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COMPARATIVE STUDIES ON THE ELECTRONIC STRUCTURES OF W,(0,CH), AND
Wy(0,CH),(CHy), BY THE RELATIVISTIC Xa=SW METHOD: A d’-d’ METAL DIMER

WITH A QUADRUPLE YETAL-METAL BOND ?

*
M.D. Bravdich'®, B.E. Bursten'?*, M.H. Chisholm'® and D.L. Clark'c
Contribution from the Department of Chemistrv, Ohio State University,
Columbus, Ohio %3210, and the Department of Chemistry and Molecular

Structure Center, Indiana University, Bloomington, Indiana 47405

ABSTRACT

The bonding in W,(0,CR), and in the recently characterized
W5(05CR),R") molecules are compared via Xa-SW calculations with quasi=
relativistic corrections on the model systoem W,(0,CH), (1) and
Wy(05CH),(CHA)y (I1). Several questions concerning the electronic
structure of 1l have been addressed; in particular, the apparently
strong W-W bond in the presence of strong W-C bonds was of interest, It
has been found that Il is best considered as a W5(05CH), frapment
interacting with two CHq radicals, a desrrijption consistent with the
thotochemical decomposition of Wo(0,CEt), (CHyPh),. The resnlting W-W
bond still retains the essential components of the guadruple bond in 1,
The W-W bonding remains strong in spite of strong axial ligation berause
5f involvement of a higher—~lying s—s o bonding orbital, an orbital whose
contribution is more important in Il than in I. It is the presence of
this orbital, whirh is lower-~lying for third-row metals than for first,
whirch is believed to account for the structural difference between

Cr,(05CR),Ly and the W4(0,CR),Ry systems,
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O INTRODUCTION
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.- _:«‘
- The rapid rrowth in the synthetic and structuaral chemisiry of
(: , .
. Jinuc lear transition metal complexes containing strong metal-metal bonds
‘u
ék has provided a wealth of information about the nature of metal=lipgand
- . 9
. and metal-metal interactions,” The elegant story of the Cr=Cr quadruple
N bond as told by Cotton and Walton 3 beautifullv emphasizes this point.
[
‘f¥ The general conclusion gained through the structural «studies of these Or
Pt
!}} ~ompounds is that it is not the electronic properties of the rhelating

ligands that determines the Cr—-Cr bond lengths, but rather the jresence

o
2

3& or absence of axial ligands. Indeed, the unfailing occurrence ot axial
\::-

“ ligation in the dichromium tetracarboxylates and the enormons range of
. .

- Cr-Cr distances has posed exceptional challenges to the theory of the
:\i electronic structure of these compounds. Numerous clectronic structural
.

e 3-10

e calculations have appeared in the literature over the past decade
¢

-2 and both SCF-HF-Cl and SCF-Xa-SW calculations have arrived at
}; satisfactory descriptions of the Cr=Cr guadruple bond. For axial
o ligands, SCF-Xa—-SW calcu]ations'n present the description that weak M—-M

19

*
» - bonding in the dichrominm system results in a verv low Jlving M- 0o
I
. * .
>, orbital. Axial ligand donation into the o orbital, as well as
>
\‘C destabilization of the M=M o orbital weakens and lengthens the Cr-Cr
S bond. It thus appears to be a general result that axial lipation
e
W weakens and lengthens the Cr-Cr quadruple bond. However, it is not safe
o, ,
P to assume that axial ligation weakens and lengthens metal-metal bonds in
sj gyeneral, The dirhodinm tetracarboxylates have strony metal-metal bonds
.
o
ﬂ; and axial ligation. We are in need of new structaural data in order to
x;
~¢ pain better insight into the problem,
®
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—x The recent addition of the ditungsten (ll)tetrunarboxvlatuqll s

e :
_i{ is not only of historical interest, but contributes structural data and ,
R o |
o new chal lenges with which to test and expand our theories about ax.al ‘
(t ligation. One of the most fascinating new structural developmonts in

- this area is the recent report by Chisholm and coworkers of a new rlass

R TS B . Co ,

- of d’-d’ dimer where strong axial ligation is observed to a ditunpsten

o tetracarboxvlate center, and results in extremely <hort W-W di«:tanr‘eq.lh

.! A

f; These new componnds, bis(alky!l) tetra(carboxylato) ditungsten (111),

X "

N UyR5(05CR"), (R = CH,Ph or CH,Bu , and R' = Et) are well characterized

b, 28D 2 :

