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Reactions of [cis-Mo,(DANIF),(NCCHa)(BF4)2, DANIF = N,N'-di-p-anisylformamidinate, with an excess of anhydrous
Bu™NX (X = Cl, Br, 1), produced the halide-bridged tetranuclear clusters, [cis-Moy(DANIF);]2(u-X)s, X = CI (1), Br
(2), and | (3). All three compounds show two reversible one-electron oxidation processes with potential separations
(AEup) between the two oxidation processes of 540, 499, and 440 mV, respectively. These AE, values show that
the strength of the electronic coupling between the dimetal units decreases as the Mo,+--Mo, distance increases
from 1 to 2, and then to 3. The structures, EPR spectra, and near-IR (NIR) spectra of the corresponding mixed-
valence species (1-PFg, 2-PFs, and 3-PFg) indicate that the clusters are electronically delocalized. Calculations at
the DFT level indicate that the strong electronic communication is principally due to a direct overlap between the
o0 orbitals from the adjacent dimetal units.

Introduction The earliest studies were done on species such as the
reutz-Taube ion, a pyrazine-bridged diruthenium complex
hat was synthesized in the late 198Gshost of other such
systems have since been investigateld. is generally
understoo8’ that electronic interaction between two adjacent
metal centers depends on geometric and bonding factors such

of compounds having two single metal redox sites connected?®S electrostatic interactions and electronic delocalization
i 8

by one or more linkers, are of significance in a range of through the linkef: ) _ o

interdisciplinary areas for reasons that vary from augmenting  The most frequently used dimetal unit, [MDANIF)3] ",

fundamental knowledge of chemistry to the search for a bettercontains a quadruply bonded dimolybdenum core Mo

understanding of important biochemical redox and electron-

transfer processeé$o fabrication of nanoscale structures in  (4) (8) Creutz, C.; Taube, H. Am. Chem. S0&969 91, 3988. (b) Creutz,
ial . a C.; Taube, HJ. Am. Chem. So0d.973 95, 1086.

materials science. (5) See for example: (a) Creutz, Brog. Inorg. Chem1983 30, 1. (b)

Richardson, D. E.; Taube, KCoord. Chem. Re 1984 60, 107. (c)
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For some years there has been interest in understandin
the effects of various variables in the electronic communica-
tion between two dimetal units joined by a linker such as a
dicarboxylate, a dioxamidate, or other anions such as an
anion MQ?~, M = S, Mo, W! Such studies, as well as those
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Scheme 1 lead to an increase in Coulombic repulsion and a longer
N N [Mog]-++[Mo;] separation, [Mg] = cis-Moy(DAnIF),. More
| [l recently, we observed similar decreases in fMe[Mo;]
N M — separations occurring upon oxidation oisfMoz(DANIF);] -
( /L -( | (u-OMe)** and [May(DANIF)3]x(u-H)2.t®> For these com-
—N —NN pounds, DFT calculations suggested partial bond formation,
j j directly between the Mounits, as oxidation takes place.
Here we report further studies dnhand 1-PFs and the
syntheses of the Br analoguessfMoz(DANIF),]2(«-Br)a4 (2)
and its oxidized produc2-PFs. We complete the series by
oxidizing [cis-Mo(DANIF),]2(u-1)4 (3) to 3-PFs. Structures
[ are provided for the new compounds. Electrochemical data
» , / / v for all isostructural neutral compounds and NIR data for the
( | “"/ > three mixed-valence species are also presented. DFT calcula-
N— M tions support partial formation of long-range Mo-to-Mo
/ bonds as oxidation occurs. For comparison, DFT calculations
N N are also provided for [MgCI(PE®),]2(u-Cl)4,t® which is
11 known to have a rectangular arrangement of molybdenum
atoms with triple and single Madonds alternating around
H,0 ocH, the rectangle. The series of compouncis-Moy(DAnNIF);] -
~ ‘@L H O (u-X)4, X = Cl, Br, and |, which are the subject of this work,
N provide a rare opportunity for evaluation of electronic
= N, N'-di(p-anisyl)formamidinate (DAniF) communication in a very similar environment where the size
of the halide bridging ligands allows us to tune the direct
supported by three nonlabitgN'-di-p-anisylformamidinate ~ orbital overlap interaction between dimetal units.
groups (DAnIF), and it forms compounds of the type Mo ) .
(DANIF);]L[Mo (DAniF);] when L is an appropriate tet- esults and Discussion
radentate group (Scheme 1). These compounds usually Syntheses.Compoundsl, 2, and 3 were previously
exhibit two successive one-electron oxidation processesprepared by cumbersome synthetic methods that involved
corresponding to oxidation of one and then the otherqMo  either reduction of MgDANiF)sCl, with KCg in the presence
unit from a Mg** to a Mo>" core:® The singly oxidized  of CISiMe; or reaction of Me(DANIF), with XSiMes (X =
mixed-valence compounds formally resemble the Creutz  Br, ) over a period of 2 day®¥ The use of the reaction
Taube ion in that they have “two charge-bearing units described by eq 1, which follows a procedure reported in a
connected by a bridgé™.For such compounds, the separation
between electrode potentialsi; ;) has been a common and  2[cis-Mo,(DANiF),(CH,CN),|(BF,), +
useful guide to t_helr cla55|f|cat|or_1 as class | (localized) or 4BU,NX (X = Cl, Br, and I)—
class lll (delocalized), or something in between (class II).
The situation is more complex and less understood for  [CiS-MO(DANIF),],(u-X), + 4BU",NBF, + 8CH,CN (1)
systems which have more than one linker, e.g., compounds
such as ¢is-Moy(DANIF);]2(u-Cl)s (1).*2 For the singly communication for, is far more convenierif This proce-
oxidized complex [cis-Mox(DANIF),] 2(u-Cl) 4} PFs (1-PFs), dure, based on the use of the designed dimolybdenum
already published in a communicati®hit was found that  building block is-Moz(DANIF)(CHsCN)4?*,'" is general
upon oxidation of the neutral precursor the separation and straightforward for the syntheses of all three compounds,
between the two dimetal units decreased by 0.23 A. This is as the halides simply displace labile acetonitrile molecules
contrary to the expectation that an increase in charge wouldfrom the dimetal unit and bring the two [Mjunits together.
However, it is important to use very dry starting materials
(9) (a) Cotton, F. A.; Donahue, J. P.; Lin, C.; Murillo, C. lxorg. Chem. and solvents to obtain pure products. Because the neutral
2001, 40, 1234. (b) Cotton, F. A.; Donahue, J. P.; Murillo, C. A. [
Am. Chem. So@003 125, 5436. (c) Cotton, F. A.: Donahue, J. P.; products have low solubility in polar solvents, e.g., ethanol

