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Density functional theory is used to determine the electronic structures, geometries, and periodic trends-in metal
metal bonding in the homo- and heterobimetallfcdedge-shared systems,®1;¢*~, MClg(PHs)s, and M-
Clg(H,PCHPH,), (M = Cr, Mo, W). The much shorter metainetal distances in these complexes relative to
M2Clig*~ (M = Mo, W) are shown to arise solely from electronic differences between chlorine and phosphine
donors. Due to inversion of th& and o* orbitals, the complexes MClg(PHs)s and M;Clg(H,PCH.PH,), (M =

Mo, W) are found to possess formal metahetal double bonds. The periodic trends in metaktal bonding in

these systems are rationalized in terms of the energetic contributions of orbital ovdt}gg) @nd spin polarization
(AEspd. The reduction inAEgpe and increase il\Eqyp on replacement of axial chlorides with phosphine both
favor stronger metatmetal bonding in the phosphine-based complexes. The strong linear dependence observed
betweemEspeand AEyp €nables the metaimetal bonding in these systems to be predicted simply from single-
ion spin-polarization energies. The antiferromagnetic coupling ¥CIMH.PCHPH,), (M = Mo, W) and
MoWClg(H.PCH,PH,), is shown to be mostly due to coupling of the metallectrons, with a smaller contribution
from thex electrons, particularly for the dimolybdenum complex.

Introduction Clg(dmpm}) and MClg(dppm) systems (dmpm= dimeth-
ylphosphinomethane; dpprs diphenylphosphinomethane).
Like their face-shared counterparts, significant variation in the
metal-metal interactions is observed ranging from strong

To address periodic trends in metahetal bonding theoreti-
cally, the chosen methodology must be able to adequately

describe all possible metaimetal interactions ranging from N
weak magnetic coupling through to multiple metatetal metal-metal bonding in WClg(dmpm}, and W,Cls(dppm}; to

bonding. In this regard, our earlier work focusing cdface- only We?k magnetic coupling in the ghromiqm analogues. These
shared bioctahedral />~ (M = Cr, Mo, W) dimers showed phosphine-bridged cqmplexes provide an |d§-al opportunity not
that the broken-symmetry methodology of Noodleman and co- only to test the ability of current theor_et|cal _me_thods to
workers? when incorporated into density functional based reproduce structurgl data but also to examine p_erloo.llc trendg n
geometry optimization routines, was capable of reproducing the metal-metal bonqlng. Thergfore, our purpose in this Paper 15
observed structural and magnetic trends in these systems ranging: extend our earlier ana_IyS|s (_)f the e_dge-shared decahalides to
from strong metatmetal bonding in WClg®~ to weak antifer- e edge-shared phosphine-bridged dimesSi{HPCHPH,).
romagnetic coupling in GElg®~. Other workers have shown (M = Cr, Mo, W), which serve as a model system for the

that the same methodology is also applicable in the study of geometric and electronic stru_ctures oﬁ(l&le(_dmpm)z a_nd M-
internal rotation in quadruply metametal bonded dimers. Cls(dppm): complexes. In doing so we aim to delineate the

More recently, we examined in detail the potential energy factors responsible for the variation in structural and magnetic
curves for the b’roken-symmetry and low-lying spin states in properties of these systems through a systematic study of the
the dbc® edge-shared decahalide systesQUs~ (M = Cr, Mo electronic structure and metainetal bonding in homobimetallic
W),4 allowing a straightforward comparison of metahetal and heterobimetallic bClig*, MzCls(PHs)s, and MCle(Hz-
bonding with the & face-shared MClg®>~ dimers previously PCHPH); (M = Cr, Mo, W) complexes (Chart 1).
investigated. Although structural and magnetic data for the edge- Computational Details
shared decahalidesal,¢*" are scarce, considerable data exist

for the closely related edge-shared phosphine-bridged M All calculations described in this work were performed on either

Sun UltraSparc 140/170 workstations or Linux-based Pentium 11 333/
400 MHz computers using the Amsterdam Density Functional (ADF)
program, version 2.3, developed by Baerends &fTale local density
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Metal—Metal Bonding in Edge-Shared Dimer Systems
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approximation to the exchange potential was used, along with the
correlation potential of Vosko, Wilk, and Nusdifhe LDA was used
throughout as previous wotkhas shown that incorporation of nonlocal
corrections to the exchange-correlation potential leads to generally
poorer agreement with experiment, particularly in relation to metal
metal distances. A doublgSlater type orbital basis set extended with

a single d-polarization function was used to describe the main group
atoms, while all metals were modeled with trifflésasis sets. Electrons

in orbitals up to and including 18C}, 2p{P}, 2p{Cl}, 3p{Cr1}, 4p
{Mo,}, and 5p{ W} were considered to be part of the core and treated
in accordance with the frozen-core approximation. Geometries were
fully optimized using the algorithm of Versluis and ZiegfeFull-
symmetry calculations for th®= 0—3 associated states were performed
in a spin-unrestricted manner usird, (homobimetallic) orC,,
(heterobimetallic) symmetry. In the broken-symmetry calculations, all

symmetry elements connecting the two metal centers were removed,

resulting in overallCy, point group symmetry, and an asymmetry in
the initial spin density introduced using the “modifystartpotential” key.
Potential energy curves for the broken-symmetry and associated state
were generated by freezing the metaietal separation and optimizing

all other structural parameters independently. Exchange coupling
coefficients were calculated from the differences in enery$GF
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Figure 1. Representation of the broken-symmetry statpddd®} edge-
shared dimers in both localized and delocalized limits. Orbitals are
labeled according to the representations of @gpoint group in the
localized limit and theD, point group in the delocalized limit. Spin
polarization results in a splitting between the occupied and vacant
single-ion orbitals in the localized limit whereas the splitting between
bonding and antibonding molecular orbitals in the delocalized limit
arises from direct metalmetal orbital overlap.

