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Density functional theory calculations have been used to investigate the structure and bonding of the d®d® bioctahedral
complexes XaV(u-S(CHa)z)sVXs?~ (X = F~, CI~, OH™, SH™, NH™). According to geometry optimizations using the
broken-symmetry approach and the VWN+B-LYP combination of density functionals, the halide-terminated complexes
have a V-V bond order of approximately 2, while complexes featuring OH~, SH™, or NH,™ as terminal ligands
exhibit full triple bonding between the vanadium atoms. The tendency toward triple bonding in the latter complexes
is consistent with an increased covalency of the vanadium-ligand bonds, and the influence of bond covalency is
apparent also in the tendency for V=V bond elongation in the complexes with OH™ and NH,™ terminal ligands.
Detailed examination of the composition of molecular orbitals in all of the thioether-bridged V" complexes substantiates
the conclusion that the strong antiferromagnetic coupling which we have determined for these complexes
(=J > 250 cm™) is due to direct bonding between metal atoms rather than superexchange through the bridging
ligands. As such, these V" complexes comprise the first apparent examples of multiple metal-metal bonding in
first-transition-row, face-shared dinuclear complexes and are therefore of considerable structural and synthetic
interest.

Introduction factors influencing adoption either of a weakly coupled,
essentially nonbonded interaction between metal atoms or
of a strong multiple metatmetal bond. While such studies
have shown that the interplay between weak coupling and
strong metatmetal bonding depends on several factors, it
is also apparent that perhaps the most crucial parameter is
the radial extent of the valence d orbitals on the respective
metals. Hence, the general tendency is for complexes

Ifeaturing third-row transition metals to exhibit multiple

bonding, while first-row complexes are much more weakly

coupled and second-row species adopt an intermediate
configuration.

Face-shared®d® bioctahedral complexes, as typified by
Cr,Clg*", exhibit considerable structural variety. This is
particularly true of their intermetallic interactions, which
range from essentially localized structures (such a€lgr
itself) featuring long metatmetal separations [e.g.,
r(Cr—Cr) ~ 3.10 A-® to strongly bonded complexes [e.g.,
W,Clg*~, r(W—W) ~ 2.45 APP-8 with short, formally triple-
bonded, metatmetal distances. The face-shared bioctahedral
complexes have received considerable attention from com-
putational chemist%;?> who have sought to identify the
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Niemann et af® have summarized some of the key S=0 S=2 s=3 Ref. state
structural and magnetic parameters for a set of 16 first-row, — — o + o - o
face-shared bioctahedra. Notably, the eight complexes in their
survey with metatmetal separationgM—M) < 2.7 A all = = | == =R | F= =5 | = =5
featureu-oxo, u-hydroxo, oru-alkoxo bridges, while the
complexes witlr(M—M) > 2.7 A are exclusively--halide-
bridged. The three largest-magnitude values of the spin- + aalles =+ =+ o | = -
exchange coupling constant, reported in the survey of = o 4= # o == o
Niemann et af? are—340,—256, and—125 cni* for com-

Figure 1. Representation okd-derived orbital occupancy for tHe= 0,
S= 2, andS = 3 associated states, and for the reference state, for a face-
shared & dimer XgM(u-Y)sMX 3.

plexes featuring respectively three, two, and qnrexo
bridges. Excludingu-oxo-bridged complexes, for which
superexchange (rather than direct metaktal bonding) has
been shown to dominate the magnetic coupling in both edge-computational Details
shared*?> and face-sharéfl dinuclear complexes, none of
the Niemann et al. surveyscomplexes have a measuréd
value of greater magnitude tharLl00 cnt?. In the interven-

ing decade, the synthesis of several novel first-row, face-
Sha_red a_js d'_nUdear cpmplexé§32_ has_ seen a SUbStant"’fﬂ tions of functionals: (i) the local density approximation (LDA) to
proliferation in the variety of bridging ligands employed in  the exchange potentiiand the local correlation potential of Vosko,
Cr(ll) and Mn(IV) complexes but has not provided any new  wilk, and Nusair (VWN) (ii) the VWN local correlation potential,
examples of strongly antiferromagnetic, face-sharing, first- the Becke nonlocal exchange potentiednd the Lee-Yang—Parr
row complexes. correlation potentidfin a combination identified as VWINB-LYP;

While several different bridging ligands have been ex- or (iii) the local (LDA) exchange potential, _Becke nonlocal ex-
ploited in studies on first-row binuclear complexes, we are change, and LeeYang—Parr nonlocal correlation. The latter com-

. ) . bination of functionals is widely used by many researchers and is
unaware of any reported first-row, face-sharing dimers generally abbreviated as B-LYP. The trifii@lus polarization basis

featuring thioether bridges. Such complexes are of interestsets, featuring Slater-type orbitals, were used for all atoms. Electrons
for at least two reasons. First, there are several extantin orbitals up to and including 16C, N, O, B or 2p{S, CI, \}

