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Structures of compounds having two dimolybdenum units Mo,(DAnNIF)s* (DAniIF = N,N'-di-p-anisylformamidinate)
connected by unsubstituted oxamidate (1) and dithiooxamidate (2) linkers are isomorphous, and the cores of the
molecules are planar because of two intramolecular hydrogen bonds within the linkers. Molecular mechanics
calculations show a barrier of rotation along the C—C bond of ~10 kcal-mol~%, which suggests that planar
conformations are also expected in solution. Changing the two oxygen atoms in the linker of 1 to sulfur atoms
results in a significant enhancement of the electronic coupling between the dimetal units (AEy, = 204 mV for 1
and 407 mV for 2). The electronic spectrum of 2 shows an intense low energy (600 nm) metal-to-ligand charge
transfer (MLCT) band, whereas that for 1 shows only a weak absorption band at 460 nm. DFT calculations on
models 1" and 2', in which the anisyl groups were replaced by hydrogen atoms, show that the energy of the s*
orbital of the linker is much lower for 2. This allows dzz—do interactions from the electrons in the ¢ orbitals of the
Mo, unit to the sulfur atom that in turn facilitates an electron hopping pathway.

Introduction erties may serve as probes to follow these processes.
general, these complexes may be expected to be useful as
Intramolecular electron transfer between a donor and an yjecular wires or single-molecule transistérs.
af:ceptor group Is a fundgmental process in chemistry, Dicarboxylate groups have been the most common linkers
biology, physics, and also in molecular electroriiéten- ¢ pridging two dimetal units, but such groups generally
sive studies on compounds with redox units, mainly single |54 to weak electronic coupling. Moreover, it has been
metal units, bridged by conjugated electron carriers, such asgnown that indimers of dimeref the type [(DANIFYMog],-
polyenes and polypyrroles, have provided insight into (,—0,C(CH=CH),CO,], wheren = 0—4 and DAniF =
electronic coupling processes and electron-transfer meChaN,N’-di-p—anisylformamidinate, electronic communication
nisms? Recently, dimetal units with multiple metainetal between the two quadruply bonded [§lainits diminishes
bonds have been employed to study electronic communica-as the separation between them incre&3é oxalate-linked
tion through a variety of linkers and show attractive features analogue affords the strongest coupling for all of the known
because their well-known structural and spectroscopic prop-species with dicarboxylate linkers, withE;,, = 212 mV?
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which corresponds to a comproportionation constiégtpf
3.8 x 1038 In the solid state, the [M@{O,C—CO,)[Mo,]
core is flat and has an ideBh, geometry in which the two
Mo, units are essentially parallel (Scheme® However, it
has been notédhat free rotation along the-&C single bond

Scheme 3
H
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\H" E=OorS$
to probe the differences in electronic communication. Interest
in the use of sulfur compounds developed from the fact that
many molybdenum enzymes contain terminal sulfur donor
ligands!! These sulfur atoms appear to be crucial to enzyme
reactivity, particularly because of the possibility that M®
orbital overlap may provide an effective low-energy pathway
for electron transfer to and from the metal: However,
electronic communication through S-donor ligands has been
scantly studied.

We report that the presence of ECNH groups (E= O,

S), intramolecular hydrogen-bonding interactions stabilize
planar conformations in thdimers of dimergScheme 3)
and thus differ from the perpendicular arrangement found

’ H
M

()
()

is possible in solution. Chisholm and co-workers have in the o isomers in Scheme 2. Electronic coupling between
suggested that the free rotation in solution may be inhibited dimetal centers in [MgL[Mo ;] compounds (L= oxamidate)

in dicarboxylate-linked compounds, by using functionalized was greatly enhanced by changing the oxygen atoms in the
terephthalate linkersChanges in the electronic spectra were linker to sulfur atoms.

offered as indicators of the effect of metal-to-ligand back-

bonding, upon changes in the dihedral angle between ¢ghe ¢ Results and Discussion

ring and the CQunits. But, how the parallel (flat core) and

Syntheses and Structural ResultsPreviously, we have

perpendicular conformations (Scheme 1) affect the electro-reported the syntheses aof or 8 isomers (Scheme 2) of
chemical behavior and thus the electronic communication dimers of dimershaving [Mo] units linked by aryl-

remained unclear.
It should be noted that when dioxamidate dianieriBN-
(O)C—C(O)NR— (R = CgHs or p-CH30CsH,4) were used to

substituted oxamidate liganf8sHere, the unsubstituted
oxamidate linker { HN(O)C—C(O)NH—) is used to explore
(1) the effect of diminishing steric crowding by removing

link [Mo 2] units instead of dicarboxylate groups, two isomers aryl groups on the nitrogen atoms and (2) the possibility of
(Scheme 2) with distinct electronic communication forrfied. forming intramolecular hydrogen bonds that may favor a
In thea isomers, the diamidate linkers were nonplanar, with planar core. The reactions, summarized by the equations
the two [M@,]RN(O)C planes being approximately perpen- below, gave a yellow precipitate for the dioxamidate and a
dicular to each other as a result of steric repulsion from the blue solution for the dithioxamidaté,and2, respectively:*
bulky R groups, whereas thg& isomers have heteronaph- The products were shown bYH NMR spectroscopy to
thalene-like structures? The electrochemistry for thel consist of only one species.

compounds showAE,, values of about 190 mV that

correspond tK. values of about 1.% 10°. Interestingly,
these values resemble those in the oxalate analogue.