Murillo, C. ﬁ. Inorg. Chem 2001, 40, 2223.(d) Cotton, F. A,; Léuj and acetonitrile, there is an additional driving force for the
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A. Inorg. Chem 2002 41, 1354.
(10) (a) Cotton, F. A.; Murillo, C. A.; Walton, R. AMultiple Bonds between (14) Cotton, F. A;; Li, Z.; Liu, C. Y.; Murillo, C. A.; Zhao, Qnorg. Chem

N

Metal Atoms3rd ed.; Springer Science and Business Media, Inc.: New 2006 45, 6387.
York, 2005 (b) Cotton, F. A.; Liu, C. Y.; Murillo, C. A,; Villagfa, (15) Cotton, F. A.; Donahue, J. P.; Huang, P.; Murillo, C. A.; Villagra
D.; Wang, X.J. Am. Chem. So@004 126, 14822. D. Z. Anorg. Allg. Chem2005 631, 2606.
(11) Nelsen, S. FChem. Eur. J200Q 4, 581. (16) (a) McGinnis, R. N.; Ryan, T. R.; McCarley, R. E.Am. Chem. Soc.
(12) Cotton, F. A.; Daniels, L. M.; Guimet, I.; Henning, R. W.; Jordan, 1978 100, 7900. (b) Cotton, F. A.; Shang, M. Cluster Sci1991, 2,
IV, G. T.; Lin, C.; Murillo, C. A.; Schultz, A. JJ. Am. Chem. Soc 121.
1998 120, 12531. (17) Chisholm, M. H.; Cotton, F. A.; Daniels, L. M.; Folting, K.; Huffman,
(13) Cotton, F. A.; Liu, C. Y.; Murillo, C. A.; Wang, XChem. Commun. J. C.; lyer, S. S.; Lin, C.; Macintosh, A. M.; Murillo, C. Al. Chem.
2003 2190. Soc., Dalton Trans1999 1387.
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Figure 1. Core structures d@-2CH,Cly, 2-PFs:2CH,Cl,, and3-PFs-2CH,-
Cl, drawn with ellipsoids at the 40% probability level. Aanisyl groups
and hydrogen atoms have been omitted for clarity.

Oxidation of the neutral compounds having=XBr and
| with 1 equiv of FcPE produces the singly oxidized species
{[cisMO2(DANIF),]2(u-X) 4} PR, X = Br (2-PFs) and | @3-
PFe).

Structural Results. Compound 2 crystallizes in the
monoclinic space group2:/n with Z = 2, which requires

quadruple bonds for the three compounds are 3.601, 3.697,
and 3.915 A ford, 2, and3, respectively, and they increase
as the atomic radius of the bridging atom increases from Cl
to | via Br (Table 1). These separations are significantly
shorter than those in molybdenum-containing pairs (also
known as “dimers of dimers”) in group- and Il -type
compounds (Scheme 1). Among these, the shortest separation
is found for L = oxalate (6.94 Af2 The Mo—X distances

are 2.516[2], 2.649[2], and 2.845[2] A fat, 2, and 3,
respectively. The average->Mo—X angles increase slightly
from 81.06[3} to 82.95[2}F to 83.89[2} from the CI to the

Br to the | analogue, while the average M&—Mo angles
decrease from 91.42[5]o 88.50[2} to 87.02[2} in the same
order. These angles are consistent with the increase of atomic
radii from Cl to Br, then to I.

The'H NMR spectra show singlets for both the methine
protons (ca. 8.6 ppm) and methoxyl groups (ca. 3.7 ppm).
This suggests that tH&,, symmetry of the [Mg]|(¢-X)[Mo2]
molecules persists in solution, as all ligand anisyl groups
are equivalent.