All calculations described in this work were performed on Linux-
based Pentium IV 1:72.0 GHz computers using the Amsterdam
Density Functional (ADF) program, version ADF20%2jeveloped
by Baerends et &f-38 Each calculation used one of three combina-

Nb(Il) and Ta(ll) face-sharing complexes of tetrahydrothio- were treated in accordance with the frozen-core approximation.
Optimized geometries were obtained using the gradient algorithm
of Versluis and Zieglef3 Full-symmetry calculations for thg =
0,S= 2, andS= 3 associated states (see Figure 1), and “reference
state” calculations of the type described previod8lwere per-
formed in a spin-unrestricted manner usibg symmetry. Broken-
symmetry (BS) calculations for thigls = O state (employing an
asymmetry in the initial spin densities upon the two metal atéfins)
were executed irC;, symmetry. Potential energy curves for the
BS state, and in some instances for the associated states, were
obtained by optimization of all other structural parameters for the
dimers along a series of fixed metahetal separations. While in
most calculations the default geometry optimization convergence

furan (tht, GHgS) 233 all of which are known to possess
short and strong (nominally triple) MM bonds. Second, a
density functional theory (DFT) study by Ziegler and co-
worker$ has noted that substitution by thioethers of chloride
bridges in Mo(lll) dinuclear complexes leads to a consider-
able contraction in the MeMo separation. The apparent
ability of thioethers to stabilize short MM bonds in these
second- and third-row dinuclear complexes, as shown also
by our own previous DFT calculatioffson models of the
known Nb(Il) and Ta(ll) examples, led us to wonder whether
such stabilization might also occur in first-row complexes,
and this query forms the basis of the present work.
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Cl3V(u-S(CHs),)3VCl2~

criteria (change in energy, 0.001 hartree; change in gradients, 0.01Table 1. V-V Bond Lengths and Spin Densities for Optimized
hartree/A; change in interatomic distances, 0.01 A) were adopted, Geometries of [¥V" (u-S(CH)2)sV''X5]>~ Complexes, Obtained Using
the gradient criterion used in the BS optimizations was substantially 1€ YWN+B-LYP Density Functional

tighter (0.0001 hartree/A), so as to accurately locate genuine minima formula state r(V—V)/A2 Ee/eVP uspi(V)©
upon the often rather flat potential energy surface. ClaV(1-S(CHe)2)3VClg2 BS 2592 0 +1.07
Some comment is required on the methods used to infer bond S=0 2505 0.009 O
orders, and related properties, from our computational results. In S=2 3093 0677 1.96
the trigonal symmetry of a face-shared comple®X sM'Zs, the rsef_ 3 g'ggi g%g 8'02
to orbitals on each metal are split into the symmet_ry-distinct subsets f\/(,-S(CHy)z)sVFs> BS 2694 0 4112
a (o) and e 0;). TheS= 0, S= 2, andS= 3 associated states for S=0  2.602 0.001 O
which valence d-electron occupancies are shown in Figure 1 provide S=2 3180 0.816  2.03
a convenient framework through which to explore the properties rSef: 3 ggéé g'gf’é (2)'95
of hypothetical _complexes possessing, respectively, triple metal (HO)V(4-S(CH)2)aV(OH)>~  BS 2796 0 40.002
metal bonds, single metametal bonds, and nonbonded (weakly S=0 2.770 0.006 O
coupled) metal atoms because the alignment or opposition of S=2  3.392 0.970 1.94
electron spin constrains the opportunities for bond formation through Sf= 3 g-gz(l) g-;gg 3-87
electron pairing. Note, also, that all of these associated States(H2N)3V(/4-S(CH3)2)3V(NH2)32* :365 5067 0 0.000
(including S= 2) are genuinely single-determinant configurations S=0 20959 0001 O
by virtue of the 44 splitting imposed through the complex’s trigonal S=2 3558 1.085 2.06
symmetry. While onlyS= 0 corresponds precisely to a region on Sf= 3 g-ggg g-zgg 8-23
: : — H re . .
the antlferromagnet'lMs— 0 BS potential energy surface, tBe= (HSWV(4-S(CH))V(SHZ  BS > 584 0 £0.005
2 and S = 3 associated states are essentially the ferromagnetic S=0 2596 -0003 O
analogues of those regions on the BS surface in which the bond S=2  3.091 0.885 1.84
order is respectively one, or zero. For each associated state, the S=3 3.735 0.605  2.97

difference between the total number of valence electrons on each ref 3.728 2.807 0

metal and the number of localized valence electrons corresponds aQptimized V-V separation for the indicated stateEnergy for the

to the metat-metal bond order. This correlation holds also for the optimized structure for the indicated state, expressed relative to that found

BS-optimized minimum, for which the imposition of an initial spin for the BS minimum ¢ Mulliken spin ﬁiensity on vanadium Ior the ingicated

asymmetry permitsi-spin localization on one metal atom and state. These va]ues ‘have been “covalency-corrected” according to the
. R . . - procedure described in the text.

f-spin localization on the other, in competition with the delocal-

ization of M—M bond formation. Thus, the determination of the -174

spin density on each metal, in the BS minimum, provides an

essentially direct measure of the bond order.