In this work, we used the unsubstituted oxamidate dianion,

—HN(O)C—C(O)NH—, to bridge two [Mg] units and also
the sulfur analogue (dithiooxamidateHN(S)C—C(S)NH-)

(6) TheKc is related to theAE;, value (in mV) by the relationshipKc

= 10759, See for example: (a) Ketterle, M.; Fiedler, J.; Kaim, W.
Chem. Commurl998 1701. (b) Demadis, K. D.; Hartshorn, C. M.;

Meyer, T.Chem. Re. 2001, 101, 2655.

(7) Bursten, B. E.; Chisholm, M. H.; Clark, R. J. H.; Firth, S.; Hadad, C.
M.; Macintosh, A. M.; Wilson, P. J.; Woodward, P. M.; Zaleski, J.

M. J. Am. Chem. So@002 124, 3050.

(8) Chisholm, M. H.; Feil, F.; Hadad, C. M.; Patmore, NJJAm. Chem.
Soc.2005 127, 18150.

(9) (a) Cotton, F. A.; Liu, C. Y.; Murillo, C. A.; Villagra, D.; Wang, X.
J. Am. Chem. So@003 125 13564. (b) Cotton, F. A.; Liu, C. Y,;
Murillo, C. A.; Zhao, Q.Inorg. Chem 2007, 46, 2604.

(10) Cotton, F. A.; Liu, C. Y.; Murillo, C. A.; Villagfa, D.; Wang, X.J.
Am. Chem. So2004 126, 14822.

(11) (a) Hille, R.Chem. Re. 1996 96, 2757. (b) Czjzek, M.; Santos, J.-P.
D.; Pomier, J.; Giordano, G.; Ntan, V.; Haser, R]. Mol. Biol. 1998
284, 435. (c) Hazelmann, P.; Schindelin, HProc. Natl. Acad. Sci.
U.S.A.2004 101, 12870. (c) Brondino, C. D.; Rivas, M. G.; Romao,
M. J.; Moura, J. J. G.; Moura, Acc. Chem. Re2006 39, 788.

(12) (a) Enemark, J. H.; Cooney, J. J. A.; Wang. J.-J.; Holm, RCié&m.
Rev. 2004 104, 1175. (b) Carducci, M. D.; Brown, C.; Solomon, E.
I.; Enemark, J. HJ. Am. Chem. S0d.994 116, 11856.

(13) It should be noted that for third period elements such as silicon,
phosphorus, and sulfur, the low-lying 3d orbitals can be utilized not
only for pr—dz multiple bonding but also for additional bond
formation. See for example: Cotton, F. A.; Wilkinson, G.; Gaus, P.
L. Basic Inorganic Chemist\8rd ed.; John Wiley & Sons, Inc.: New
York, 1995; pp 258-259.

(14) Efforts to isolate the mixed-valence species using 1 equiv of the
oxidizing agents Cg-e;PFs or AgPFs have been unsuccessful. After
the addition of the oxidizing agents to the neutral compounds ip CH
Cl, at —78 °C followed by warming to room temperature, the color
of 1 changed from yellowish to brown, but no identifiable product
was obtained. No significant color change was observe@.fdamhis
is common for most compounds of this type as only a teémwers of
dimershaving mixed-valence species have been isolated and character-
ized.
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Mo,(DANiF)(0,CCH,) + NaOCH,
Mo,(DANIF)(OCH,)(HOCH,) + NaG,CCH,

2Mo,(DAnNIF)4(OCH,)(HOCH,) + H,N(E)CC(E)NH, —
[Mo,(DAnNIiF),],[HN(E)CC(E)NH] + 2CH,OH
E=0orS

Compoundl crystallized in space groupr, with the
molecule residing on an inversion center. To a first ap-
proximation, the core (Figure 1) resembles that of the
isomers in that the €Coyamidatebond is perpendicular to the
Mo—Mo bonds. However, closer inspection shows a major
difference with theo isomers in that the two Mounits are
parallel to each other as in thfeisomers. Because of two
intramolecular @-H—N hydrogen bonds, the core this
planar and the core of the molecule has idealifeg
symmetry. Its structure is thus a hybrid between that of the
o and g forms. The distance from the crystallographically
independent oxygen to the amino hydrogen atom is ca.
2.41 A. These two hydrogen bonds stabilize the planar
conformation ofl. Molecular mechanics calculations on
these two compounds (vide infra) show that the energy for Figure 1. Core structures of and2 with displacement ellipsoids drawn
the planar conformation is about 10 kcal/mol lower than the at the 40% probability level. All of the-anisyl groups and most of the
L . . . hydrogen atoms have been omitted for clarity.
conformation in which the Mgounits are essentially perpen-
dicular. This results in a high barrier of rotation along the Table 1. Selected Bond Lengths (Angstroms) and Angles (Degrees) for
C—C bond and suggests that the core should be locked inland2