Localized Delocalized Limit

Limit

Clg(dmpm} and MxClg(dppm) systems are given in Table 2.
It should be noted that because of crystallographic disorder, the
values given in Table 2 for MoW@ldmpm) and MoWC}-

?dppm)z are averaged over both metal centers. On the whole,

the calculated geometries are in reasonable agreement with the
crystallographic data. In general, smaller metaggand bond

method) between the broken-symmetry state and its associated ferro-distances are calculated in line with the known tendency of the

magnetic counterpart using optimized geometries for both states.

Results and Discussion

Orbital Interactions. The general features of the interaction
involving the metal-based orbitals in Xal1¢*~, M2Clg(PHs)a,
and MClg(H2,PCH,PH,), systems are shown in Figure 1. From
a group theoretical analysis, the lod@, symmetry at each
metal center splits the degeneratgorbitals into nondegenerate
a; + by + & levels havingo, &, andd symmetry with respect
to the metat-metal axis. In the weakly coupled (localized) limit,

LDA to underestimate these distanées.

The calculated metalmetal separations for the heterobime-
tallic species are intermediate between those of homobimetallic
complexes comprising the component metal ions. The short
metal-metal separation of 2.76 A calculated for MoWE! -
PCH,PH,); is in good agreement with the known structures for
MoWClg(dmpm) and MoWCk(dppm) and indicates that these
complexes undergo strong metahetal bonding consistent with
the large antiferromagnetic exchange coupling constanig,of
—1430 cnt! reported for both MoWG{dmpm) and

these magnetic orbitals remain essentially localized on the metalo\wClg(dppm}).5' The much longer metaimetal distances of

centers and, in the case ofdd dimers, are singly occupied.
Metal—metal orbital overlap results in delocalization of the

3.32 and 3.06 A calculated for CrMogH,PCH,PH,), and
CrWCls(H,PCH,PH,),, respectively, are indicative of relatively

magnetic orbitals over both metal centers and consequentyeak antiferromagnetic coupling between the metal centers,

formation of metat-metal bonding go), ba(7r), and hy(d) and
antibonding hy(o*), bag(r*), and g(0*) molecular orbitals. The
splittings within the energy levels shown in Figure 1 arise from
two very different sources. In the weakly coupled limit spin
polarization is responsible for the separation of the occupied
and vacant single-ion orbitals, whereas in the delocalized limit,
metal-metal orbital overlap causes splitting between bonding
and antibonding molecular orbitals. The position of the localized/
delocalized equilibrium in these complexes, and therefore the
resulting geometries and extent of metaietal bonding, will
depend on the relative magnitudes of these two factors.
Optimized Geometries.The relevant broken-symmetr{Z4,)
optimized structural parameters fop®116*~, M,Clg(PHs)4, and
M2Clg(H,PCHPH,), (M = Cr, Mo, W) complexes are sum-
marized in Table 1, the available experimental data for M

(6) (a) Baerends, E. J.; Ellis D. E.; Ros,Ghem. Phys1973 2, 42. (b)
Baerends, E. J.; Ros, ht. J. Quantum Cheml978 S12 169. (c)
teVelde, G.; Baerends, E. J. Comput. Phys1992 99, 84.

(7) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(8) Versluis, L.; Ziegler, T. JChem. Phys1988 88, 322.

although on the basis of bond lengths, the coupling is stronger
than in the analogous dichromium system.

One notable difference between the structures of thel
and MClg(H.PCH,PH,), complexes is that both the bridging
MClpr and terminal MGy metat-chlorine bonds are shorter by
as much as 0.20 A in the phosphine-based complexes. From
Mulliken population analyses, we find that the positive charge
on the metal in MClg(H,PCH,PH,), complexes is between 0.4
and 0.5 units lower than in MCl1¢*~, presumably the result of
the greater polarizability of the phosphine ligands. Furthermore,
the negative charge on both the terminal and bridging chlorides,
particularly the former, is smaller for the phosphine-based
complexes, indicating that they are more electron donating in
these species. A rationale for this increased donor character is
that the phosphine ligands are behaving as weakdonors,
perhaps everr acceptors, and this forces the terminal and
bridging chlorides to counter the loss of electron density on
the metal through increaseddonation.

(9) Ziegler, T.Chem. Re. 1991, 91, 651.
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Table 1. Optimized Structural Parameters fo®¢*~, M,Clg(PHs)s, and MClg(H.PCHPH,), (M = Cr, Mo, W) Complexes

bond distances (&) bond angles (deg)
complex MM MClyq MClpr MClax MP ClegMCleq CloMCly, ClaMCl PMP MCLM

Cr,Clg(H,PCH,PH,), 3.43 2.23 2.37 2.40 95 87 175 93

MoClg(H.PCHPH,), 2.69 2.41 2.42 2.52 84 112 172 68

W_Clg(H.PCHPH,)2 2.76 2.44 2.47 2.56 84 112 173 68

CrMoClg(H.PCHPH,), 3.01 2.28 2.34 2.39 86 101 174 78
2.37 2.45 2.52 88 101 180

CrWCls(H.PCHPH,), 2.78 2.31 2.32 241 83 107 168 71
2.42 2.46 2.58 88 100 177

MoWClg(H.PCHPH,), 2.71 241 2.43 251 84 170 67
2.43 2.45 2.57 84 173

Cr,Clig*™ 3.85 2.40 2.46 2.34 96 77 175 103

Mo,Clig*™ 4.06 251 2.57 2.49 94 76 174 104

W,Clyg*™ 2.82 2.63 2.47 251 88 110 166 70

CrMoClys*~ 3.95 2.39 2.48 2.36 95 176 104
2.52 2.55 2.49 94 174

CrWClyg* 3.99 2.39 2.48 2.36 96 177 104
2.56 2.58 2.53 94 173

MoWCly¢* 4.10 2.51 2.57 2.49 94 175 105
2.54 2.60 2.53 94 174

Cr,Cls(PHs)4 3.51 2.25 2.36 97 84 171 96

Mo2Clg(PHs)4 2.64 2.44 2.40 84 113 159 67

W Clg(PHs)4 2.69 2.46 2.46 84 114 159 67

aFor heterobimetallic complexes, the first and second entries for each structural parameter correspond to the lighter and heavier metellg, respectiv