As well as the above approach based on the Mulliken spin density 175 b
on metal atoms, we have also employed the MAYER prodgfam
determine Mayer bond orders, as defined elsewffefer the
constituent bonds within the various BS optimized minima.

. .
[ClsV(S(CHB)z)sVCl3]

XOnly + B-LYP

-176

Results and Discussion

VWN +B-LYP

Bond Energy / eV

Our optimized geometries for the BS minimum and the am b
minima of the various associated states of the\V[p-S-
(CH3)2)3sVX3]?~ complexes are summarized in Table 1.
Several aspects of the results of these calculations require 178 : :
comment. To begin with, it is desirable to assess our choice 2 25 3 33 4
of the nonstandard VWNB-LYP density functional as the ~ V-VlInteratomic Distance/&
optimal DFT method for exploring these potential energy Eégplgf;nzan,F?ﬁ?eﬂféa'éfs”ii%é‘:gf”ﬁi fvs( ;Sf‘;giz)c’z;‘g\?g\glz'[‘tig”n‘ig'leeif
surfaces. These are, after all, complexes for which the gptained using three different density functionals: VWN, VWBLYP,
optimized metal- metal distance is extremely sensitive to the and XOnly+B-LYP. To aid comparison of the potential energy curves, the
functional used, as is exemplified in Figure 2 by the potential YWN and XOnly+B-LYP values have been systematically shifted so that
- . . all three curves coincide at a-W internuclear distance of 4.2 A.
energy curves for [GV(u-S(CH)2)sVCl3]?™ obtained using
the VWN, VWN+B-LYP, and B-LYP functionals. The obtained with VWN, the topography of the VWRB-LYP
VWN result of r((V—V) = 2.450 A (see Table 2) suggests potential energy surface differs as markedly from VWN as
an unambiguous triple bond between vanadium atoms, whileit does from B-LYP. The variation in the magnitude of the
the B-LYP value ofr(V—V) = 3.755 A is indicative of a  magnetic coupling is also evident in the values obtained for
complex featuring a weakly coupled antiferromagnetic the calculated magnetic exchange consfadtusing the
interaction between V atoms. While the V\WIB-LYP different functionals. Which functional provides the most
r(V—V) value of 2.592 A is superficially similar to that accurate picture of the ¥V interaction in this complex, and
in related structures?
(45) Bridgeman, A. J.; Empson, The MAYER programUniversity of We have attempted to answer this question, in a generic
Hull: Hull, U.K., 2002. Freely available on the worldwide web from sense, through a recent survey of the DFT performance in

http://www.hull.ac.uk/php/chsajb/mayer/. ) . ) ;
(46) Mayer, I.Chem. Phys. Lettl983 97, 270. the bond-length estimation for a diverse set of experimentally
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Table 2. Comparison of Parameters Obtained for the BS Minima af/[-S(CHs)2)sVX3]2~ Complexes Obtained Using Different Functionals:

VWN, VWN+B-LYP (Abbreviated Here as VB), and B-LYP

“terminal” r(v—VyA r(v—syhs Uspin(V)® —Jlcmic
ligand X VWN VB B-LYP VWN VB B-LYP VWN VB B-LYP VWN VB B-LYP
Cl 2.450 2.592 3.755 2.273 2.444 2.675 0 1.07 3.14 996 245 47
F 2.570 2.694 3.391 2.267 2.371 2.575 0 1.12 2.78 1255 620 249
OH 2.689 2.796 3.773 2.288 2.363 2.658 0 0.002 2.2623 1337 668 293
NH» 2.780 2.967 3.105 2.297 2.383 2.449 0 0 0 657
SH 2.534 2.584 3.667 2.273 2.326 2.650 0 0.005 3.09 1268 542 98

aOptimized VS (bridging sulfur) distance in the BS minimufmMulliken spin density on vanadium in the BS minimum. Values given include a
covalency correction calculated from VWNB-LYP calculations on the corresponding monomeric complex (see text for detdiggnetic exchange

constant, obtained as described in the text.