this planar conformation even in solution. 1-4CH,Cl, 2:4CH,Cl,
The Mo—Mo distance of 2.0907(8) A (Table 1) is typical Mo(1)—Mo(2) 2.0907(8) 2.0895(13)
of quadruply bonded compounds having dimolybdenum Mo(2)—O(1) 2.134(3)
species embraced by four, three-atom bridging ligands, such mgggiﬁ% 2.127(3) Zéjgzl((?’l)o)
as Ma(DANiF)4% and Mg(OCCH)4.2® For comparison, the Mo(1)—N(2) 2.160(4) 2.137(6)
Mo—Mo distances foro or 8 forms linked byN,N'-di-p- Mo(1)—N(4) 2.133(4) 2.156(5)
anisyloxamidate are 2.0927(8) and 2.0944(4 Ahe mggg:“g %:iiigg %iggggg
distance between the midpoints of the two Mdo units is Mo(2)—N(5) 2.145(4) 2.136(5)
6.978 A, close to the values in theform.? The bond distance Mo(2)—N(7) 2.129(4) 2.174(6)
in the central &-C unit (1.51(1) A) is similar to that in oxalic casw 1.320(8) L67(2)
acid and corresponds to a carbararbon single bondf. C(1)-N(1) 1.293(6) 1.31(2)
The analogous ligand containing two S donor atoms,  N()~C(1)-0(1) 124.6(4)

- . . ) N(1)—-C(1)-S(1) 120.9(1)
dithiooxamidate, was used as a linker2nThis compound Mo(1)—N(1)—C(1) 115.1(3) 130.4(10)
was synthesized similarly tb but it is much more soluble Mo(2)—O(1)—-C(1) 114.2(3)
in THF and dichloromethane thah Crystals of the two Mo(2)-S(1)-C(1) 97.1(5)

compounds are isomorphous, having similar cell dimensions _ .
and four interstitial CHCI, molecules per formula unit. The is defined by the [Mel unit and the CNE group (Table ).

molecule, whose core is shown in Figure 1, resides on anAII of the other distances and angles are as _expected.
inversion center, and it has a M&lo bond distance of It should be noted that the unsubstituted linkerjN-

2.0895(10) A that resembles that I1n The major contrast (E)C-C(E)NH-, d_iffer_ in another_ important aspect with
between these molecules derives from the differenceireM ~ "€SPect to other diamidate and dicarboxylate ligands used

distances. Because the M6 distance (2.462(3) A) is about thus far. to rr]nakedimers of dimersbeﬁgl;]se they still ha\lle
0.33 A longer than the MeO distance, the nonbonding two amino hydrogen atoms (AH), which may be capable

separation between the two Manits measured by the of undergoing further deprotonation under appropriate con-

midpoints of the Me axis increases by about 0.5 A from ditions. Indeed, a derivative of the sulfur compound having

6.978 to 7.471 A. The change in the M& distances also the formula {[Mo(DANIF)s](Liz(THF)(NSC=CNS)} -

results in the different angles of the five-membered ring that 2THF,3~2TI_—|F, has beer_1 isolated and its structure is provided
as Supporting Informatiot?.

(15) Lin, C.; Protasiewics, J. D.; Smith, E. T.; Ren,lfforg. Chem 1996 Electrochemistry. Electrochemistry has been a widely
35, 6422. used tool for evaluating electronic communication between

(16) gg&toznfe'; A Mester, Z. C.; Webb, T. Reta Crystallogr 1974 redox-active metal centet$For the dimer of dimolybdenum

(17) Ayerst, E. M.; Duke, J. R. GActa Crystallogr.1954 7, 588. compounds, electrochemistry usually shows two consecutive
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by oxalate and substituted oxamidates indhisomers. The
distances between the dimetal units in all of these compounds
are essentially the same (ca. 7 A). However, the relative
orientation of [Mg@] units in solutions is different; planar
for 1, with free rotation along the €C single bond for the
oxalate analogue, and perpendicular for ¢thform in aryl-
substituted oxamidates. This leads to the conclusion that the
electronic coupling in these compounds is essentially due to
the electrostatic repulsion, with little contribution from
electron delocalization due to resonance exchange. For these
essentially localized systems, the dihedral angles between

the two [Mg] units have little influence on the electronic

08 06 04 02 0010 08 06 04 02 00 coupling?

Figure 2. Cyclic voltammograms (with potentials vs Ag/AgCl) and The CV of 2 also shows two redox processes WAE;/,
gg(esrgﬂttlﬁc)lnPU|se voltammograms (DPV) far(left) and2 (right) in a CH- of 407 mV CE1/2(1) _ 294,E1/2(2) =701 mV), which results

in a comproportionation constant of 7x610°. Comparison
reversible one-electron redox processes, and the separationf the electrochemistry fak and2 revealed that the electronic
between these two wavedE,,, is associated with the coupling between the metal centers is enhanced by changing

comproportionation constam. the oxygen donor atoms in the oxamidate bridge to sulfur
atoms in the dithiooxamidate linkers. Because the two
M, ML+ M, B M, L~2M2”1N\ M, compounds share a common core structure and the distance