The mixed-valence complePF; crystallizes in triclinic
space grougPl (Figure 1). The cation and anion reside on
different inversion centers. Upon removal of one electron,
the two Mo—Mo bond distances are lengthened from 2.1181-
(6) A in the precursor to 2.1406(9) A. This lengthening is
consistent with an electron being removed fromdt@bitals
of the dimetal units and a decrease of 0.25 in overall bond
order. The increase of 0.023 A in the Mtvo bond distance
in going from 2 to 2-PFs is similar to those observed in
delocalized systems but considerably less than those found
in localized mixed-valence complexes of the type pvtt-
[M02]°.920 The metat-ligand bond distances also appear to
be shortened, for example, from 2.649[2] to 2.622[2] A for
Mo—Br and from 2.093[5] to 2.091[4] A for MeNpanir
because of the increase of the oxidation state of the dimetal
units, but these changes are very small. Accompanying the
increase of the metaimetal bond distance, the separation
between the midpoints of the two [Mounits (Mo*++Moy)
is reduced by about 0.21 A, from 3.697 to 3.488 A. The
average bridging angles Md@r—Mo (83.38[2F) are smaller
than those in the precursor (88.50(2]Similar changes on
the geometry have been observed for the iodine analogue as
one electron is removed from the neutral complex.

Magnetism and NIR Spectra.The X-band EPR spectra
for 2-PFs and3-PFs; were measured at room temperature in
CHCI; solution. Only one prominent signal was observed
for each complex, which is consistent with a doublet
electronic ground state. Thpvalues of 1.935 foR-PF; and

the molecule to have a crystallographic inversion center. The 1.959 for3-PFs are significantly different from that for an
core of the structure, shown in Figure 1, consists of two organic free radical and indicate that the unpaired electron
[Mog] units linked by four Br atoms. The core has idealized resides in a mainly metal-based orbital. The main peak is

D, symmetry and is similar to those ih and 3.2 The
crystallographically equivalent MeMo quadruple bond
distances, 2.1181(6) A, are also similar to thosd ahd3

due to molecules containing only tA&o (I = 0) isotope

(18) Cotton, F. A.; Mester, Z. C.; Webb, T. Rcta Crystallogr.1974
B30, 2768.

but about 0.02 A longer than those in dimolybdenum (19) Lin, C.; Protasiewicz, J. D.; Smith, E. T.; Ren,lfforg. Chem1996

paddlewheel compounds supported by four three-atom bridg-

ing ligands, such as M{O,CCHs),® and Mg(DANIF),.*°

The nonbonding separations between the midpoints of the

35, 6422.

(20) (a) Cotton F. A.; Li, Z.; Liu, C. Y.; Murillo, C. A.; Villagfa, D.
Inorg. Chem 2006 45, 767. (b) Cotton, F. A.; Murillo, C. A;
Villagran, D.; Yu, R.J. Am. Chem. So006§ 128 3281.
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Table 1. Selected Bond Distances (A) and Angles (deg)

compound Me-Mo Moy:+-Mo,?2 Mo—XP Mo—N Mo—X—Mo ref
1 2.1191(4) 3.601 2.516[2] 2.095[5] 91.42[5] 13
1-PFs 2.1453(3) 3.374 2.490[6] 2.083[3] 85.28[1] 13
2 2.1181(6) 3.697 2.649[2] 2.093[5] 88.50[2] this work
2-PFs 2.1406(9) 3.488 2.622[2] 2.091[4] 83.38[2] this work
3 2.117(1) 3.915 2.845(2] 2.100[6] 87.02[2] 12
3-PFs 2.144(1) 3.632 2.812[2] 2.104[8] 80.50[4] this work
[M0,Clo(PEL)s]2(1-Cl)s 2.211(3) 2.901 2.401[6] 74.50 16

aDistance between midpoints of the dimolybdenum boAds = bridging anion.

1.2 1.0 08 06 04 0.2 00
mV (vs. Ag/AgCl)

Figure 3. Cyclic voltammogram fo2 (upper) and3 (lower) in CHCl;
solution.

Table 2. Oxidation Potentials and Comproportionation Constantslfor
2, and3 along with Separations between Dimetal Units

Figure 2. Near-IR spectra of the crystalline mixed-valence speti$s, Moz-*Moz  Eu(l) Ewn(2) AEie

2-PFs, and3-PFg in KBr pellets. A mv) (mv) (mV) Kc ref
o1 3.601 260 800 540 1.310° 13

(about 74% abundance), whereas the small peaks flanking 5 3.697 314 813 499 2% 10 this work

the main signal are due to coupling of four M&{Mo (I 3 3.915 350 790 440 2.%10° this work