characterized dinuclear transition-metal compleéXed/e
found that VWNFB-LYP significantly outperformed all of
the other methods surveyed, including standard Vi8N,
standard B-LYP*?Becke-Perdew (BP}-°tand Perdew
Wang91 (PW91%? for the estimation of metalmetal sepa-
rations in dinuclear complexes, particularly complexes
bearing a moderate overall charge (i1, or +2). Because
the degree of metalmetal bonding is sensitively connected
to the M—M distance, the further implication is that
VWN+B-LYP is also the method of choice for determining

dimethyl ether so as to reduce the duration of the calculations,
we have obtained optimized values f§¥/—V) of 2.814 A
using VWN and 3.121 A with B-LYP, illustrating the
respective tendencies of these methods to underestimate or
to overestimate the metaietal distanc& When VWN+B-

LYP is used, we findr(Vv—V) = 2.980 A, in excellent
agreement with the crystallographic values. Note, also, that
our methodological survéyshowed that all methods exhibit
weakened MM bonding in complexes featuring a high
overall absolute charge (for example, in “test set” calculations

the extent of valence d-electron delocalization, and thereforeon trianionic and tetraanionic complexes); this is consistent

the bond order, within dinuclear complexes. One specific
example from our survéy is particularly pertinent. The
complex [Va(u-Cl)s(thf)e] ™ is oné3-57 of only two?® face-
shared & complexes of vanadium to have been synthesized
to date. It has been characterized by X-ray crystallography
as possessing a-W distance ranging from 2.97 to 3.02
A.54-57 For the model complex [Mu-Cl)3(O(CHs)2)e] *, in
which the tetrahydrofuran ligands have been replaced by

(47) The constani has been determined according to the converttica
—2JS+S,, via the expressidf —2J = 2[E(Snay) — Essl/Snad, for
which Syax denotes the appropriate ferromagnetic state and for which

the energies employed are those of the minima on the respective po-

tential energy surfaces. In the present case, the two possible ferro-
magnetic states al®@= 2 andS = 3; of these possibilitieSnax = 3
leads to substantially lower-magnitudlgalues than that which ensues
on assignment ofnax = 2. We have previousf§y recommended that
the more appropriate value 8faxis that which leads to the smaller

J value; for the present family of complexes, this is consistently
Snax = 3. Thus, for these dimers] has been estimated using the
relationshipd = —E(S=3)/9, whereE is the bond energy of the
S= 3 minimum expressed relative to that for the BS minimum. Note,
however, that this expression is strictly only valid for weakly
antiferromagnetically coupled electrons and may therefore lead to
considerable errors when strong coupling is present, as in the
complexes investigated here. For this reason, these calculatddes
should be regarded as indicative rather than precise.

(48) Noodleman, LJ. Chem. Phys1981, 74, 5737.

(49) Stranger, R.; Lovell, T.; McGrady, J. Borg. Chem1999 38, 5510.

(50) Petrie, S.; Stranger, Rnorg. Chem.2003 submitted for publi-
cation.

(51) Perdew, J. PPhys. Re. B 1986 33, 8822.
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with the distorting influence of Coulombic repulsion in
“vacuum-phase” calculations on species which, in the
crystalline state, are largely shielded against such distortion
by the presence of neighboring counterions. In the present
study, the dianionic complexes X(u—S(CH),)sVX3]? are
presumably subject to a moderate degree of such Coulombic
distortion, which would be essentially absent in monocationic
[V 2(u—CI)3(O(CHg),)e] . Thus, VWN+B-LYP is more likely
to err toward a longer (weaker)-W bond in [XsV(u-
S(CHp),)sVX5)?~ than would be found crystallographically.

Returning to Table 1, it is apparent that for each complex
the various minima are consistently ranked in increasing total
energy, wWithE(BS) ~ E(S=0) < E(S=3) < E(S=2) <
E(ref). The proximity of the BS minimum to the correspond-
ing S= 0 minimum suggests that the-\W interaction is
strong and approaches the nominal bond order of 3 expected
for full metal—metal bonding in these species. However, our
covalency-correctéd Mulliken spin densities for the vana-
dium atoms uspi(V), show that the halide-terminated com-
plexes still possess approximately one localized d-electron
per V atom, implying a bond order of around 2 (see Table
2). The case for “full” V=V bonding appears more secure
for those complexes in which the terminal ligands are OH
SH™, or NH,™; here the calculated residual spin density on
V, in the BS minimum, is negligible in each instance.