between the metal centers2ris about 0.5 A longer than in
The free energy of comproportionatioh(,, is calculated 1,24 the enhancement in electronic communication must be

using the relationshipnG. = —RTIn(K.). The value ofAG, attributed to an effect other than electrostatic interactions
may be viewed as being affected by a series of contributing between metal centef3lt appears that the low-energy metal-
factors?® A commonly used expressiorfis to-sulfur back-bonding pathway is the main reason for the
enhanced electronic communication upon changing oxygen
AG, = AG,+ AG, + AG, + AG; to sulfur atoms, vide infra. Similar effects were observed

for the successive substitution of oxygen with sulfur in

whereAG; is a small statistical contribution to the compro- dicarboxylates for the compounds [(BD,)sM2](XsCCsHa
portionation equilibriumAGe accounts for the electrostatic CX5) (M = Mo and W, X = O or S)% A summary of

repulsion of the metal centerAG; is the free energy of
resonance exchange or electron delocalization /e®ds a

contribution from inductive factors. Electronic Structure and UV—Vis Spectra. Density

To some extent{. values obtained under similar experi- . .
o functional theory (DFT) calculations were performed on the
mental conditions for closely related systems may be used ! ; . . .
models1’ and 2, which represeni and?2 with the anisyl

as a measurement for comparing electronic coupling between . . -
metal centers through a linker. Previous studies show thatJ"OUPS 1N the auxiliary formamidinate groups replaced by

the distance between the Monits and the metal-to-ligand hydroggn atoms.. _ _ .
back-bonding plays a significant role in modifying the ~ Previous studies on the substituted oxamidate-linked

electrochemical data for these closely related systems is
provided in Table 3.

electronic coupling? The cyclic voltammogram (CV) of compounds show that both the steric and electronic interac-
shows two reversible oxidation processes (Figure 2), and thetions have influence on the stability of theisomers: As
potential difference between the two waveSEip, is shown by the structures dfand2, the cores of thelimers

204 mV EuA1) = 280, E12) = 484 mV), corresponding of dimerswith unsubstituted linkers have a planar conforma-
to a comproportionation constant of 2810%. As shown in tion due to the hydrogen bonding. This conformation also

Table 2, this number is similar to those for compounds linked minimizes steric interactions. The optimized geometries for

(18) The addition of methyllithium to a suspensionldh THF at—70°C (23) For the functionalized terephthalate-linked compounds, the electronic
did not show any apparent change, but under similar conditions, the spectra changed according to the dihedral angles between the two
color of a solution o immediately changed from dark blue to orange. [Mo3] axes, but the electrochemistry was not studied. See ref 8.
From such a solution, a lithium salt having the formylgMo,- (24) 1t should be noted that the electronic coupling between the dimetal
(DANIF)3]2(Li2(THF)4(NSC—CNS))} - 2THF, 3-2THF was isolated. See centers is not necessarily enhanced if the core structureshagsiem
the supporting information. or if the conformation is changed by the substitution of oxygen to

(19) Richardson, D. E.; Taube, i€oord. Chem. Re 1984 60, 107. sulfur atoms.

(20) See for example: (a) DeRosa, M. C.; White, C.; Evans, C. E. B.; (25) As it is often recognized (ref 13), an important difference between
Crutley, R. J.J. Am. Chem. So@001, 123 1396. (b) Chen, Y. J,; sulfur and oxygen compounds is that the sulfur d orbitals are available
Pan, D.-S.; Chiu, C.-F.; Su, J.-X,; Lin, S. J.; Kwan, Sl#org. Chem for additional bonding interactions, and sulfur atoms frequently use
200Q 39, 953. dr interactions to form multiple bonds. For example, in the sulfate

(21) Evans, C. E. B.; Naklicki, M. L.; Rezvani, A. R.; White, C. A.; ion, the S-O bonds have considerable multiple-bond character, as
Kondratiev, V. V.; Crutchley, R. JJ. Am. Chem. Sod998 120 evidenced by the shortness of the bond distance. See: Cotton, F. A;
13096. Wilkinson, G.; Murillo, C. A.; Bochmann, MAdvanced Inorganic

(22) Cotton, F. A.; Murillo, C. A;; Villagfa, D.; Yu, R.J. Am. Chem. Chemistry 6th Ed.; John Wiley & Sons, Inc: New York, 1999.
So0c.2006 128 3281. (26) Chisholm, M. H.; Patmore, N. Dalton Trans.2006 3164.
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Table 2. Comparison of Electrochemical Data for Compounds with Two JMénits Linked by Oxalate and Dioxamidate Bridges

orientation
of [MOz] [MOZ] "'[MOz] El/g(l) E1/2(2) AE1p
linker in solution A) (mV) (mV) (mV) Ke ref
oxalate free rotation 6.953 294 506 212 380 5
a—diphenyloxamidate 0 7.096 176 367 191 1% 108 9a
o—di—p—anisyloxamidate O 7.081 183 373 190 1610 9a
dioxamidate [l 6.978 280 484 204 2.8 1¢° this work

Table 3. Comparison of Electrochemical Data for Compounds with TwoWhits (M = Mo and W) Bridged by Related O- and S-donor Containing
Linkers