Table 2. Experimental Structural Parameters fop@ls(dmpm), and MClg(dppm} (M = Cr, Mo, W) Complexes

bond distances (&) bond angles (deg)
complex MM MClyq MClp, MP ClegMCleg ClpMCly, PMP MChLM
Cr,Clg(dmpm), 3.48 2.28 2.38 2.47 94 86 172 94
Mo,Clg(dmpm} 2.74 2.43 2.39 2.55 85 110 70
Mo,Clg(dppm} 2.79 2.40 2.40 2.59 85 109 174 71
WClg(dmpm} 2.67 2.44 2.39 2.53 84 112 68
WClg(dppm) 2.69 2.41 2.40 2.56 84 112 68
MoWClg(dmpm} 2.68 2.44 2.38 2.53 84 112 172 69
MoWClg(dppm) 2.72 2.41 2.40 2.58 84 111 173 69

a Because of crystallographic disorder, the structural parameter values for M@mMpm) and MoWCk(dppm) are averaged over both metal
centers.

The homobimetallic decahalide complexes,Ws* are convenient means of monitoring the metatetal interaction
calculated to have longer metahetal separations than their as the metatmetal distance changes. Irrespective of the extent
phosphine-bridged analogues®™s(H,PCHPH,),, this differ- of localization or delocalization of the magnetic orbitals, the

ence being as much as 1.3 A in the case of the molybdenumbroken-symmetry state in all three edge-shared systems can be
complexes. It is tempting to attribute this difference solely to described withirC,, symmetry by the configuration {8(a!)*-

the geometric constraints of the phosphine bridge that clearly (bx!)1(lo2})(at) (aet) (ae!) (ant)°(bat)(ba¥)(ag 1) O(aut)°, where the

will limit the separation of the metal centers. However, the o, 7, andd subsets of electrons on opposite metal centers are
calculated metatmetal separations listed in Table 1 for the antiferromagnetically coupled (see Figure 1). Depending on
unbridged phosphine complexes,®s(PHs)4 do not support which subsets of electrons are involved in weak antiferromag-

this hypothesis. The fact that the calculated metaktal netic coupling (localized) and which are involved in strong
separations for MClg(H,PCHPH,), and MClg(PHs)s com- metal-metal bonding (delocalized), four distinct descriptions
plexes are almost identical implies that the shorter metadtal of the broken-symmetry state are possible over a range of

separations in the former relative to the decahalide complexesmetal-metal distances corresponding to (a) all electrons delo-
arise purely from the replacement of the axial chlorides by calized, (b)o + 7 delocalizedy localized, (c)o delocalizedsz

phosphine donors and not as a result of any steric constraints+ ¢ localized, and (d) all electrons localized. Where the overlap
imposed by the phosphine bridge structure. To rationalize this of a particular subset of magnetic orbitals is weak, the states

result and also to address periodic trends in metadtal corresponding to antiferromagnetic and ferromagnetic coupling
bonding, it is instructive to examine the potential energy curves of the electrons within the same subset of magnetic orbitals will
for the three edge-shared systemgg*~, M2Clg(PHs)s, and lie close in energy. Thus, in relation to the four coupling modes

M2Clg(H,PCHPH,),. In this manner, it should be possible to  (a)—(d) above are four “associated” spin states where the
monitor independently the effects of first replacing the axial localized subsets of electrons are ferromagnetically coupled. The
chlorides with phosphine ligands and then introducing the orbital configurations corresponding to each of these associated

methylene bridge unit. states are depicted in Chart 2 and are defined using thBull
Potential Energy Curves: General FeaturesAs we have dimer symmetry for the homobimetallic complexes since the
shown previously for MClg®~ and MCly¢*~ (M = Cr, Mo, W) magnetic electrons are found to be completely delocalized, even

complexes, the analysis of the broken-symmetry potential in the absence of symmetry elements connecting the two metal
energy curves in terms of the corresponding curves for the centers.

associated spin states of the dimer, where successive subsets At large metat-metal separations where all the magnetic
(o, m, andd) of magnetic electrons are decoupled, provide a orbitals are localized, the broken-symmetry state corresponds
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to weak antiferromagnetic coupling of the metal-based electrons,

and therefore thé& = 3 associated state, wheoe 7z, and 6
subsets of electrons on opposite metal centers are aligned
parallel, will lie closest in energy to the broken-symmetry state.
At intermediate metatmetal separations, where thelectrons

are delocalized in a metametalo bond but ther ando subsets

of electrons remain weakly coupled, t8e= 2 associated state,
corresponding to ferromagnetic coupling of the and ¢
electrons, lies close in energy to the broken-symmetry state. At
even shorter metalmetal separations where both thendx -46.0 |
electrons are delocalized but tlieelectrons remain weakly
coupled, theS = 1 associated state lies closest in energy
corresponding to ferromagnetic coupling of thelectrons in
isolation. Finally, at the shortest metahetal separations, the

o, T, ando subsets of electrons are all delocalized, and3ke

0 associated state, where all six metal-based electrons are paired
up in the metatmetalo, 7, andé bonding orbitals, converges . : : :