As an alternative evaluation of the reliability of the spin-
density-based estimation of metahetal bond orders de-
scribed above, we have also determined bond orders accord-

(59) The raw Mulliken spin densities were corrected by a factou@é),
where umeocty is the Mulliken spin density obtained for the central
vanadium atom within the isolated high-spif attahedral complex
X3V(S(CHg)2)s~ (X = CI, F, OH, SH, or NH as appropriate). The
purpose of this correction factor is to allow for the effect of metal
ligand covalency within the octahedral complex and, by analogy, also
in the corresponding dinuclear complex: covalency reduces the spin
density from the value of 3 expected for a purely ionic complex of
(AR



Cl3V(u-S(CHs),)3VCl2~

Table 3. Determination of MetatMetal Bond Orders for the BS BS o
Minima of [X3V(u-S(CHs)2)3VX3]>~ Complexes, via Mulliken e
Spin-Density and Mayer Bond-Order Analyses 3 Vl V2
“terminal” r(V—-V)/ Hspi(V)" Mayer BO! ;ge:l[: — _ I 2461 €g
ligand X Aa rane  corrd BO® BOgy BOs¢¢ BOcon! o e == = 23e
= 1801\1« 18a1T\

Cl 2592 0.963 1.07 193 1.635 1.896 2.59 S

F 2.694 0937 112 1.88 1.473 1751 2.52 2 g

OH 2.796 0.0002 0.0002 3.00 1.362 1.471 278 E

NH> 2967 O 0 3.00 1.110 1122 297 S 22l — — —_ - 22T

SH 2584 0.0004 0.0005 3.00 1.668 1.660 3.01 N

aOptimized V-V distance in the BS minimun®.Analysis based on = "
Mulliken spin density on vanadium in the BS minimufriUncorrected value 3
of the vanadium Mulliken spin density, obtained directly from the VB¢ Lq"
LYP BS geometry optimizatiorf Covalency-corrected Mulliken spin
density, using the covalency correction factor obtained from \WBN 2T 4 4 ? 21el
LYP calculations on the corresponding monomeric complex (see text for 0 eT =+ ”__’j_ a2l
details).® Spin-density-derived bond order, obtained by subtracting the 7a, @
covalency-correctegdspin(V) value from the hypothetical maximum-wW
bond order of 3 (see text for detail§Analysis using the MAYER prograth Figure 3. Electronic configuration of the BS minimum of the BU(u-
to determine Mayer bond ordesMayer bond order for the ¥V bond, S(CHb)2)3VCl3]2~ complex (obtained using the VWRAB-LYP combination
for the identified (BS oiS= 0) optimized geometry! “Corrected Mayer” of functionals), showing the valence-d metal-dominated orbitals. Metal AO
bond order, obtained by multiplying the ratio B€BOs—o by the hypotheti- contributions to the occupied-spin MOs are displayed as overlaid bar
cal maximum -V bond order of 3 (see text for details). charts, with \{ and \, AOs shown as filled (black) and outlined (white)

bars, respectively. For the occupieespin 17a (o) orbital, the \{ and \,

. . . AOs which contribute to the MO character arg dor 21e, the two AOs
Ing to the Mayer approaéﬁas |mpIemented in the program depicted for each vanadium atom are respectivelyxdor dy) and g, (or