El/2(1) E1/2(2) AEl/Z
compound (mV) (mV) (mV) Ke ref
[(BU'CO,)3sM02]2(02CCsH4COy) 0 NA 0 4 30
[(BU'CO,)3sM02](OSCGH4CSO) 0 184 184 1.3 10° 26
[(BUCO,)3W2]2(02CCsH4COy) —340 —180 160 5.1x 107 30
[(BU'CO,)3W5](OSCGH4CSO) —78 —260 518 5.7 1¢° 26
[Moz(DAnRIF)3]o(oxamidate) 280 484 204 281C° this work
[Mo2(DAnRIF)3](dithiooxamidate) 294 701 407 76100 this work

Table 4. Calculated Energies and Geometries for Modéland 2'

model energy HOMO HOME1 AE calculated bond lengths (A) and angles (deg)
(a.u.) (eV) (eV) (eV) Me-Mo Moz:--Mo; Mo—Npanie MO —Niinker Mo—E
1 —1504.2992 —3.47 -3.81 0.34 2.139 7.102 2.143 2.151 2.154
2 —2150.2597 —3.63 —4.08 0.45 2.141 7.609 2.145 2.127 2.550

1' and 2’ are shown schematically in part (a) of Figure 3 the electronic coupling between the Monits; the larger
and differ from the geometries of theisomers (part (b) of  the energy gap between the HOMO and HOMQ the
Figure 3) in that the former have parallel Manits, whereas  stronger the electronic communication (and vice versa). For
the latter have essentially perpendicular,Maits. However, example, in dimers having dimolybdenum units linked by
the optimized geometries in part (a) of Figure 3 are consistentdioxolene dianions, which have the strongest electronic
with those in the crystal structures, which also show a planar communication so far reporte®{ = ~10'?"13), the energy
core. difference between HOMO and HOM€L is 0.98 eV. This
Vibrational frequency analysis using the optimized models
indicated that these geometries represent true minima on the
potential energy surfaces. Selected optimized parameters are
summarized in Table 4. Although calculated distances are
generally longer than those from the crystal structures (Table
1) because of the simplification in replacing theanisyl
groups with less-basic hydrogen atoms, there is consistency
between experimental and calculated parameters. For ex-
ample, the calculated difference in the nonbonding distance
between the dimetal units of 0.507 A (7.471 A frand
7.102 A for 2') is in good agreement with that from the
crystal structures (0.493 A).
Molecular orbital analysis from DFT calculations provides
valuable information on the electronic structure of the two
compounds. For the two models, the HOMO and HOMIO
are the out-of-phas@é{-0) and in-phased+dJ) combinations
of the 6 orbitals in M@ units (Figure 4), respectively, and
they resemble each other. Because to some extent, the
splitting of the HOMO and the HOM®©L1 is a measure of

Figure 4. lllustration of the 0.02 contour surface diagrams for selected
frontier orbitals forl' and2'. Note that the HOMO and HOM®L1 for 1'
Figure 3. View of the geometry for the optimized geometries having a and 2' are similar and are in-phase+{0) and out-of-phase 6(9)
planar core (a) contrasted with the perpendicular conformations (b) similar combinations of the) orbitals in Ma units, whereas the linker* is
to those in thex isomers. LUMO++2 for 1' and LUMO for2'.
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Table 5. Calculated Frontier MO Energies for the Modélsand 2'

[(HNC(H)NH)2Mo02]2(C202N2H2) (1)

[(HNC(H)NH)2Mo2]2(C2S:N2H>) (2')

frontier orbitals MO energy (ev) assignment MO energy (ev) assignment
LUMO+5 0.3034 Maq 7" +7" 0.0726 Ma 7"+
LUMO-+4 0.0871 M@ 0" —o" —0.1233 Maq 6" —¢6"
LUMO+3 —0.0220 Ma 6" +8" —0.2857 Ma 8" +6"
LUMO+2 —0.1910 Linkert" —0.3494 Ma o —o"
LUMO+1 —0.2291 Ma ¢ —o" —0.3975 Ma o"+0"
LUMO —0.3020 Ma o"+0" —1.0374 Linkert"
HOMO —3.4736 Ma 6—96 —3.6344 Ma 6—0
HOMO-1 —3.8129 Ma 6+06 —4.0754 Ma 6+06
HOMO-2 —5.0780 Ligand —4.8721 Ligand
HOMO-3 —5.0965 Ligand —5.0408 Ligand
HOMO—-4 —5.5294 Ma 7—m —5.4492 Ligand

is also the largest number obtained from DFT calculations
for dimers having Me units??

For the modelsl’ and 2', the calculatedAE values are
0.34 and 0.45 eV, respectively. The larger energy gap
between the HOMO and HOM®EL for model2' is consistent

oxygen atoms is proposed to be caused by the low-energy
metal-to-sulfur pathway.