= 5/2) isotopes that have combined natural abundance of
about 25%) and four halide atoms. This is again consistentWell-separated redox couples, corresponding to two one-
with the electron being delocalized over the two [JAanits. electron oxidation processes occurring on the two Mo
The NIR spectra ofl-PF;, 2-PF;, and 3-PFs were units. For 1, 2, and 3, the potential separation\E,,)
measured in the region from 2000 to 10500-érhoth in between the two oxidation processes are 540, 499, and 440
the solid state using KBr pellets (Figure 2 and Table S1) mV, respectively. These very largeE,» values suggest that
and in CHCI, solutions. In both media, the NIR spectra were there is strong electronic coupling between the two Mo
essentially the same. Each mixed-valence complex showsunits. From the values &E,, comproportionation constants
two intense broad absorption bands centered at ca. 5700 andKc) for the equilibrium in eq 2 can be derivéd Their
7200 cnt. It is similar to the NIR spectra of the complex magnitudes, ranging from 1@o 10, are listed in Table 2.
{[cis-Moy(DANIF),],(u-OMe)} * where two broad absorption ~ Clearly, these singly oxidized species are thermodynamically
bands were observed in the NIR regiérSuch transitions  highly stable, and it is reasonable to make the assumption
are often referred to as intervalence charge-transfer transithat the stability is due to delocalization of the charge.
tions. The spectra of these three mixed-valence species are

qualitatively different from those for the [M{L[Mo ;] {IMO ] ,(1-X )} ** + [M0 ] ,(u-X ) == 2{[MO ] o(u-X )}
systems, for which only one band has been observed in the (2)
NIR region?%2! Even though the Hush formulayv,, = £1/25.69

(2310/may) 222 may not be used to interpret the spectra of K = &=

these €is-Moy(DAnNIF),]2(u-X)s compounds, the intense

bands are consistent with significant electronic interaction It has been established in many other cases that back-

between the two dimolybdenum units. bonding from the metal centers to the linker, ey 7*
Electrochemistry. The CVs of2 and 3 are shown in  for systems with dimetal unité°and g, d,, — * for linked

Figure 3, and the electrochemical data for the three com- mononuclear compoundss the major pathway by which

pounds are listed in Table 2. These compounds exhibit two €lectronic communication between the two metal centers

occurs. Similar back-bonding is not expected for the {]yto

(21) ghisholmé(l)\g- Hl-(:Jg’4ate, B. D.; Wilson, P. J.; Zalesky, J. ®hem. (u-X4) species because of the nature of the linkers, nor is

(22) ng]mggh for%nula is appropriate for systems with two dimetal units the geometric relationship of the dimolybdenum building

linked byonelinker. See: Hush, N. SCoord. Chem. Re 1985 64,
135. (23) Richardson, D. E.; Taube, thorg. Chem.1981, 20, 1278.
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560 Scheme 2

520 y=-310.28x + 1652.73
z R%=0.99
= 480
g
wl
g 440 A

400 T T T

35 3.6 3.7 3.8 39 4.0
Mo,*+*Mo, (A)

Figure 4. AEi; values versus the distances between the midpoints of the
[Mo2] units, Moz*--Mog, in [cis-Mo2(DANIF)2]2X4 (X = CI, Br, and ).
370 to better understand the electronic interaction between the
y =-175.26x+ 792.89 [Mog] units. Geometry optimizations for the neutral and
. R =09 singly oxidized species were done using the parameters from
Br the crystal structures as starting points. The models, with
all anisyl groups replaced by hydrogen atoms, were simpli-
fied to [cis-M0o(NHCHNH),]2(1-X)4 (X = CI, Br, 1) having
Do, symmetry.
_ _ iy The general agreement between the calculated and the
Figure 5. Eix(1) values (mV) as a function of electronegativity of the . . .
4-X atoms: Cl, Br, and 1. experimental geometric data shown in Tables 1 and 3
suggests that such a simplification is reasonable. The
blocks to each other conducive to strong coupling via the overestimation of the MeMo distances (ca. 0.04 A) is
linkers. Therefore, the explanation for the strong electronic reasonable because of the use of hydrogen atoms in the
coupling observed in these species must be different. theoretical study instead of the bagianisyl groups. All
It appears that the short metal-to-metal separations promotechanges in bond distances and angles resulting from the
strong electrostatic interactions; hence, it is one of the major oxidation are in good agreement with those from X-ray
factors that enhance the electronic coupling over the two crystallography. After one electron was removed in the
[Mo.] units. It is noted also that some lobes of therbitals halide-bridged complexes, the calculated distances between
from the two [M@)] units are pointing directly toward each the midpoints of the two [Mg units decreased by about
other, as shown in Scheme 2. Given the shortMblo, 0.21-0.27 A; these changes are comparable with the
distances (3.63.9 A) and theD,, molecular symmetry, it  experimental decreases which are ca. 6228 A.
appears that electron delocalization may occur via a direct Analysis of the frontier orbitals from the calculations
metal-to-metab interaction. Electron delocalization in this  (Figures 6 and 7) indicates that directnteraction through
complex system is supported by the X-ray structural analysis space occurs between th@rbitals in the dimetal units. The
of the mixed-valence specidsPF,' 2-PFs, and 3-PFe. two filled ¢ orbitals interact with each other and generate
For this series of compounds, the coupling effect decreasestwo molecular orbitals, one bondingg(a® + 6) and one
as the atomic number of the bridging atom X increases. antibonding (b, 0 — d) over the four molybdenum atoms.
Figure 4 shows that th&E;, values are nearly linearly = The combination of the tw@* orbitals gives two more
related to the distances between [Jianits d in A), and molecular orbitals, which again include one bonding,(b
the AE;,, values decrease @dncreases with an increase in  6* + 6*) and one antibonding (p 6* — 6*). The orbitals
the atomic radius of X. The trend in tiaeE; , values appears  from the molybdenum atoms make the largest contribution
reasonable regardless of whether an electrostatic interactiorto these two sets of MOs (ca. 787%). The frontier orbitals
or a direct metal-to-metal interaction between two [M# for [cis-Moy(NHCHNH),]»(u«-Cl)4 are shown in Figure 7a,
units or both are responsible for the electronic coupling. Also, in which the in-phase combination of tbeorbitals (g, 6 +
the bridging atom (X) has an influence on the first redox ¢), is the HOMO-1, whereas the HOMO is the out-of-phase
processE 210, and theséz;»(1) values are nearly a linear  combination of the) orbitals (la, 0 — 6). There would be
function of the electronegativity of the halogen atom, as no bonding between the two [Mpunits, with each di-
shown in Figure 5. molybdenum unit remaining quadruply bonded. The energy
Electronic Structures and DFT Calculations. A series difference, AE, betweend — 6 andd + o orbitals, is a
of DFT calculations and fragment analysis was carried out measure of the electronic interaction between the two dimetal