MAYER.# The results obtained from this analysis are d,,). Contributions to the corresponding occupjgdpin MOs have the ¥
detailed in Table 3. The Mayer analysis supports our spin- and V2 character transposed in each instance.
density-based technique insofar as both methods invariably . ) .
determine V-V bond orders of greater than unity for the from structural and spln-_dens_,lty data concerning the_ degree
sulfur-bridged dinuclear complexes. However, it is apparent ©f metai-metal bonding in this complex. The occupied a
from Table 3 that the 'V Mayer bond orders obtained for ~ SYmmetry valence-d metal-based molecular orbital (MO) is
the BS-optimized geometries of the various complexes are argely delocalized between the two metal atomaid V-,
consistently and significantly lower than those gleaned from With the slight residual spin asymmetry in the resulting
the spin-density approach. There is also a monotonic trendPond being reflected in the disparity-§9:41%) between
toward decreasing ¥V Mayer bond order with increasing ~ the contributions of the two metal atoms to iespin MO.
intermetallic separation in the BS minimum, which is not A substantially greater spin asymmetry is exhibited in the
reflected in the spin-density-derived values. We believe that 0ccupied e-symmetry orbitals, with 76% of thespin metal-
the best reconciliation between these two measures of bond®@sed character derived from &tomic orbitals (AOs). Both
order can be achieved by determining also the Mayer bond ©f the bonding 21e and antibonding 22e orbital manifolds
orders for the correspondir§= 0 optimized geometries, ¢an be categorized as orbitals, and therefore identified as
in which the delocalization of all metal-based electrons tzg-based MOs, because they conform to the expectation that
between the two metal centers effectively dictates-aww ~ (for example) the @2 contribution is approximately double
bond order of 3 (i.e., one and twod,, covalent \-V bonds) that of d. In contrast, the 23e and 24e manifolds display
in each instance. These= 0 Mayer bond orders, which 7 character (e.g., with,gdominant over d-?). Dispro-
like the BS values are all between 1 and 2, clearly indicate portionation of the MO character, between &nd V,, is
the considerable influence of metdigand bond covalency ~ almost identical in antibonding 18#o that shown for the
on the calculated metametal bond order. A crude correction bonding orbital 17a and a similar correspondence in V
for covalency can be implemented through the expressionand V- contributions is evident also for 21e and antibonding
BOcorr = BOmaBOgss/BOs—0, Where BQuaxis the hypothetical 22e. While significant delocalization between the metal atoms
maximum (dd®) V—V bond order of 3. When this correction is thus apparent in all of thesgrbased MOs, thegebased
is applied, the “covalency-corrected Mayer bond orders” (see MOs are almost completely localized either opor V, and
Table 3) give a trend that conforms qualitatively to that seen (understandably) display a much greater degree of “con-
with the corrected Mulliken spin-density approach. One tamination” from ligand S and CI AOs than from AOs on
striking result is that both the Mulliken and Mayer ap- the other metal atom. Finally, it should also be stated that
proaches ultimately yield metametal bond orders for all ~ the MO analysis depicted in Figure 3 shows that the major
of these complexes of at least 1.8, much higher than thosefactor in the strong antiferromagnetic coupling between V
apparent for any face-shared, first-transition-row complexes and \ is indeed the direct interaction between metal atoms
to have been studied previously. and not superexchange involving the bridging sulfur atoms.
The factors influencing the interactions between V atoms, This provides an important distinction between these thio-
in the Cl-terminated complex, are further explored in Figures ether-bridged complexes and the oxo-bridged Cr(lll) and
3—5. The electronic configuration for the BS minimum, Mn(1V) complexes’®°for which substantial antiferromag-
shown in Figure 3, substantiates the inference already drawnnetic coupling (and short metainetal separations) have been
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(a)

21e

(b)
Figure 4. Depiction of theS-spin, valence metal-based orbitals for the
[Cl3V(u-S(CHs)2)3VCl3)2~ complex, at a contour level of 0.060 in each
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Figure 5. Potential energy curve, as a function of-V internuclear
separation, for the BS state of the §C{u-S(CHs)2)sVCls]2~ complex,
obtained using the VWMB-LYP combination of functionals. Also shown
are the curves due to tf®= 0, S= 2, andS = 3 associated states, in the
vicinities of their respective minima.

0.1 A greater than that of the triply bond&e= 0 minimum,
the BS minimum already features an 18% excess of V
content over Yin the analogoue-spin 17a orbital. Because
the S= 2 minimum features a rather larger~¥ distance

instance. Bonds between Cl, V, and S aroms are overlaid in bold. Thesethan that seen for BS, the drive toward localization of the

orbital diagrams show that most of the/V, spin asymmetry in the BS
minimum for this complex derives from tfig-bonding 21e orbital manifold
rather than the-bonding 17aMO. (Note that the significant ligand-based

valence electrons on one or another metal atom is consider-
able but is frustrated by the formalism of tHe = 2

orbital character in the 12e manifold, apparent in Figure 4b, is centered on calculation, which artificially enforces-bond formation in

the thioethers’ methyl groups, for which atomic positions have not been

shown in these diagrams.)

a less than ideal geometric configuration.
The “energy gap” between th@= 2 minimum and the

experimentally determined and shown to arise mainly from BS state at the same-W distance is considerably larger

superexchange via the oxo briddédzigure 4 provides a

further graphic demonstration of the overwhelming impor-

tance of direct metaimetal bonding, rather than superex-

than the corresponding mismatch betweer 2 and BS
energy values for other multiply bonded, face-shared dimers,
such as MgClg®~, which we have studie®:*°lt is instructive

change, as the conduit for the strong coupling exhibited in 0 examine the unpaired (and uncorrected) Mulliken spin
(for example) the chloride-terminated complex. In this figure density on each metal atom, in the BS structure with the
the contribution arising from S- and Cl-based orbitals, to M—M separation at thes = 2 optimum value. For the
the character of the metal-based valence orbitals, is seen t¢hloride-terminated Vdimer,us,i(BS) = 2.22 at theS = 2

be essentially insignificant.

Figure 5 displays the BS potential energy curve for the

Cl-terminated complex as a function of the-V distance,
with curves also shown for th8 =0, S= 2, andS= 3

associated states in the vicinity of their respective minima.