The smaller energy gap between Mborbitals and the
linker 7* orbitals in 2' is consistent with the electronic
spectra. The UWvis spectrum ofl shows two absorption

with the larger separation observed between redox waves inbands at 412 and 460 nm (Figure 5). From time-dependent

2than inl. This is in agreement with the commonly observed
increased use of d orbitals for sulfur compounds, such as in
dz—ps and dr—dx interactions’® and also with what was
found for [(HCQ)sMo].(E.CCsH4CE,) model compounds (E
= O or S), in which the energy of the HOMO decreased
from —3.47 eV for the model having E= oxygen to
—3.63 eV for the model with E= sulfur?® In all of these
compounds, there areantibonding interactions between the
linker 7z orbitals and the Mpd combination in the HOMO.
Because the s orbitals of the sulfur atoms in the linkers
accept electrons from theorbitals of the dimetal units, there
is an electron pathway that has some—-dld charactef’
Chisholm and Patmore have also suggested thatathe
donation of the sulfur 3p orbital is less than that of the
oxygen 2p orbital, which accounts for the downward trend
in energy of the HOMG$

Although the HOMO and HOM©1 for modelsl' and
2" are similar in shape, there are substantial differences in
their electronic structures. Selected energies of frontier MOs
of modelsl’ and2' along with the main contributions are in
Table 5. It is important to compare the energies of the linker
a* orbitals for 1' and 2, which are —0.19 eV for the
LUMO+2 and—1.04 eV for the LUMO, respectively. Two
mechanisms for the electronic communication, electron

density functional (TB-DFT) calculations, the absorption
at 412 nm can be assignedde— 6" transitions, which rises
from a transition from the HOMO-1 to the LUMEB (6+06

— ¢"+06*) and from the HOMO to the LUMG-4 (60— —
0"—0%), calculated at 459 nm. A similad—d* band was
observed for2 at 450 nm and calculated at 444 nm. The
second absorption band ftrat 460 nm can be assigned to
the metal-to-ligand charge-transfer, which is a HOMO
LUMO+2 transition calculated at 466 nm. FBra much
more intense band at lower energy, 600 nm, was observed,
and it corresponds to a HOM& LUMO transition (metal
0—0 to linker zz* orbital transition), which is calculated at
571 nm. This intense metal-to-ligand charge-transfer band
is responsible for the dark-blue color2fThe Ma-to-sulfur
electron hopping requires less energy than that for oxygen,
and this explains why the HN(S)C—C(S)NH- linked to2

is more strongly coupled than the corresponditgiN(O)C—
C(O)NH— bridged compound. A review of the available
dimer of dimersuggests that, generally, for similar systems
with closely related structures, the lower the energy for the
metal-to-ligand charge transfer (MLCT) bands, the stronger
the electronic coupling between the dimetal cent&iSor
example, compounds with uniquely strong electronic com-
munication between dimetal centers, such as those linked

hopping and hole hopping (Scheme 4) have been proposedyy dioxolene dianions, are green colored and show even

for the dimers of dimerg® A comparison of the energy of
the linkerzr* and xr orbitals relative to those of the M@
combinations is considered critical in electron-hopping and
hole-hopping pathways. Fdr and?2', the linker-orbital
energies are far below the HOME, and hole hopping is
expected to contribute very little to the electronic coupling.
The energy difference between the HOMO and linké&r
orbital are 3.28 and 2.59 eV fat' and 2/, respectively.
Therefore, the enhanced electronic coupling between dimetal
centers when sulfur atoms are used in the linker instead of

(27) It should be noted that the donation of electrons intluebétals is
unique to compounds with quadruply bonded units.

(28) Chisholm, M. H.; Clark, R. J. H.; Gallucci, J.; Hadad, C. M.; Patmore,
N. J.J. Am. Chem. So2004 126, 8303.

lower energy MLCT bands in the 1100 to 1200 nm region
that have large extinction coefficierf&The studies on the
analogous compounds having [M0,CBU));]* and [Ws(O,-
CBuW)3]" units linked by oxalate or 3;6dioxypyridazine
show that the molybdenum compounds have MLCT absorp-
tion bands in UV+vis in the 406-500 nm range, whereas
the more strongly coupled tungsten compounds exhibit
MLCT bands at 706800 nm?8.30

Scheme 4

*

4 \

s#‘/ \ HEp

(a) electron hopping

8 —H_k _1_ 5
H

(b) hole hopping
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Experimental Section

Materials and Methods. All of the reactions and manipulations
were performed under a nitrogen atmosphere, using either a drybox
or standard Schlenk line techniques. Solvents were purified under
argon using a glass-contour solvent purification system or distilled
over the corresponding drying agent under nitrogen. The starting
material, Mo(DAnIF)3(0,CCH;), was prepared following a reported
proceduré®? other commercially available chemicals were used as
received.

Analytical and Physical Measurements.Elemental analyses
were performed by Robertson Microlit Laboratories, Madison, NJ.
Electronic spectra were measured on a Shimadzu-RBO1PC
spectrometer in a C4€l, solution.*H NMR spectra were recorded
on an Inova-300 NMR spectrometer with chemical shiftsgpm)
referenced to residual CHLIn CDCls. Cyclic voltammograms
(CV) and differential pulse voltammograms were collected on a

Figure 5. UV—vis spectra in a CCl, solution for1 (black) and2 (red). CH Instruments electrochemical analyzer with platinum working
and auxiliary electrodes, a Ag/AgCl reference electrode, a scan rate

ConclUSK)nS (for CV) of 100 mV/S, and 0.10 M B{NPFE (|n CHZCIZ) as the
electrolyte.