-46.0 |

Energy / eV

-47.0 }

with the broken-symmetry state. 2.0 25 3.0 3.5 4.0 4.5
M2C|1047 and M2C|5(H2PCH2PH2)2 Complexes.PotentiaI
energy curves for the broken-symmetry state &e 0—3 M-M/ A

associated states of the edge-shared decahali®; §t and
phosphine-bridged MCls(H.PCH,PH,), complexes are shown

in Figures 2 and 3, respectively. These curves highlight the
dramatic difference in electronic structure and metaktal
bonding in the two edge-shared systems, particularly for the PCHPH,),. The potential energy curves for these two com-
molybdenum and tungsten congeners. Qualitatively, the potentialplexes are very similar, but instead of a relatively flat appearance
energy curves for GElg(H,PCH,PH,), resemble those for  over a wide range of(M—M), the broken-symmetry curve is
CrClig*~ in that the relative ordering of the associated states now distinctly steep-sided with a single, well-defined minimum

is the same, witts = 0 lying at highest energy an8= 3 at in both cases. This abrupt change in shape can be attributed to
lowest energy. Thus, the global minimum in the broken- a change in the energetic ordering of the associated states. In
symmetry state occurs at a relatively long metaketal separa-  the decahalide complexes, the ordeBis 3 < S=1 < S=

tion, r(Cr—Cr) = 3.43 A, corresponding to complete localization 2 < S= 0, with S= 3 lying lowest. In the phosphine-bridged

of all the metal-based electrons. However, although the two complexes the ordering 8= 1 <S=2 < S=0 < S= 3, the
systems are similar, certain differences also exist. The mimima S = 3 state undergoing a substantial destabilization relative to

Figure 2. Potential energy curves for the broken-symmetry Sre
0, 1, 2, and 3 associated spin state§dfd®} M,Cl;¢*~ (M = Cr, Mo,
W) edge-shared dimers.

for the associated states span only 1 eV isQKH,PCHPH,),, S= 1. TheS = 1 state now lies lowest in both MGlg(H,-
whereas in GIClyg*~ they are spread over 3.5 eV. ForClg(H2- PCHPH,),, and WClg(H,PCH,PH,), and the global minimum
PCHPH,),, the same minima also occur at metaietal in the broken-symmetry curve occurs at shorter meatadtal

separations nearly 0.5 A shorter than in,Cli*~. These separations of 2.69 and 2.76 A, respectively, corresponding to
differences indicate that replacement of the axial chloride ligands delocalization of both they and & subsets of metal-based
by phosphine donors results in a reduction in the energetic electrons and thus a formal metahetal double bond.
barrier to metat-metal bond formation. From Figures 2 and 3, it is apparent that the minimum in the
For the two heavier members of the series, the introduction S = 0 state, corresponding to complete delocalization of all
of the phosphine bridge results in a dramatic change in the shapemetal-based electrons in a metahetal triple bond, lies directly
of the broken-symmetry potential energy curve compared to theirabove S = 1 for all M,Clig*= and MClg(H,PCHPH,),
decahalide counterparts. For both }@ ¢*~ and WsClyo*~, the complexes. For the molybdenum and tungsten congeners, this
minima in the potential energy curves for tBe= 1, S= 2, reversed ordering persists down to quite short metadtal
andS = 3 associated states are energetically close, leading toseparations, and only below 2.3 A do theelectrons finally
shallow double minima in the broken-symmetry potential energy delocalize. The reluctance of thieelectrons to delocalize is
curve over a relatively large range§M—M). This description due to the well-established inversion of theand 6* orbitals
of the broken-symmetry curve contrasts markedly with that in edge-shared systems arising as a consequence of the
observed in Figure 3 for M&lg(H,PCHPH,), and WsClg(H2- destabilization of thé orbital through interaction with a halide
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Figure 3. Potential energy curves for the broken-symmetry 8nd - A
0, 1, 2, and 3 associated spin state§dfd®} M,Cls(H,PCHPH,), (M M-M / A
= Cr, Mo, W) edge-shared dimers. Figure 4. Comparison of the broken-symmetry potential energy curves
. X for {d3d3} M2C|1047, MzCle(PH3)4, and MzCla(HzPCHzPHz)z (M = Cr,
bridge orbital of the same symmetry. Only whe(®—M) < Mo, W) edge-shared dimers.

2.3 A does the through space interaction dominate, and the
orbital lies belowd*. As a result of this inversion, the alternative  enhancement in metametal bonding. However, it is by no
S= 0 state, where both the metal-bageedlectrons occupy the  means clear whether this difference arises purely from the steric
o* orbital, is more stable for(M—M) > 2.3 A. limitations imposed by the phosphine bridge structure or as a
The potential energy curves shown in Figures 2 and 3 are in result of electronic effects due to the inherent differences
line with the expected trend toward greater delocalization of between phosphine and chlorine donors. To address this
the metal-based electrons in the heavier members of the triad.problem, the broken-symmetry potential energy curves for the
This is reflected not only in the overall shape of the broken- unbridged phosphine complexes,®s(PHs)4 (M = Cr, Mo,
symmetry curve, but also in the energetic separation oSthe W) have been generated. Apart from the connecting methylene
0 andS= 3 associated states. In both,Ch*~ and CgClg(H2- bridge structure, these complexes are essentially identicajto M
PCHPH,),, this separation is large enough to prevent any Clg(H.,PCHPH,),, and therefore any differences in the potential
change in the relative order &= 0 andS= 3 states, even on  energy curves for these two systems can be attributed unam-
replacement of the axial chloride ligands with phosphine donors, biguously to the geometric constraints of the bridging archi-
and consequently the electrons remain localized. However, fortecture. The broken-symmetry potential energy curves for
the molybdenum and tungsten congeners, the greater delocalM,Clg(PHs)4 complexes are shown in Figure 4 along with those
ization of the metal-based electrons results in an increasingfor the corresponding MClig*~ and MClg(H,PCHPH,),
stabilization ofS = 0 relative toS = 3. For both M@Cl;¢*~ complexes. The most obvious feature emerging from a com-
and WiClyg*~, S= 0 lies aboveS = 3, but in MaClg(H.PCH- parison of these curves is the close similarity of the broken-
PH,), and WiClg(H,PCHPH,),, this ordering is reversed, symmetry curves for MClg(PHs)s and MClg(H.PCHPH,),
indicating that metatmetal bonding is stronger in the phos- over the range 2.6 r(M—M) < 3.8 A. This similarity clearly
phine-bridged systems, a fact consistent with the shorter metal indicates that the dramatic differences observed in the broken-
metal separations calculated for these complexes compared witrsymmetry curves for W¥Clig*~ and McClg(H.PCHPH,),, lead-
their decahalide counterparts. ing to overall shorter metalmetal separations and consequently
M 2Clg(PH3)4 Complexes.From Figures 2 and 3, itis apparent stronger metatmetal bonding in the latter, can be directly
that the replacement of the axial chloride donors with the attributed to electronic differences between chloride and phos-
bridging phosphine ligands has a profound influence on the phine donors rather than any geometric constraints imposed by
nature of the potential energy curves, resulting in a significant the phospine bridge. For(M—M) > 3.8 A, however, the
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N & K the reference an® = 3 states is associated with that of spin
“\ S e\férenc S polarization,AEspe The difference between these two terms,
, lge” <Lr =] AEgspe— AEoyp, Which is simply the energetic separation of the
A Y R minima for theS= 3 andS = 0 states, quantifies the tendency
> \};".‘ S of the metal-based electrons to delocalize and thus determines
%D AE1p "... 52 AEg,, the position of the localization/delocalization equilibrium in each
= . . complex. The termAEspeandAEop, and their differenceEspe
K RN — AEqyp, are summarized in Table 3 for ABl,¢*~ and M-
.l R T Clg(H.PCHPH,), complexes examined in this study. The single-
\“ AEpe - AEgyp - ion spin-polarization energies (SPE) for the relevant monomeric
________ fragments MG~ and transMCl4(PHg),~ occurring in these
systems are also given for comparison. The latter were
determined from the energy difference between restricted and