At short V-V separations, the BS curve follows that for

the “triply bonded”S = 0 associated state, and at substan-

tially larger V—V distances, the BS anfl = 3 curves are

seen to converge, but it is notable that the BS curve always

lies substantially below the (nominally-bonded)S = 2
curve. This mismatch between BS aB¢&- 2 energies arises
because of the imposition &f;, symmetry on the electronic
configuration in theS = 2 complex, ensuring that the
o-symmetry MOs of this complex are fully delocalized
between the two vanadium atoms. The constraint of asfull
bond between Yand V\;, in the S = 2 associated state is
rather unfavorable: recall above that, at-aWdistance only

(60) Wieghardt, K.; Bossek, U.; Nuber, B.; Weiss, J.; Bonvoisin, J.;
Corbella, M.; Vitols, S. E.; Girerd, J. J. Am. Chem. S0d988 110,
7398.
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V-V separation of 3.09 A. Using th®= 2 andS = 3 uspin
values of 1.76 and 2.71 to describe bond orders of 1 and 0,
respectively, the B&sin value corresponds to a-W bond
order of only 0.52; thus, th8= 2 associated state minimum
possesses an enforced doubling of theWbond order
preferred at this separation. In contrast, the “typical” second-
transition-row dimer MgClg®>~ exhibits uspin(BS) = 2.02 at

the S= 2 optimum Mo—Mo separation, corresponding to a
bond order of 0.73 (when assessed against3ke 2 and

S = 3 uncorrected spin densities for Melg®~). Obviously,

the S = 2 enforcement of bond order 1 represents a less
severe distortion of the preferred bond order at that-Mo
Mo separation in this second-row dimer, and we speculate
that the exaggerate€(S=2) — E(BS) gulf for the V' dimers
may relate to a difference in properties of the valence d
orbitals between the first-row and the heavier transition
metals. Note that because the structures described here are
the first known examples of first-row, face-shared dimers
possessing multiple metametal bonding, it is perhaps
unsurprising that this apparently distinguishing characteristic
of first-row complexes has evaded identification until now.
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Figure 6. Potential energy curves, as a function of-V internuclear
separation, for the BS state of the s u-S(CHs)2)sVX3]?~ complex,
obtained using the VWMB-LYP combination of functionals, for different
terminal ligands X: Ct, F~, OH~, SH~, and NH~. To aid comparison of
the potential energy curves, the values forX—, OH™, SH™, and NH~
have been systematically shifted so that all curves coincide at-¥ V
internuclear distance of 4.2 A.

2

Figure 6 provides a comparison of BS potential energy
curves for the various [¥/(u-S(CHs),)3VX3]?~ complexes.
All of these curves feature a characteristically broad potential
well, for which the minimum is located toward the short end
of the V-V distance scale, with a comparatively gentle
increase in slope untilV—V) approaches 4 A. This figure
demonstrates, in agreement with the data given in Table 1,
that these complexes consistently feature multiple metal
metal bonds according to the VWINB-LYP combination

of functionals. Nevertheless, perusal of the energy scale also

indicates that the energetic requirement for substantial
lengthening of the WV separation, and concomitant local-

ization of the valence-d metal-based electrons, is not severe b b

in any of these instances. In this regard, the sulfur-bridged
face-shared ¥ complexes may provide an interesting
example of “metal bond plasticity”, analogous to the
Mo,Xo%™ (X = ClI, Br, I) complexes for which considerable
variation in the metatmetal distance is evident in crystal-
lographic studie§5%63

As characterized byspin(V) in Table 1, there is not a tidy
correlation between the apparentV bond order and the
V-V distance in the BS minima for the various {¥(u-
S(CHp)2)sVX3]?~ complexes. Indeed, the “double” bond in
the Cl-terminated complex is almost identical in length to
the “triple” bond of the HS-terminated species and much
shorter than the ¥V distances found for the other triply
bonded complexes (i.e., those terminated by CGitd by
NH,"). Why should this be so, when the same bridging
ligands are common to all complexes? Comparison of values

Table 4. Spin Polarization Stabilization Energi€spe and, Where
Applicable, dOrbital Overlap EnergieEqyp, for “Monomeric”
[((CH3)2S)kVX 3]~ and “Dimeric” [X3V" (u-S(CHs)2)sV'' X352~ Complexes
(X = ClI, F, OH, SH, NH)?2