Ez(1) (mV)

+Cl

N
23
o

24 25 26 27 28 29 30 31
Electronegativity

Table 3. Calculated Bond Lengths (A) and Angles (deg) for Modeld 02, 3 and [MoCly(PMes),]2(u-Cl)4

charge Me-Mo Mogz:+-Mo; Mo—X2a Mo—X—Mo

1 0 2.160 3.706 2.594 91.17
+1 2.181 3.503 2.556 86.52

2 0 2.161 3.864 2.765 88.66
+1 2.182 3.632 2.721 83.72

3 0 2.163 4.054 2.975 85.89
+1 2.184 3.780 2.921 80.63

[Mo2Cla(PMes)2] 2(u-Cl)a 0 2.240 2.918 2.453 72.98

aX = bridging anion.

Inorganic Chemistry, Vol. 45, No. 23, 2006 9497



Figure 6. Selected frontier orbitals for the modets§Mox(NHCHNH),]>-
Cly (left) and [Mo:Cl(PMes)2]2(u-Cl)4 (right) using an isosurface value of
0.03.

Figure 7. Orbital interaction diagram forcjs-Mox(NHCHNH)z]2X4 (X
= Cl, Br, ) (upper) and [MeClx(PMes)2] 2(«-Cl)4 (lower). The two dimetal
units are shown in the left and right columns, respectively.

units>2°The calculations (Table 4) show that th& values
are 0.21, 0.23, and 0.25 eV f& 2, and 1, respectively.

Cotton et al.

comparative study were carried out. The calculations were
done at the DFT level using a model that brought together
two [Moo(HNCHNH),]?" components devoid of linking
atoms but having the same relative orientation than that in
[Mo2(NHCHNH),]2(u-Cl)s. When the Me---Mo, distance
was varied, thé\E values changed. The calculation indicates
that when the Mg--Mo, distance is equal to or larger than
9 A (green region in Figure 8), there is no direct interaction
between the two dimetal units; the twoorbitals have the
same energy, and theE values are essentially zero. When
the two [Mqgy] units approach each other (red region), the
directo interaction affects the energy of the twaorbitals.
The two o orbitals form a set of molecular orbitads + 6
ando — o, where the twa)* orbitals formé* + 6* andd*

— 0* MOs. TheAE (y axis, Es—s — Es+s) values slowly
increase at first and then rise quickly until the deaMo,
distance X axis) reaches 3.12 A. In that state, there is direct
o interaction between the two [Mpunits and the strength

of the interaction increases even more rapidly as the
Mo,:-*Mo, distance decreases. As the two dimetal units
approach each other, the energy difference between the
orbitals of6 — 6 ando* + 6* will be smaller because of
the increase in thAE values. At some point, the order of
these two orbitals will be switched. The calculations show
that when the Mg--Mo, distance is less than 3.12 A (blue
region), theo* + o* orbital becomes the HOMO andl —

0 is the LUMO. There is no longer @ bond in each [Mg

unit because there is equal electron density indlaad 6*
orbitals. Simultaneously, two single bonds form between
the two [M@] units, resulting in a rectangle with two single
bonds and two triple bonds. This route resembles the2
cycloaddition in the process of dimerization of ethylene to
cyclobutane in which breaking of twogmrbitals takes place
and two newo single bonds are formed.

One example of this type of rectangle is [Mi,(PE%)] >
(u-Cl)4%8 in which the short Me-Mo bonds, not supported
by bridging ligands, are 2.211(3) A and the long bonds each
bridged by two Cl atoms are 2.901(2) A. Note that this
distance is less than the calculated crossover state (3.12 A).
DFT calculations were performed on this molecule using the
simplified model [MaCly(PMe&),]2(u«-Cl)s. The frontier
orbitals analysis (Figure 7b) shows that the HOMO is indeed
the in-phase combination of the orbitals (b, 6* + 0%),
whereas the LUMO is the antibonding combination of éhe
orbitals (k,, 6 — 0), and this complex is a tetrametal
analogue of cyclobutadiyne as initially proposédThe
frontier MOs also show that none of the single bonds or the
triple bonds can be viewed as isolated and that the four
electrons on the HOMO and HOMO-1 are delocalized over
the four molybdenum atoms.