Metal-Metal Separation unrestricted calculations corresponding to the single-ion con-
Figure 5. Schematic representation of the terfBs,e and AEqy, in figurations [(EQT)lls(tzgl)lE] and [(tng)3(t2g¢)0] in the case of
. spe vl — 0. 0. 0. 0. 0. 0.
relation to theS= 0, Snax and reference states {111333} edge-shpared octahedr? ! M(%G ,aind [((?T) Sgsz) eoh)® Yaud)* Xool) A@ol)>
dimers. and [(ah)(bxt) (a1 (agh)2(b2t)O(ax})?] for the transMCl4(PHs)
fragment possessing,, symmetry.

constraining effect of the phosphine bridge structure is evident ~Periodic Trends. The progressive reduction in the single-
from the observed divergence of the broken-symmetry curvesion MClg®~ spin-polarization energies down the triad, with the
for the MyClg(PHs)s and MyClg(H.PCHPH;), complexes. most dramatic change occurring between the first and second
Electron Delocalization. From the above analysis, it is transition series, has been noted previotshand is simply a
evident that the metal-based electrons are significantly more consequence of the increased radial dilation of the molybdenum
delocalized in both MClg(PHs)s and MClg(H.PCHPH,), _4d and tungsten 5d o_rb|tals, which in turn reduces the average
complexes, resulting in stronger metahetal bonding in these mterglect_romc rep_uIS|on. The replacement of the_twc_) axial
systems compared to 4811~ To appreciate the underlying c_hlorld_e Ilgan_ds with _Pl;iproduces a common r(_aductlon in the
electronic properties of the metal ions which cause these Single-ion spin-polarization energy of approximately 0.3 eV
differences and the resulting periodic trends in metaétal relatlve_to that of the hexac_hloride ions, a result of increased
bonding, it is desirable to obtain quantitative measures of the Metat-ligand covalency which delocalizes spin density from
factors which affect the delocalization of the metal-based the metal onto the phosphine ligands. In all three edge-shared
electrons in these systems. From earlier discussion, the extenByStemsAEspefor the dimer is very close to twice the relevant
of delocalization of the metal-based electrons is dictated by two Single-ion spin-polarization energy, implying thaEspe is
terms, r]arne]yl the Spin_p0|arization energy, favoring localization relatively insensitive to the brldglng architecture. Down a triad
of the metal-based electrons, and the energy associated witPut within the same edge-shared systéXfoy, is observed to
orbital overlap, favoring delocalization. These two terms are in increase, again a consequence of the increased dilation of the
direct opposition, and consequently, the position of the localized/ 4d and 5d orbitals. For the same metal ion, an increasdi,
delocalized equilibrium will depend on their relative magnitudes. between 0.9 and 1.1 eV is observed from@Wg*~ to the
Similar qualitative arguments have been presented to rationalizePhosphine-based system. The large increas&fg,, implies
the effects of different phosphine substituents on the metal —an appreciable enhancement in metaketal bonding occurs on

metal bonding in edge-shared Ms(PRs)4 (PR; = PEt, PMe- exchanging the axial chlorides with phosphine, and presumably

Ph) dimerso this arises from the increased dilation of the metal d orbitals
As we have shown previousk,the S= 0 associated state, due to the high covalency of the metgdhosphine bonds.

corresponding to complete delocalization of thes, and 6 In both edge-shared systems, the tendency of the metal-based

subsets of electrons in a metahetal triple bond, has no spin-  electrons to delocalize, as measured by the quantify,e —
polarization contribution, whereas ti&= 3 associated state, AEovp, iS seen to progressively increase down the triad.
where the electrons on opposite metal centers are alignedFurthermore, within each edge-shared system, the overall trend
parallel, has no orbital overlap contribution. The depth of the toward greater delocalization in the complexes of the heavier
minima in the potential energy curves for tBe= 0 andS= 3 metals is caused by approximately equal but opposite changes
states can therefore be equated with separate contributions fromin AEspeandAE,yp, as observed previously in our study of the
orbital overlap and spin polarization, respectively, as illustrated face-shared MClg>~ (M = Cr, Mo, W) systeni® We note,

in Figure 5 (it should be noted that, as a result of the inversion however, that for the decachloride systeftEspe — AEqyp is