[X 3V(/4-S(CH3)2)3VX 3] 2-

“terminal” _[(CH3)2SKVX] Espe— Eoup/
ligand X uspi(V)® 2EspdeVe EspdeVe  Egyp/eVd eved
Cl 2.694 2.230 2.477 2.741 —0.264
F 2.501 2.046 2.155 2.846 —-0.691
OH 2.458 1.940 1.986 2.726 —0.740
NH, 2.098 1.45C¢ 1.729 2.461 —-0.732
SH 2.637 2.074 2.202 2.810 —0.608

a All values shown here were obtained from V\WHB-LYP calculations.
b Uncorrected Mulliken spin density on the vanadium atéispe is the
“spin polarization stabilization energyE(ref state)— E(Snay- ¢ Eovip IS
the “d-orbital overlap energy”E(ref state) — E(S=0).°The complex
[((CH3)2S)kV(NH2)3]~ is unstable against concerted loss of the dimethyl
sulfide ligands. Values reported are for a partially optimized structure having
r(v—S) fixed at 2.50 A, which is the mean-\8 distance found from the
BS and various associated state minima.
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Figure 7. Graph showing the correlation between the BS-optimized/vV
distance and two parameters associated with the spin state of the vanadium
atoms. The data indicate values for the (dimeric) spin polarization

stabilization energ¥Esee (filled circles), in electronvolts, and the (mono-
meric) unpaired Mulliken spin density on vanadium (empty circles).

with Espe (in the dimer) is also evident (see Figure 7). No
such consistent trend is seen for-V distance versuEoyp.

The correlation between metal atom spacing and the un-
paired-spin parameters shown in Figure 7 shows that a
reduction in the magnitude of the effective spin density on
the metal atoms accompanies the elongation of thevV
triple bond in the complexes with OHand NH~ terminal
ligands. We attribute this “spin dampening” to the substantial
covalency of the ¥ X bonds when the terminal ligands X
are NH or OH. It appears that the driving force for triple

listed in Tables 1 and 4 shows that there is a reasonablebond formation with these terminal ligands is the tendency

correlation between increasing—\W distance in the BS
minimum and decreasing unpaired (monomeric) spin density
uspi(V), and a similar correlation of the BS-W separation

(61) Subbotin, M. Y.; Kazin, P. E.; Aslanov, L. A.; Zelentsov, V.Kbord.
Khim. 1985 11, 1568.

(62) Subbotin, M. Y.; Aslanov, L. AZh. Neorg. Khim1986 31, 393.

(63) Stranger, R.; Smith, P. W.; Grey, |. Blorg. Chem1989 28, 1271.

for these ligands to quench the spin polarization stabilization
of ferromagnetic (or weak antiferromagnetic) coupling in a
weakly coupled complex: thus, it is not any heightened bond
strength of the triply bonded configuration itself but rather
the relative instability of the main structural alternative that
enforces the multiple metaimetal bonding in these com-
plexes. The bond lengthening in the Ntdnd OH-terminated
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complexes would appear to result from increasing valence estimate, the WV distances in the complexes of interest in
d-orbital dilation on V with increasing ¥X bond covalency. this work.

The net result is the counterintuitive finding that the triple
V—V bonds in the OH- and NH-terminated complexes
are appreciably longer than the nominal “double” bonds in  Our DFT calculations using the VWANB-LYP combina-

the halide-terminated complexes. tion of functionals have shown that the series og\[Xu-

The question remains, can these complexes be syntheS(CH),)sVX3]2~ complexes investigated here all possess
sized? We would argue that the isolation and crystallographic significant metat-metal bonding, with calculated bond orders
characterization of the heavier congenersNXu-tht)s- of 2—3 in all cases. Analysis of Mulliken spin densities, of
MX3]2~ (M = Nb, X = CI, Br; M = Ta, X = CI; tht = Mayer bond orders, and of the metal-based valence MOs
tetrahydrothiofuran}? which show very strong structural  supports the inference that the substantial antiferromagnetic
similarity to the Cl-terminated vanadium dimer considered stabilization J > 250 cnt!) observed in these complexes
here, is a very promising indicator that the V-containing derives from the direct interaction between metal atoms rather
species may also be synthetically attainable. The second- andhan through superexchange involving the bridging S atoms.
third-row [XsM(u-tht)sMX3]?~ dimers, which invariably The [XsV(u-S(CHs)2)3VX3]>~ complexes are thus apparently
feature robust M-M triple bonds, are reported to be both the first examples of mutiply bonded, face-shared first-
air- and water-stabl& In a previous study? we have transition-row dinuclear complexes to have been investigated.
reported the results of DFT calculations on the analogous While experimental evidence to support this assertion is as
[CIsM(u-S(CHs)2)sMCls]?~ complexes for which calculated  yet lacking, we note that very close Nb(ll)- and Ta(ll)-
M—M distances are found to be very close to those seen containing structural analogues of these complexes have been
crystallographically®* On a methodological note, the slight isolated, are air- and water-stable, and also possess multiple
overestimation of NbNb and Ta-Ta separations by our  metalmetal bonds.

VWN calculations in the earlier work, compared to the
crystallographic value®,is contrary to the general tendency
of VWN to underestimate intermetallic separations. Because
the VWN+B-LYP method alway® yields longer M-M
values than those gleaned by VWN, it would also appear
that VWN+B-LYP should overestimate, rather than under- 1C026276K

Concluding Remarks
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