For the singly oxidized catiofi[cisMoz(NHCHNH);]»-
(u-Cl)g} , the electronic structure (Figure S1) is similar to

This indicates that the electronic coupling between the two that of the precursor where the four metal-based frontier MOs
dimetal units increases as the two dimetal units approachare comprised mainly of thé ando* orbitals from the two
each other, as would be expected from the shortening of thedimetal units. This is consistent with the EPR spectra of the

Moz---Mo; distances.
To obtain the detailed relationship between Atevalues

and the Me---Mo, distance, a fragment analysis and
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mixed-valence complexes which show that the electron is

(24) Cotton, F. AChemical Avplicatiors of Group Theory 3rd ed.; John
Wiley and Sons: New York, 1990.
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Table 4. Comparison ofAE (eV) with Calculated Distances between [fltnits

Mogz++-Mog (exptl) Mo+ +-Mo; (calcd) AE (eV)2 AEy2 (MmV) ref
Mo4Clg(PMes)4 2.901(2¥6 2.918 3.21 NA this work
[Cis-M02(DANIF)2]2(OCHs)4 3.245 3.333 0.34 554 14
1 3.601 3.706 0.25 540 this work
2 3.697 3.864 0.23 499 this work
3 3.915 4.054 0.21 440 this work

aAE = Es-s — Es+o.

in an orbital that has mainly metal character because of the Time-dependent (TD-DFT) calculations were also carried
low g values (1.912 for C¥2 1.935 for Br, and 1.959 for I).  out on the halide-bridged complexes using the optimized
Upon a one-electron oxidation of the neutral precursor, geometry of the modelgis-Mo(NHCHNH),]o(1-X) 4 (X =
removal of the electron from this metal-based orbital results Cl, Br, 1). Such calculations have been useful in understand-
in the lengthening of bond distances within the multiply ing the electronic spectra of compounds having two Mo
bonded Me-Mo units. Simultaneously, because of the units linked by dicarboxylate grougsAs mentioned earlier,
antibonding characterd(— o) between the two adjacent the three neutral species each show two weak absorption
[Mo3] units, shortening of the Me--Mo, distances occurs  bands in the UV-vis range. The one observed at 495 nm
between adjacent units. for 1is calculated at 552 nm for the two symmetry-allowed
The DFT calculations on the three singly oxidized species 6 — d*-type transitions that are close in energy, namely
show that the spin density of the SOMO (Figures 9 and S2) HOMO to LUMO+1 (6 — 6 — ¢* — 6*) and HOMO-1 to
is delocalized over the two dimolybdenum units in each case. LUMO (6 + 6 — 6* + 6*). The higher energy one, observed
Because the model used requires these two units to beat ca. 390 nm and calculated at 452 nm, i® a— =*
equivalent, these results do not, in themselves, constitutetransition (HOMO— LUMO+2).25 For 2 and 3, similar
evidence for delocalizatiof?. They were not done with that  transitions were calculated.
objective in mind, but rather to support the belief that direct  For the mixed-valence specig¢sPFs, the band at 600 nm
o interaction provides an efficient route for the electronic is assigned to a LMCT band from the ligand-based orbital
communication between the redox centers. HOMO-4 — SOMO which is calculated at 628 nm, while
the band at 434 nm corresponds to the SOMQUMO+1
(6 — 6 — o* — 6% transition. Similar transitions were
calculated for2-PF; and 3PFs. Two absorptions are pre-
dicted in the NIR range, and these bands appear experimen-
tally in the electronic spectra at ca. 5700 and 7200%ms
shown in Figure 2. The more intense band centered at ca.
5700 cm! is the HOMO-1— SOMO transition. The one
centered at ca. 7200 cris tentatively assigned to HOMO-1
— LUMO (6 + 6 — 6* + 6*) on the basis of the calculated
orbital energies and their symmetry given in Table S1. For
these two transitions if[cisMoy(NHCHNH)z]2(u-X) 4}
cations, the calculations show that the energies (eV) decrease
from 0.745 and 0.762 id*, to 0.717 and 0.753 i@, then
to 0.651 and 0.748 ir3", which follow the experimental
Figure 8. Comparison of the calculatetlE (Es—s — Es+s) values versus trend.
the diISt?nC% between the mideOi?gf gggée E&/:gtng‘\}vf:gelpsgé 2’: :tgta' Concluding Remarks.We have shown that, upon oxida-
g(r)l;tzlﬁs Ili)rgmlétiv?/(r)ag?rﬁétg;\l/irr:.its;ored= the fw?)é orbitals cloge e?mugh for tion of the CompoundSC.[S.'MOZ(DAmF)Z]2(‘“'X)_4’ X = Cl,
significant interactions to occur, blue tetrametal analogue of cyclo-  Br, |, to species containing the correspondifigis-Mo.-
butadiyne. The electron configurations correspond to the ground state for (DANIF),]2(u-X)4} * cations, the separation between dimetal
each state. units ([Mo,]--:[Mo2]) decreases despite the increase in
electrostatic charge. The decrease is caused by an increase
in electronic communication which is principally due to a
direct overlap between thé orbitals from the adjacent
dimetal units which leads to partial bond formation. In these
compounds thE;, values decrease as MoMo, increases
with an increase in the atomic radius of X.

