOMO of the adpdigand, with a small
contribution from a Rugytype orbital. The metal.g-bridge
ot interaction is antibonding, as expected for a filtdiled
interaction. The HOMO-1 can once again be seen to be

symmetry, overlap, and energy considerations, only the bridge-based and is derived from the HOMO-1 of the free

HOMO, HOMO-1, and LUMO of the adgc bridge will
interact significantly with the Ru§® centers.

At this point, it is worth noting that DFT-based HOMO
and LUMO orbitals are pictorially equivalent in this study
to that reported earlier using HartreBock (HF) orbitals’?
and the earlier calculation (HF/6-311G**) employing the
SPARTAN suite of programs (version 5.01) yielded a much
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ligand bridge, which is NN mz-antibonding, as shown in
Figure 2. There is again a small amount of Readtibonding
character, but this is slightly more than in the HOMO because
it is closer in energy to the filled Ruyg orbitals. The
calculated HOMO-to-HOMO-1 gap is 0.73 eV, which is only
slightly smaller than 0.83 eV calculated for the free ligand
bridge. The HOMO-2 is an in-plane azo nitrogen lone pair



Electronic Coupling of MoMo Quadruple Bonds

Figure 4. Selected occupied frontier molecular orbital plots for [(trpy)-
(bpy)Ruk(u-adpc¥t. Orbital plots were generated using GaussView, with
an isosurface value of 0.02. Hydrogen atoms have been omitted for clarity.

combination and is 0.98 eV below the HOMO. Below this

Figure 5. Selected unoccupied frontier molecular orbital plots for [(trpy)-
(bpy)Ruh(u-adpc¥+. Orbital plots were generated using GaussView, with
an isosurface value of 0.02. Hydrogen atoms have been omitted for clarity.

From the calculated results, we can surmise that the
metal tf-based electrons are preferentially stabilized by the
bpy/trpy ligands and that the bridge-basedMOs are
destabilized by their interaction with thg%electrons such
that they are the highest occupied MOs. From an initial
interpretation, the computational results cast doubt on the
notion that oxidation of the Ru(lfjadpc-Ru(ll) complex
will result in oxidation of ruthenium. Indeed, the data suggest
that oxidation will involve removal of an electron from a
bridge-based molecular orbital. Inspection of the HOMO
and HOMO-1 reveals very little metal,character; these
orbitals are separated by 0.73 eV. A more comprehensive
computational study is currently underway.

As noted in the introduction, we can think of the bridge
as being assembled from componentsBx-C—B—A where

comes a degenerate pair of orbitals that are in-planeA is —NCN—, B is —C¢Hs—, and C is—N=N-—. In the

cyanamide nitrogen,done pairs which are bonding to metal
in-plane t-type orbitals. These are calculated to be 1.83 eV
below the HOMO, and these orbitals are fhist to be seen
that have asignificant amount of metal characters. The
HOMO-5 is a ligand bridger MO having some small
contribution from a Ruz; combination, and the HOMO-6
is a ligand bridge @basedr MO. This is at 1.99 eV below
the HOMO. Orbital plots of other frontier molecular orbitals
having significant Ru g—tyq and bridge-r character are
given in the Supporting Information.

What is perhaps surprising is the relatively insignificant
contribution of the Rug; orbitals to this frontier manifold.

HOMO, the ABxr system is combined in an antibonding
manner with the azo Nz-bonding orbital, while in the
HOMO-1, the ABx system is combined with the jNz*

MO in a bonding manner. In each of these orbitals, the
majority of thez-electron density is on thesQings. It is
thus plausible to think of oxidation as generating a fully
delocalized organic radical and that the low-energy IVCT
band arises from the HOMO-1-to-HOMO electronic transi-
tion. Indeed, as a very crude approximation, the calculated
separation between the HOMO and HOMO-L1 in [(trpy)(bpy)-
Rulx(«-adpcy* of 0.73 eV (5887 cmt) compares favorably
with the observed IVCT absorption for [(trpy)(bpy)Ru]

However, whereas the cyanamide ligands can be viewed agu-adpc§* in acetonitrile at 5556 crit.!? The N; unit serves

m-donors, the other ancillary ligands present, namely bpy
and trpy, are powerfut-acceptors, and it is this effect that
is stabilizing the 4, set. Evidence of this can be seen from
an examination of the lowest-energy unoccupied MOs. The
LUMO is 1.06 eV higher in energy than the HOMO and is
based on the bpy* ancillary ligand. The bpy/terpyr*-
orbital combinations continue until the LUMEL6, which

is the first unoccupied orbital in which we observe a
significant contribution from the bridger* system (see
Figure 5).

to couple the two ABr systems which, in turn, are stabilized
toward oxidation by interaction with the Ryt electrons.
However, the Rut®  electrons are, for the most part,
stabilized by backbonding to the trpy and bpy orbitals
which are much lower in energy than th# orbitals of the
NCN groups of the bridge.

Concluding Remarks
In the present work, we find that the terephthalate bridge
is more effective in electronic coupling between Mo
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quadruply bonded centers than is the longet-dzbdiben- 7 chain. The coupling of the two metal centers will therefore
zoate. In comparing the 4;4zodibenzoate bridge with the decrease with increasing chain length. If A and B remain
4,4-azodiphenylcyanamide bridge, we note that the former the same, then no matter what the nature of C, the longer
acts primarily through electron transfer via th® orbitals chain will not be coupled as strongly as the shorter chain. If
of the bridge, while the cyanamide bridge is more suited to the two centers M are coupled in an incoherent manner, then
coupling by a hole-transfer mechanism. The calculations on electron transfer by an electron or hole-hopping mechanism
the adpc ion, limited as they are to a single-point calculation may be facilitated by the introduction of some group C along
for a gas-phase ion and pertaining to thé' RuRU' species, a longer-distance pathway. Such a mechanism may facilitate
do cast reasonable doubt concerning the site of oxidation.charge transfer through a polymer or a strand of DNA but
The electrochemical data and the appearance of the low-does not constitute the mechanism of electronic coupling in
energy charge resonance band in the near-IR spectrum ofmixed-valence ions having Class Ill characteristics. It is
the mixed-valence compound could well be accounted for therefore not conceivable to us that, in a coherent superex-
by oxidation of the bridge. We note, for example, that other change mechanism, electronic coupling across a [NCN
dinuclear ruthenium (I1,11) complexes bearingacceptor CeHs—No—CeHs—NCNJ>~ (A—B—C—B—A) bridge should
ligands have been unequivocally shown to undergo oxidation be greater than for NCNCsH,—NCN]?>~ (A—B—A) bridge.
of the bridge and not the rutheniu5® Consequently, we
hope that this work will stimulate further experimental studies
on this remarkable ion. We note, for example, that an EPR
study on the product of single-electron oxidation should be
useful in discerning between a Ru- or organic-based ratfical.
Finally, let us consider what is implied for a Class Il ion
of the form [M—A—B—A—M]"&) and [M—A—B—C—B—
A—M]") where the charge is fully delocalized over both
centers M. In a super exchange mechanism for a through-
bond process, the orbitals of the bridge must couple with Supporting Information Available:  Geometry-optimized
the metal d orbitals in a coherent manner as in any extended coordinates of [(HC@sMog](u-adb) and [(HCQ)sMog]x(u-
0,CCsH4CO,); atomic coordinates calculated for aépc and
selected occupied frontier molecular orbital diagrams for [(trpy)-
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