of the 6 ando* orbitals, the alternativ& = 0 associated state,  still positive even for the tungsten complex, whereas in the M
where the electrons occupy th& orbital rather thar, is the Clg(H.PCHPH,), system, this quantity is negative for both the
preferredS = 0 configuration in the following analysis). To  molybdenum and tungsten congeners. The lower valua&gk
obtain independent measures of these quantities, it is necessary- AEqy, obtained for the phosphine-based system thus confirm
to define an appropriate reference state where the contributionsthe greater delocalization and stronger metaktal bonding
from both spin-polarization and orbital overlap terms are in these complexes relative to the decachlorides. In all cases,
eliminated. Such a reference state corresponds to the configuthe tendency toward greater delocalization is driven by a larger
ration (g")°agh)®X(baut)®5 (2ut) 2 X(big) 2 (b1gh) @) Xau) 2> change inAEoyp, wWhich, for the molybdenum and tungsten
(bsgh) O S(bagh) (b1 ) 001 #) 5, where half a spin-up and half a  congeners, is at least double that/fs,e Consequently, for
spin-down electron is placed in each of ther, andd bonding the second- and third-row metals, the increased tendency toward
and antibonding orbitals. The separation of the referencesand delocalized ground states in Mlg(H.PCHPH,), relative to

= 0 states therefore measures the energetic contribution ofM,Clig*~ is dominated by changes in the metatetal orbital
orbital overlap, denotedEgp, While the separation between overlap energy rather than spin polarization.
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Table 3. Overlap and Spin Polarization Energies (eV) fos@s*~ and MClg(H.PCHPH,), (M = Cr, Mo, W) Complexes

complex AEovp AEgpe AEspe— AEoup complex single-ion SPE

Cr,Clg(H:PCHPH), 1.328 2.971 +1.643 CrCi(PHs)2~ 1.52
Mo2Clg(H.PCHPH,), 2.751 1.736 —1.015 MoCk(PHs),~ 0.87
W.Clg(HoPCHPHy), 2.967 1.568 —1.399 WCH(PHs)2~ 0.78
CrMoClg(H.PCHPH,), 1.978 2.360 +0.382
CrWCls(H.PCHPH,), 2.089 2.279 +0.190
MoWCle(H.PCHPH,), 2.859 1.656 —1.203
CrClyg* 0.430 3.626 +3.196 CrC§- 1.86
Mo,Clyg*™ 1.652 2.238 +0.586 MoCE~ 1.14
W,Clyg*™ 1.903 2.037 +0.134 WCE~ 1.03
CrMoCly¢*~ 0.949 2.931 +1.982
CrwWClhg* 1.045 2.833 +1.788
MoWCly*~ 1.775 2.136 +0.361

a Single-ion SPE values are for M€t and MCL(PHs),~ monomeric fragments.

; — . I . essentially the sum of the single-ion spin polarization energies,
Delocalized 4 the localization/delocalization equilibria, and therefore the extent
of metal-metal bonding in these systems, can be predicted
simply on the basis of the component single-ion spin-polariza-
tion energies.

Magnetic Properties. Using spin-projection techniques,
Noodlemas has shown that when the magnetic interaction is
weak, the exchange coupling constagfis given by

4 :

ovip

—Jap = [E(Sna) — EB]/Smax2 ()

AE

whereE(Snay andEg are the energies of the ferromagnetic state,
Snax and broken-symmetry state, respectively. Since this
expression is only valid in the limit of weak coupling, it is
necessary to distinguish which subset(s) of electrons are weakly
. A coupled and which are involved in strong metaietal bonding
L’ Localized as this will necessarily determine which ferromagnetic skate
0 N J K ] N ! ' is applicable. Our previous stuthof the face-shared MClg3~
0 1 2 3 4 (M = Cr, Mo, W) system revealed that an inappropriate value
AE of Snax can lead to a significant overestimation Jfp
spe Consequently, if there is any doubt about which valu&gi
Figure 6. AEyp versusAEspefor homo- and heterobimetallid®d?} is applicable, the better choice will be the valueSx that
MCli¢*~ and MCls(H:;PCHPHy), (M = Cr, Mo, W) edge-shared  Yields the lowest value ofa,
dimers. The diagonal dashed line separates those systems which are The observed and calculated valuesgfor M,Clg(HoPCH-
i‘gogal'zedAEov'P > ABspg from those which are localized\Eovp < PH,), complexes, along with the relevant values Sy used
Spe in calculatingJa, are summarized in Table 4. In addition, both
the uncorrected and covalency-corrected spin densities on each
metal in the broken-symmetry state are given in Table 4, the
latter taking into account the reduction in spin density due to
metal-ligand covalency effects. The covalency-corrected spin
density can be equated with the number of unpaired electrons

In the case of the heterobimetallic systems, Table 3 indicates
that the AEgpe values are simply the sum of the component
single-ion spin-polarization energies and the corresponding
AEqp values are approximately the average of those of the
related homobimetallic systems. Consequently, the extent of . . . .
delocalization of the metal-based electrons in heterobimetallic ©" feaqh ”_‘eta' involved in the C(_)upllng and therefore provides
systems, as measured B¥spe — AEqyp, is found to occur at 2" indication of the value dfnaxin €q 1.
intermediate positions, approximately midway between those Experimentally, CiCls(dmpm}) exhibits very weak antifer-
of the homobimetallic complexes comprising the same metal romagnetic coupling with a reporteela, of less than 2 cmt.>¢
jons. This, combined with the long metaimetal separation of 3.48