Experimental Section

Materials and Methods. Solvents were dried and then distilled
under N following conventional methods or purified under argon

(25) We thank a reviewer for emphasizing this point.
Figure 9. Spin density diagram of the SOMO in modes fioPFs with (26) LUMO+2 is the in-phase combination of the twd orbital from
an isosurface value of 0.006. Mo units.
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Table 5. X-ray Crystallographic Data fo2, 2-PFs, and3-PFs

compound 2:2CH.CI, 2-PFs:2CH,Cl, 3-PFs:2CH,Cl,
formula CGQH 54B I’4C|4M O4N 808 CegH 64B I’4C|4F5M O4N 803P CezH 54C|4Fe| 4M 04N803P
fw 1894.41 2039.38 2227.34
space group P2:/n (No. 14) P1(No. 2) P1 (No. 2)
a(h) 11.8343(19) 9.895(4) 9.247(2)
b (A) 12.405(2) 12.165(4) 13.224(3)
c(A) 23.934(4) 15.609(6) 15.417(3)
o (deg) 90 81.771(6) 89.677(4)
£ (deg) 98.568(3) 85.841(6) 79.545(4)
y (deg) 90 78.464(7) 81.104(4)
V (A3) 3474(1) 1820(1) 1831.1(7)
z 2 1 1
T (K) 213 213 213
Oeatea (9/CNP) 1.811 1.861 2.020
u (mm~1) 3.217 3.110 2.595
R12 (WR20) 0.042 (0.106) 0.032 (0.089) 0.049 (0.108)

ARL= Y [|Fo| — IFcll/Z|Fol. PWR2 = [T [W(Fo? — FA?)/ 3 [W(Fo2)F] V2

using a Glass Contour solvent purification system. All synthetic of the cold FcPE solution through a cannula into the red solution
operations were conducted underis$ing Schlenk line techniques.  of 2 produced a dark-brown solution. The resultant solution was
[cis-Mo2(DANIF)(NCCH;)4](BF4), was prepared by a published stirred at low temperature for 30 min, and precooled hexanes (50

method!” 1 and 1-PF; were prepared as reported earfigthe mL) were then added to produce a dark-brown precipitate. After
commercially available salts B{NX (X = ClI, Br, 1), were dried the solvent was decanted, the solid residue was washed with 20
overnight at 50°C under vacuum. mL of hexanes and then dried under vacuum. This solid was

Physical Measurements Elemental analyses were performed dissolved in 15 mL of dichloromethane at room temperature, and
by Robertson Microlit Laboratories, Madison, NB. NMR spectra the solution was layered with 40 mL of hexanes. After about 1
were recorded on a Mercury-300 NMR spectrometer with chemical week, block-shaped crystals were obtained. Yield: 0.16 g (85%).
shifts (ppm) referenced to CDELElectronic spectra in Ci€I1, were UV —vis, Amax (NM) (€, M~ cm™Y): 478 (6.3x 10°), 619 (1.0x
measured in the range of 26800 nm on a Shimadzu UV-2501PC  10%). Anal. Calcd for GiHeBrsCloFsMosNgOgP (2-PFg-CH,Cl):
spectrophotometer. The NIR spectra were obtained from a Bruker C, 37.49; H, 3.20; N, 5.73. Found: C, 37.75; H, 2.94: N, 5.57.
TEASOR 27 spectrometer. Cyclic voltammograms (CVs) were  preparation of {[cis-Mox(DANIF)s]a(u-1) s} PFs, 3-PFs. This
collected on a CH Instruments electrochemical analyzer with Pt 401 compound was synthesized using a procedure similar to that
working and auxiliary electrodes, an Ag/AgCl reference electrode, ¢, 2-PFs. Small needle-shaped crystals ®PFs2CH,Cl, were
a scan rate of 100 mV/s (for CVs), and 0.1 M BilPF; (in CH,- obtained. Yield: 0.16 g (79%). UMVIS, Amax (NM) (€, M~ cm-3):

Cl,) as electrolyte. Under these experimental conditionsBhe 472 (5.2x 10F), 639 (9.3x 10%). Anal. Calcd for GHedl «ClaFe-

ferrocene/ferrocenium (FéFc) C(_)uple was measured at 440 mV. MosNgOgP (3-PFs2CH,Cl): C, 33.43; H, 2.90; N, 5.03. Found:
EPR spectra were recorded using a Bruker ESP300 Spectrometer~ g3 30, 1 256 N 4.99

Preparation of [cis-Mo,(DANIF) ;],(u-Br) 4, 2. To a mixture of
0.416 g (0.400 mmol) ofdis-Moy(DANIF),(CH3CN)4](BF4), and
an excess of BUNBr (0.644 g, 2.00 mmol) was added 20 mL of

ethanol. A red-brown precipitate formed immediately upon stirring. Cly, and3-PFs-2CH,Cl, were collected at-60 °C on a BRUKER
2y . ‘ 2