The crystal structures dfand2 that havedimers of dimers Preparation of [Mo»(DANIF) 5 ,(Oxamidate), 1.To a solution

with d!mplybdenum units linked by unsubstituted oxamidate ¢ Mox(DANIF)(OCCH) (508 mg, 0.500 mmol) and oxamide (22.0

and dithiooxamidate groups are isomorphous. The cores ofyng, 0.250 mmol) in THF (15 mL), was added, slowly and with

the molecules are planar due to intramolecular hydrogen stirring, 0.5 M sodium methoxide (1.0 mL) in methanol. An orange

bonds in the bridging ligand&. reacts further with LiMe to solid formed in about 20 min. After 1 h, the solvent was evaporated
form a lithium salt upon the removal of the remaining amine under reduced pressure. The solid residue was extracted using CH
hydrogen atoms. The CVs dfand its sulfur analogueg, Cl, (ca. 15 mL). The mixture was filtered using a Celite-packed
show two reversible one-electron oxidation processes with frit, and the volume of the filtrate was reduced under a vacuum to
potential separationsA€y;) between the two oxidation @Pout 5 mL. Then, 30 mL of isomeric hexanes was added,
processes of 204 and 407 mV, which corresporid.tealues produc_lng an orange preC|p|tat_e. T_he solid was c;nllectt_ad by filtration
of 2.8 x 10° and 7.6x 1CF, respectively. and dried under a vacuum. Yield: 325 mg (82%). Single crystals

The di b h its in 1 is simil for X-ray analysis were obtained by diffusing hexanes into a
e distance between the [Maunits in 1 is similar (ca. dichloromethane solution of the orange proddigtNMR (9, ppm

7 A) to that linked by oxalate and diaryloxamidatesf¢rm). in CD,Cly): 10.27 (s, 2H~NH), 8.50 (s, 2H—~NCHN-), 8.42 (s,
However, the €&C bond in the oxalate-linked compound 44 —NCHN-), 6.60~ 6.54 (m, 24H, aromatic €H), 6.48~ 6.43

can rotate freely in solution, whereas the diaryloxamidate- (m, 8H, aromatic GH), 6.41~ 6.38 (d, 8H, aromatic €H), 6.24
linked compounds have two [Mpunits that are essentially  ~ 6.21 (d, 8H, aromatic €H), 3.70 (s, 12H,—OCHs), 3.68 (s,
perpendicular to each other even in solution as a result of 12H, —OCHj), 3.66 (s, 6H—OCH3), 3.65 (s, 6H,~OCH3). UV—
steric repulsions. The electronic coupling between the metal Vis, Amax "M (¢, M~>mol™): 460 (2.0x 1(°), 412 (1.1x 109).
centers in these compounds is mainly determined by Anal. Calcd for GsHoaCleM0sN14O14 (1-3CH,CLy): C, 50.56; H,
electrostatic interactions, and the different conformations of 4-38: N, 8.69. Found: C, 50.55; H, 4.67; N, 8.79.

these species in solution has little affect on the electronic ~ Preparation of [Mo,(DAniF)s],(Dithiooxamidate), 2. To a
coupling K¢ on the order of 1@). sglu_tlon of_ Ma(DAnNIF)3(OCCHg) (4(_)6 mg, 0.40 mmol) and

By changing the oxygen donor atoms to sulfur atoms, the dithiooxamide (24.0 mg, 0.20 mmol) in THF (25 mL), was added,

electronic coupling between the dimetal units chanaes slowly and with stirring, 0.5 M sodium methoxide solution (0.8
. piing . o . 9 mL) in CH;OH. The color turned dark blue. The mixture was stirred
substantially. The coupling i is stronger than inl as

. ; . at ambient temperature for 2 h. After removing the solvent under
evidenced by electrochemical data and DFT calculations on oy ced pressure, the solid residue was extracted wilCGKta.

simplified models1’ and 2. The latter suggest that the 15 mL). The mixture was filtered using a Celite-packed frit, and
electronic structures are different and the energy of the the volume of the filtrate was reduced under a vacuum to ca. 5
linker's r* orbital is much lower for2', which in turn lowers mL. Then, 40 mL of ethanol was added, producing a blue
the energy of the metal-to-ligand charge-transfer band. This precipitate, which was washed with ethanol X220 mL) and

is consistent with the electron transfer from therbitals of hexanes (20 mL). This solid was dried under a vacuum, dissolved
the Mo, unit to the d orbitals of the sulfur atoms. The lower againin 15 mL of CHCI, and layered with hexanes. Blue crystals
energy for the electron-hopping pathway explains the formed within 3 days. Yield: 345 mg (85%) NMR (3, ppm in
significant increase in electronic communication upon sub- CPChk): 11.75 (s, 2H~NH), 8.47 (s, 2H~NCHN-), 8.35 (s, 4H,

stitution of oxygen with sulfur atoms in a similar way as —NCHN-), 6.50 ~ 6.65 (m, 40H, aromatic €H), 6.18 (d, 8H,
Y9 Y @S aromatic G-H), 3.73 (s, 12H—OCHs), 3.71 (s, 6H—OCHS), 3.69

that observed in biological systerits. (5, 12H,—OCHy), 3.68 (5, 6H—OCHz). UV—ViS, Zna M €, M1+
(29) Chisholm, M. H.; Patmore, N. Acc. Chem. Re007, 40, 19. mol7): 600 (8.0x 10°), 450 (1.1x 10°). Anal. Calcd for GoHar