The nature of the localized/delocalized equilibria can be best A, suggests that, 7, andd subsets of magnetic electrons are
appreciated from Figure 6 Wheleovlp is p|otted againsAEspe Weak'y COUp'ed. This deSCflptlon of the COUp'Ing IS SUppOfted
for all complexes listed in Table 3. The fact that all the by the high percent localization of the magnetic orbitals in the
decachloride complexes are located in the lower triangle clearly broken-symmetry state shown in Figure 7 and also the corrected
demonstrates the more localized nature of the metal-basedspin density of 2.96. Almost all the reduction in the uncorrected
electrons in this system compared te®lk(H,PCH,PH,),. The spin density from 3.0 can be attributed to metigand
presence of the axially coordinated phosphine ligands thuscovalency as the spin density for the monomeric fragment
affords greater delocalization of the metal spin density onto CrCly(PHs),™ is calculated to be 2.88. From the potential energy
the ligands, thereby reducing the spin-polarization energy curves for CsClg(H.PCHPH,), shown in Figure 3, th&= 3
while enhancing metalmetal orbital overlap. For both edge- state is observed to converge with the global minimum in the
shared systems, a strong linear dependence betivEgjaand broken-symmetry curve at approximately 3.4 A. Therefore, the
AEqyp is observed. Consequently, sind&spefor the dimer is appropriate ferromagnetic state required in eq 1 corresponds to
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Table 4. Magnetic Data for MClg(H.PCHPH,), (M = Cr, Mo,

W) Complexes

Inorganic Chemistry, Vol. 38, No. 24, 1998517

observed,, (cm™?)

uncorrected dimer

covalency-corrected dimer

complex dmpm dppm calculatelg, (cm™1)2 spin densitys: S, spin densityS:S,

Crzcls(HzchzPHz)z -2 —26 (Snax 3) 2.84:2.84 2.96:2.96

Mo.Clg(H.PCHPH,)2 —755 —730 —1087 Gnax=1) 0.98:0.98 1.20:1.20
—1180 Gnax= 2)

W,Clg(H.PCHPH,), —565 —615 —989 Gnax=1) 0.88:0.88 1.11:1.11
—1392 Gnax: 2)

CrMoClg(H.PCH.PH,), —90 (Swax= 3) 2.54:2.11 2.65:2.57
—690 Snax= 2)

CrWClg(H2PCHPH,), —152 Snax=3) 2.18:1.72 2.27:2.18
—577 Grax=2)

MoWClg(H.PCH.PH,), —715 —715 —1057 Gnax=1) 0.93:0.89 1.13:1.13
—1284 Grax= 2)

2The value ofSyax Used in eq 1 to calculatkyis given in parenthese® Covalency correction to dimer spin density given by 3.0/(monomer spin
density) where the monomer spin density corresponds to the calculated values of 2.88 (Cr), 2.46 (Mo), and 2.37 (W) for the relgP&hjMCI

fragment.
-2
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Figure 7. Energies of the broken-symmetry spin-ug) &nd spin-down

(8) magnetic orbitals fof d®d®} M,Cls(H.,PCHPH,), (M = Cr, Mo,

W) edge-shared dimers showing their percent localization on either
the left or right metal center of the dimer.

Shax = 3, yielding a value of-Jy, = 26 cnt! consistent with
the weak antiferromagnetic coupling observed forRLGly-
(dmpmy.

The data in Table 4 reveal that Molg(L—L)2, W2Clg(L—
L)2, and MoWCKL—L), (L—L = dmpm, dppm) all display
very strong antiferromagnetic coupling with the reported,
values ranging from 565 to 755 crh depending on the
phosphine substituent and whetligywas determined from bulk
magnetic susceptibility measurement$%{ 1H} NMR spectref
The reported metalmetal distances of 2.67 and 2.69 A forbW

Cle(dmpm} and W.Clg(dppm}) are close to the global minimum

in the broken-symmetry curve for Mlg(H.PCHPH,),. At these
distances thé& = 1 state lies closest to the broken-symmetry
curve, and therefore the broken-symmetry state is best described
in terms of delocalized andr electrons but weakly coupled

J electrons. However, the covalency-corrected spin density of
1.11 indicates that the electrons are not completely delocal-
ized, and this agrees with the 25% localization ofAhmagnetic
orbitals (11ba, 11bpp) in Figure 7. Consequently, although the
observed antiferromagnetic behavior fop@ls(dmpm) and Ws-
Clg(dppm} can be largely attributed to coupling of the
electrons, some contribution from the electrons must be
invoked. Given that the antiferromagnetism is dominated by
coupling of thed electrons, the appropriate ferromagnetic state
iS Snax = 1, resulting in—Jap = 989 cn1l. If the 7 subsets of
electrons are assumed to be fully involved in the exchange
coupling, thenSnhax is 2 and a value of-Jup = 1392 cntl is

now calculated in much poorer agreement with the experimental
data.

On the basis of the similar potential energy curves forMo
Clg(H2PCHPH,), and WaClg(H,PCHPH,),, it is reasonable to
assume that the magnetic coupling in the molybdenum com-
plexes is comparable to that in the tungsten analogues and
therefore determined predominantly by coupling of the
electrons. However, since the reported metaktal distances
of 2.74 and 2.79 A for MgClg(dmpm) and MaClg(dppm)
are both longer than the optimized value of 2.69 A for,Mo
Clg(H,PCHPH,),, and the energetic separation of tBe= 1
andS= 2 curves is smaller relative to that of ¥g(H,PCH,-
PH,),, it is possible that ther electrons make a greater
contribution toward the exchange coupling in the molybdenum
complexes. From Table 4 we note that the lowest valug,pf
is obtained forSyax = 1, but the value foGnax = 2, where the
7 electrons are explicitly included, is only 93 cirhigher. At
2.79 A, however, corresponding to the metaletal distance
for Mo,Clg(dppm), the covalency-corrected spin density is
nearly 1.4, ther magnetic orbitals are almost 50% localized
on either molybdenum center, adg is smallest wherGnax =
2. All of these factors indicate that, a2.8 A, thes electrons
are moderately involved in the exchange coupling. Further
evidence of their involvement is apparent from Figure 8 where
the dependence dfy, on bothr(M—M) and Syax is shown for
Mo,Clg(H,PCHPH,),. For Mo,Clg(dmpm) and MoCle-
(dppm), r(M—M) lies very near the crossover region between
Snax = 1 andSnax = 2. As a result, the calculatediy, values
are very similar foiSnax= 1 and 2, and therefore bothandx
subsets of electrons are involved in the exchange coupling. Our
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Figure 8. Dependence of J.p 0n metat-metal separation anhaxin
Mo,Cls(H.PCHPH;,),. The —J,, values are calculated using eq 1 (see
the text) withSnax = 1, 2, and 3.