The mixture was stirred at room temperature for 2 h. The
supernatant solution was then decanted, and the brown solid wasSMART 1000 CCD area detector system. Cell parameters were

washed twice with 15 mL of ethanol and dried under vacuum. Large pletermi_ned using the program SMART Data reduction ?&d
dark-red crystals were obtained by slow diffusion of hexanes into |ntggrat|on We.re performgd with the soﬁware pgckage SAINT,
a CH,Cl, solution of the product. Yield: 0.25 g (72%H NMR while absorption corrections were applied using the program
(CDCl;, 300 MHz): 8.637 (s, 4H—NCHN—), 6.683 (m, 16H SADABS2° The positions of the heavy atoms were found via direct
aromatic CH), 6.603 (m, 16H, aromatic €, 3.678(s, 24H, methods using the program SHELXPL.Subsequent cycles of

X-ray Structure Determinations. Single crystals suitable for
X-ray analysis were mounted and centered on the tips of cryoloops
attached to a goniometer head. Data262CH,Cl,, 2-PFs:2CH,-

—OCHs); UV—Vis, Zmax (NM) (6, M~1 cmY): 394 (2.5x 107 least-squares refinement followed by difference Fourier syntheses
500 (3.9x 108). Anal. Calcd for GoHeoBraMosNgOs (2): C, 41.79; revealed the positions of the remaining non-hydrogen atoms.
H, 3.51: N, 6.50. Found: C, 41.87: H, 3.47: N, 6.33. Hydrogen atoms were added in idealized positions. Non-hydrogen

Preparation of [cis-Mo(DANIF) Jx(u-1) 4, 3. This compound was atoms were rt_efined with anisotropic displacement parameters.
prepared similarly to2 using 0.416 g (0.400 mmol) ofcis- Crystallographic data fo2-2CH,Cly, 2-PFs2CH,Cl,, and3-PFs:
Mox(DANIF),(CH:CN)JJ(BF.), and an excess of BiNI (0.738 g, 2CH,CI, are given in Table 5 and selected bond distances and angles
2.00 mmol) in 20 mL of ethanol. Yield: 0.36 g (9498H NMR in Table 1.

(CDCls, 300 MHz): 8.555 (s, 4H~NCHN-), 6.659 (m, 16H,
aromatic C-H), 6.595 (m, 16H, aromatic €H), 3.678(s, 24H, (27) SMART V 5.05 Software for the CCD Detector Syst&muker

_ . —vVi -1 ~m-1)- Analytical X-ray System, Inc.: Madison, WI, 1998.

OCHs); UV Vs, Amax (") (€, M cm™): 403 (3.4 x 10°), (28) SAINT, Data Reduction Software, V 6.35Bruker Analytical X-ray
508 (3.8x 10). System, Inc.: Madison, WI, 2002.

Preparation of {[cis-Mo2(DANIF) 2] (u-Br) 4} PFe, 2-PFs. Solu- (29) SADABS, Bruker/Siemens Area Detector Absorption and Other

tions of2 (0.17 g, 0.10 mmol) in 10 mL of C}Tl, and ferrocenium %?"5838”5' V2.03Bruker Analytical X-ray System, Inc.: Madison,

hexafluorophosphate, (FcRF0.036 g, 0.11 mmol) in 15 mL of  (30) Sheldrick, G. MSHELXTL. V 6.12Bruker Analytical X-ray Systems,
CH,CI, were prepared separately and cooled-f8 °C. Transfer Inc.: Madison, WI, 2000.
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Computational Details. DFT?! calculations were performed with

and Br atoms, correlation-consistent doubldsasis sets (CC-

the hybrid Becke'® three-parameter exchange functional and the PVDZ)3 were applied, where a doubigbasis set (LANL2DZ)

Lee—Yang—Pari3 nonlocal correlation functional (B3LYP) in the
Gaussian 03 prografi.Double<-quality basis sets (D9%) were

was applied on | atoms. A small effective core potential (ECP)
representing the 1s2s2p3s3p3d core was used for the molybdenum

used on C, N, and H atoms as implemented in Gaussian. For P, Cl,atoms along with its corresponding douljleasis set (LANL2DZ§”

(31) (a) Hohenberg, P.; Kohn, WPhys. Re. 1964 136, B864. (b) Parr,
R. G.; Yang, W Density-Functional Theory of Atoms and Molecules
Oxford University Press: Oxford, 1989.

(32) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Becke, A. DJ.
Chem. Phys1993 98, 1372. (c) Becke, A. DJ. Chem. Phys1993
98, 5648.

(33) Lee, C. T,; Yang, W. T.; Parr, R. ®hys. Re. B 1998 37, 785.

(34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
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.
Gaussian 03revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(35) (a) Dunning, T. H.; Hay, P. J. INodern Theoretical Chemistry. 3.
Methods of Electronic Structure Theor$chaefer, H. F., Ill, Ed;
Plenum Press: New York, 1977; pp-28. (b) Woon, D. E.; Dunning,
T. H. J. Chem. Phys1993 98, 1358.

TD-DFT calculation® were performed to assign the electronic
spectra of these compounds. All calculations were performed on
either Origin 3800 64-processor SGI or Origin 2000 32-processor
SGI supercomputers located at the Texas A&M supercomputing
facility.
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