‘:_ in the <olid state as having the centrosvmmetric structure depicted in

.'1:.

n}{ Figure |,

N

s~ The striking structural feature of these compounds is that the W-W

.8

o

'

distance of 2,19 X and the parameters of the central W,(0,CEt), core are

.l‘l‘l

essential ly identical to those seen in w,(O?FEt)A (w?wx's The obvious

.
.
W el

’

xsx)\\%

question raised by this data is how (or why) does this molecule exist

A with strong metal-metal bonding, and strong metal-ligand bonding (W-C =
L ?.19 X) in the axial position
\~ In the initial rel-ort,'6 extended-Hucke!l calrnlations predicted a

[
3

] .
=787 electronic configuration for these compounds which did not provide

7 'y 4y
A g

4, 5

a satisfactory explanation for the shortness of the W-W bond., 1t was

-
k4
A AD S,

49
p, and d,? mixing could lead to a 170’ configuration

e

suggested that s,

-

.J.,

Ll

LU

more in accord with the shortness of the observed bond length.|7 {t is

apparent, however, that for any molecule containing atoms of such high

Pl

v'.il.'

atomic number as tungsten, valence corrections for relativistic eftects,

%
Y

(3
a

[ )

which can amount to an electron volt, are likely to be important towards

e

2aining a satisfacrtorv model for the electronic structare of such

[N Gy Al G S
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componnds,
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In response to the situation just described we have carried ont,
and report here, the results of comparative, relativistic SCF-Xa-SW
~al-ulations on W?(O?(’H);4 and W?(O?(‘H),‘((‘Hx)q. The details ot
yerforming a caleulation on a species of low symmetry (th) will be
presented, and the effect of relativistic corrections will be discussed
and demonstrated to play an important role in the description of the
electronic structure of these compounds. It will further be shown that
the results are consistent with strong W=W bonding in the presence of
the atrongly o-donating CHy proups in the axial positions. Finallv, we
will comment on the relationship of onr calculations to those previously
reported for other M,(0,CH), and M,(0,CH), L, svstems and trv to

formulate some general conclusions about axial ligation,

T e O a e

NNl ol




COMPUTATIONAL PROCEDURES

Initial Parametegg

The W-W and W-C bond lengths used in the calcalation of the
¢electronic structure of WZ(OQCH)A(CH3)? were taken from the crystal

structure of w7(07CEt)5(FH,Bu()7.|h

The W,(0,CH), frapgment was
idealized to D,y, point symmetry while the entire molecnle was idealized
to F?h point symmetry with the two CHq groups oriented in an axiallyv

stagrered geometry, The bond lengths and angles of the w?(O?CH)A

fragment are within the ranges of structural parameters generallv found

bI=15

in ditungsten tetracarboxylato compounds, The bond lengths and

e 2 2 2 a4

',‘,',‘,',"‘.
(A}

angles nsed in the calculation are summarized in Table 1,

‘l
gty
ot

?“ An initial molecular charge density and potential were constructed
MY 18

o from a superposition of Herman—-Skil Iman neutral charge densities for
1':\'

.f: W, 0, ¢ and H, The a exchange parameters were taken from SohwarzIq with

the tungsten a valne extrapolated to N.69319, A valence-elvctron
weighted average of atomic o values was used for the inter—- and outer-
sphere regions. OverlJapping atomic sphere radii were taken to be 8974 of
the atomic number radii in accordance with the nonempirical procedure of

2 : i
Norman.“n The outer sphere was made tangential to the outermost atomic

spheres. The sphere radii and o parameters used are summarized in Table
l.

The symmetry adapted linear combinations of atomic orbitals for all
calenlations (Dﬂh and C?h) included s, p, d and f type spherical
harmonics on the tungsten atoms, s and p on € and 0O atoms, < on H atoms,
and spherical harmonics through 1 = 9 on the outer sphere. Core enerny

fevels were never frozen; in each fteration they were calrealated

T e A
f.,f\a.'f. "o

LI I I I
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o
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V¥

2, explicitly using only the surrounding atomic-sphere jpotential for the
-..'.