findings basically parallel those of a recent CASSCF study of
the same model complex where the metaletal separation was
fixed at 2.79 Al

The Jap values, spin densities, and metafetal distances

calculated for the heterobimetallic species lie between those o

Stranger et al.

sion is that the coupling of thé electrons is not determined
from direct metat-metal orbital overlap but from superexchange
interactions involving the halide bridge. However, the magnetic
data for the phosphine-bridged dimolybdenum systems span a
rather limited range of metaimetal distances, between 2.74
and 2.79 A, which fall very close to the crossover region
between thel,, curves based 08nax = 1 andSyax = 2. From
Figure 8 we observe thatJ,, varies between 600 and 700 tihn
over this range of(M—M) (assuming~50% overestimation
of Jap by DFT), and this agrees rather well with the reported
—Jap values between 545 and 755 timFrom Figure 8, the
limited range of—Ja, can be attributed, at least in part, to the
varying contribution of ther electrons to the exchange coupling.
Below 2.75 A, only thed subset are involved, whereas above
2.75 A, bothd andz electrons must be included. Outside the
narrow range of(M—M) found for these complexes;Jap is
clearly quite sensitive to the metaetal separation. In fact,
below 2.75 A,—Ja is predicted to decrease from nearly 1500
cm ! to as low as 50 crmt at around 2.3 A. This reduction can
be attributed to the onset of direct metahetald orbital overlap
asr(M—M) decreases, which, in the vicinity of 2.3 A, results
in the 6 and o* orbitals being approximately degenerate.

fConcIusion

the homobimetallic analogues, suggesting that the electronic and  pensity functional theory has been successfully used to
magnetic properties of these systems are simply the average ofenerate potential energy curves for the broken-symmetry and
those of the component metals. This theoretical result is S=0-3 associated states to investigate the electronic structures,

supported by the experimental data in that the reported valuesgeometries, and periodic trends in metaietal bonding in the

of Japandr(M—M) for MoWClg(dmpm) and MoWCk(dppm}

homo- and heterobimetallicédf edge-shared systems®l;5*,

lie between those of the corresponding dimolybdenum and pm,Clg(PHs)s, and MCls(H.,PCHPH,), (M = Cr, Mo, W).
ditungsten complexes. It is interesting to note that, once the sjgnificantly, the much shorter metametal distances found
covalency correction is applied, the spin densities on both metalsfor M,Clg(H,PCHPH;), complexes relative to MCli¢*~ have

in the heterobimetallic systems are very similar. From Table 3,
the spin densities of 2.65 (Cr) and 2.57 (Mo) in CrMg(ElL-

been shown to arise solely from electronic differences between
chlorine and phosphine donors and not as a result of any

PCH,PH) indicate that the magnetic electrons are more or less stryctural constraints imposed by the phosphine bridge. The

localized on the metal centers, and theref@&gyx = 3 is
applicable. The calculated value efly, = 90 cnt!is an order
of magnitude smaller than for MElg(H.PCHPH,), but
significantly larger than the calculated value of 26 ¢énfior

inversion of the) andd* orbitals in Mo,Clg(H.PCH,PH,), and

W,Clg(H,PCH,PH,), results in these complexes possessing
metal-metal double bonds rather than triple bonds expected
for d3d® dimers. The analysis of the broken-symmetry potential

the chromium analogue, reflecting the intermediate nature of energy curves in terms of the energetic contributions of orbital

the coupling in this complex. The substantially largeky, value
of 690 cn1?! obtained whergyax= 2 justifies the use 08nax=
3 in calculatingJap, In the case of CrWG(H,PCH.PH,),, the

overlap (AEqyp) favoring delocalization and spin polarization
(AEspg favoring localization has enabled the periodic trends in
metal-metal bonding in these systems to be rationalized.

spin densities of 2.27 (Cr) and 2.18 (W) suggest that partial |mportantly, replacement of the axial chlorides with phosphine

delocalization of ther electrons has occurred, consistent with
the reduced metalmetal separation and largek, values
compared to those of CrMogH,PCHPH,),. Since the smallest
Japis calculated foiSnax = 3, this system can still be regarded
as relatively weakly coupled. Finally, from the spin densities
of 1.13 for both Mo and W in MoWG(H2PCHPH,),,
substantial delocalization of the metal-basednd 7w subsets
of electrons has occurred. The smallégtvalue of 1057 cm?
is calculated usingSnax = 1, and therefore an arrangement
similar to that of WClg(H.PCH,PH,), exists where thé subset
of electrons are mainly involved in the coupling.

Finally, other workers have suggested that the singtgblet
gap in the molybdenum complexes is relatively insensitive to
the metal-metal separatioft The rationale behind this conclu-

(10) Shaik, S.; Hoffmann, R.; Fisel, C. R.; Summerville, RJHAm. Chem.
Soc 198Q 102 4555.
(11) Cotton, F. A.; Feng, Xint. J. Quantum Chenil996 58, 671.

donors leads to a uniform reductionAtsyeand an increase in
AEoyp, both factors favoring stronger metahetal bonding in
the phosphine-based complexes. The antiferromagnetism-of M
Clg(H,PCHPH,), (M = Mo, W) and MoWCk(H,PCH,PH,),
has been found to be mainly due to coupling of dhelectrons
with a partial contribution from the electrons, particularly for
the dimolybdenum species. The similkp values reported for
M2Clg(P—P), (M = Mo, W; P—P = dmpm, dppm) arise from
the restricted range of metaietal distances in these com-
plexes, which fall within the crossover region associated with
coupling of both thed ands electrons.
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