(30) Cayton, R. H.; Chisholm, M. H.; Huffman, J. C.; Lobkovsky, E.JB. MosN1015S; C, 54.33; H, 4.56; N, 9.64. Found: C, 54.03; H,
Am. Chem. Sod 991, 113 8709. 4.62; N, 9.56.
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Table 6. Crystallographic Data fot and2

14CH,Cl; 24CH,Cl,
empirical formula G@H]_QQC|8MO4N 14014 C96H10£|8M04N1401252
fw 2341.26 2373.38
space group PT (No. 2) PT (No. 2)
a, 12.443(4) 12.386(5)
b, A 14.608(5) 14.562(6)
c, A 15.179(5) 15.500(6)
a, deg 72.118(5) 71.826(7)
B, deg 83.062(6) 83.923(7)
y, deg 71.362(5) 71.386(6)
v, A3 2487.3(13) 2517.3(17)
z 1 1
T, K 213 213
A 0.71073 0.71073
Jealca glcn? 1.563 1.566
w, mmt 0.777 0.807
R12 (WR2°) 0.0672(0.1424) 0.1148(0.1866)

AR1=|[Fo| = |Fell/Z[Fol. PWR2 = [3[W(Fo* — F)F/ 3 [W(Fo?)7] M2

X—ray Structure Determinations. A single crystal of each

correlation-consistent double-basis sets (CEPVDZ)* were
applied. A small ECP that represents the 1s2s2p3s3p3d core was

compound was mounted and centered in the goniometer of a Brukerused for the molybdenum atoms, along with its corresponding
SMART 1000 CCD area detector diffractometer and cooled to double$ basis set (LANL2DZ)? Time-dependent density func-
—60 °C. Cell parameters were determined using the program tional (TD—DFT) calculation&® were used for the assignment of
SMARTS! Data reduction and integration were performed with the the electronic spectra. All of the calculations were performed on
software packag8AINT32and absorption corrections were applied either Origin 3800 64-processor SGI or Origin 2000 32-proces§0r
using the progranSADABS?® In all of the structures, the positions SG_I_supercomputers located at the Texas A&M supercomputing
of the heavy atoms were found via direct methods using the program facility.

SHELXTL3* Subsequent cycles of least-square refinement followed ~ Acknowledgment. We thank the Robert A. Welch
by difference Fourier syntheses revealed the positions of the Foundation and Texas A&M University for financial support.
remaining non-hydrogen atoms. Disordered groups were divided

into parts and refined with soft constraints. Hydrogen atoms were

added in idealized positions. Non-hydrogen atoms were refined with
anisotropic displacement parameters. Selected crystallographic dat%

for 1-4CH,Cl, and 2:4CH,Cl, are in Table 6, and selected bond
distances are in Table 1.

Computational Details. Molecular mechanics calculations were
carried out using the software packageriug by Accelrys® with
the Open Force Field OFF) program using the Universal Force
Field. Density functional theory (DF¥) calculations were per-
formed with the hybrid Becke?3 three-parameter exchange func-
tional and the LeeYang—Parf® nonlocal correlation functional
(B3LYP) in the Gaussian 03program3® Double<{ quality basis
sets (D95 were used on carbon, nitrogen, and hydrogen atoms
as implemented inGaussian For oxygen and sulfur atoms,

(31) SMART version 5.05; Software for the CCD Detector System; Bruker
Analytical X-ray System, Inc.: Madison, WI, 1998.

(32) SAINT, version 6.36A Data Reduction Software; Bruker Analytical
X—ray System, Inc.: Madison, WI, 2002.

(33) SADABSversion 2.03; Bruker/Siemens Area Detector Absorption and
Other Corrections; Bruker Analytical Xray System, Inc.: Madison,
WI, 2002.

(34) Sheldrick, G. M., SHELXTLversion 6.12; Bruker Analytical X-ray
Systems, Inc.: Madison, WI, 2000.

(35) Ceriug Forcefield-Based SimulationAccelrys Inc.: San Diego, CA,
2001.

(36) (a) Hohenberg, P.; Kohn, WPhys. Re. 1964 136, B864. (b) Parr,
R. G.; Yang, WDensity-Functional Theory of Atoms and Molectules
Oxford University Press: Oxford, U.K. 1989.
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Supporting Information Available: X-ray crystallographic data
for 1-4CH,Cl,, 2:4CH,Cl,, and 3:2THF in standard CIF format,
description of the synthesis & core structure o8 (Figure S1),
rystallographic data fo3 (Table S1), and selected bond distances
and angles foB (Table S2). This material is available free of charge
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