A

[+ atom in question,

)

SN The iteration to self-consistencvy on W,(0,CH), was started

nonrelativisticallv using a 5% mixing of the new potential into the old !

oo

.
AN By S

to penerate the starting potential for the next iteration. This mixing

A
«

was gradual ly increased to a maximum value of 15% as the calenlation

neared convergence, which was assumed when the maximum <shift in the

L
'-'_«:' potential from one iteration to the next was less than N.0010 Ry, The
XN
Lo virial ratio (-2T/V) at convergence was !,NN011I,
L The converged nonrelativistic potential of W,(0,CH), was used as a
-~ T
o
N starting potential for the relJativistic calculation. The formalism of
.&:
:'.‘x 21 i
\ ;} Wood and Boring was used to incorporate the relativistic efferts,
°
.- The core levels of all atoms and the valence levels of tungsten
:\-_ explicitly included these effects which were slowly mixed into the
- potential over 10 iterations. The virial ratio at ronvergence increased
! /, - . . .
gy to 1.0447 as a consequence of the relativistic formalism., This
Y
-::'_ ronverged relativistic potential was used as a starting potential for
-3
‘. the w,(och)A fragment in w,(OzCH)A(CHQ',. Likewise, an Xa calculation
- was performed on '"'elongated' ethane using the same outer sphere radii,
.:“
b spherical harmonics and outer sphere a value as was used in W,(0,CH),.
~;:-:-f This amounted to having two CH3 fragments in a stagpered D%d geometry
o
S with the same C-C distance as in the W,(0,CH),(CHq),) molecule. This
-.;‘: - < -
Y
':-.- calcnlation was converyed nonrelativistically and the converged
Sy potential was nsed as a starting potential for the (CHy)y fragment in
[
l'_f w?(O?CH),‘(CH-,)?.
P
- Executing the ralculation in this manner is not only conventent,
'-:.' but very important in terms of establishing a one-to-one correspondence
@
;’_‘-, of the energv levels of w?(OQ(“H)_,. from higher to lower symmetryv, This
e i
~L
L
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D
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a pervasive problem
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"missing' an energyy level
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RESULTS AND DISCUSSION

92(02CH)4

The results of our nonrelativistic and relativistic ralealations
are compared in Fignre 2?2 and Table I! for the orcupied valenece and
towest virtual orbitals of W,(0,CH),. The bonding rharacteristics of
the molecular orbitals of wg(O?FH)A are essential lv the «ame as for

R

We

10,(0,CH), and have been discussed at lenxth bv Norman, et al

da e

will focus our discussion on those orbitals primarilv responsible for
metal-metal ~ bonding. Xa-SW calculations of M?(O?FH)Q svstems in
zeneral vield two components of the metal—-metal ~ band, the ’mhi and
Ra,g molecular orbitals. One can envision the formation of these
orbitals as being derived from interaction of the nearly jpure dz? Y
orbital of a w?‘+ fragment with the lone pairs of the four formate
ligands. This results in the formation of the 5a|g and ‘)alg mo lecular
orbitals of w?(O?FH)A which are W-0 bonding and antibonding respectively
(ruf, Figures 3 and 4 and Figure 3 of ref. 22), It should be noted that
to a first approximation, since both the ﬁalg and Salg molerular
orbitals are occupied, this interaction will have no effect on the
metal-metal 7 bond. However, there is a serond process ocenrring in
these Ay interactions which can contribute to a net stabilization of
the W-W and W-L bondiny, namely the involvement of virtual W bs
orbitals. In the relativistic calculations the Salg orbital has 697 W
character of which 38% is W s. This mixing of virtuwal W s character
into the Salg orbital has several important ramifications. First, it
mitigates the W-0 antibonding character of the orbital; and scecond it

adds to the net W-W 7 bonding, an effect which increases in importance

when relativistic eorrections are applied, as will be discussed below.




We believe that this additional s character, in conjunction with better
W=L overlap dne to the greater orbital extension of the 5d than cither
the 4d or 3d orbitals, leads to the conclucion that the M~L bonding in
the W complex shonld be stronger and more covalent than either the Mo or
Cr svstems. The W-0 bond lengths of 2,085 A are shorter than the
oberved Mo—-0 distances of 2,11 A, consistent with this view. The ﬁa,g
molecnular orbital is 51%Z W in character of which 93%Z i« W d., We feol
that it is this ﬁa,g component that makes the major contribution to the
w—W 7 bond (see Figure 3, and Figure 2?2 of ref. 22), Qualitativelv we
have the expected metal-metal guadruple bond of clectroniec confignration
2.4

0
"1, although it must be emphasized that disecnssing the configuration

in this manner is «omewhat of an oversimplification,

Relativistic Corrections on W5(0,CH),

The relativistic corrections cause large energy shifts in the
tingsten core levels and similar shifts in valence orbitals rontaining
¢ignificant tungsten character, while, as expected, the jprimarilv O—,
C~, and H-based molecular orbitals are scarcely effected. The observed
differential shifts are similar in magnitude to those observed in
. . . . R 23-25
rrevions molecnlar ralculations using this relativistic formalism,

The changes induced in the bonding picture upan the inclusion of

relativistic effects are ronsistent with the experted influence of mass-

. . . 2h .
velocity corrections on the W atomic orbitals, The inner s-orbitals,

having the highest elassical velarities, are the most profoundly
effected orbitals, The relativistic mass increase results in a
~rontraction of all of the s—orbitals with a concomitant decrecase in
their orbital encregics, This efftect is mimirked by the p-orbhitals

althonegh both the rontraction and stabilization of these are less

. e, e .
e . - IO (SRR RANCA YRR ‘\ L. R I I TA
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rronounced than for the the s-orbitals. The metal d- and f electrons,

which have a much smaller probability of attaining a rlassiral

a8
a’e v S

velority

P

s v

" ~lose to ¢, are primarily influenced bv the contraction of the s~ and p-

A orbitals. The contraction of these latter orbitals results in an

G '{
. 8

a
ate

expansion and rise in energy of the d and f orbitals, j.e. the reverse

«

7

e

I

of the effect seen for the s-orbitals. |

In Fignure 2?2, it is seen that the relativistic shifts in the orbital

...
e Y
s
F

s

energy are in the expected direction, The valence levels

N A

s .

containing

g

significant W 5d character rise in energy with the exception of the 5a|g

5
..
.y

orbital; without relativistic corrections this orbital has 172 W « and

/
e s
e .

o 38%7 W d character, and the substantial s character in this orbital
; rauses it to drop in energy upon the inclusion of relativistic effects,
"

» 3
A ]

A similar result has been observed in a recent Dirac scattered-wave

4

A=
(DSW) treatment of WZClB4 in which the relativistic effects are treated

. . 27 . : .
more properly using four—component spinors, We find it encouraging

that the quasi~relativistic corrections employed here mimic the effects
on the orbital enerrgies which are found under a more complete treatment,

Upon stabilization, the Sa,g orbital acquires significantly more W
« character (267) and <omewhat Jlees W d character (36%)., The s orbital
~ontribution to this orbital represents a wixing of the bhs—bs o bonding

arbital, normally wnoccupied, with the 5d-5d o bonding orbital. This

» AR
‘-‘.‘ N

.

-5 s=¢ 7 bonding orbital is important in explaining the extremely short
- . . . w. 78,79

M hond distances found for naked metal diatomics such as Mo, ™? and we
" ;

N

.f believe it serves a major role in the shortness of the W-W bond in the
v

;; w?(OQFR)b)RQ systems,
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e Therefore, we shall concentrate our discussion on the W-Clq
o

)

A interaction and its effect on M—-M o bonding. The W-CHq interaction

]

S

Rt manifests itself in two parts, an a, and b, interaction.

e

e . .

o The (CH3), a, orbital interacts most stronglv with the Salg orbital

d-'t

- of the W,(0,CH), molecule, this interaction being both energetically and

o 2

- spatially favored over that with the 5a|g orbital., This interaction

T results in formation of the W~C o bonding l?au and o antibonding Iba,

e molecular orbitals of w?(ogrn)g(rng)? which are occupied and unoccupled,

o

“x

e respectively. That the I'Sag and lhag molecular orbitals are derived

v

5..: 1

AR

®

\.l‘.

8

" . %s % L S e R T SO S ) TR AT AT A TAY T T LT e q Tt WP QY (MmN ¢ C w W - T . I L
T e T e A e A P g N R S R T S R PR G LU AR SO NP A N S A
A ORI A SASA A ST AN "~ OL RN PSR R RN AR AT AT AN I < f\f...'\-r...-:e IR NI .u".p‘.-,.\, A

W,(0,CH) ,(CHY),
The correlation of the molecular orbitals of W7(OQCH)A(rH])1 with
those of its component fragments w?(O?FH)Q and (FH3)? are shown in

Figure 5. The energy levels of Wy(0,CH), and (CHq)» do not represent

the self consistent levels of these two neutral fragments. Rather, we

have obtained orbital energies appropriate for direct comparison to

those in the WZ(OZFH)A(CH3)2 complex in the following manner: Fol lowing
the convergence of the relativistic potential of W5(05CH) ,(CHq) 5, the
W,(0oCH), and (CH3), portions of the potential were searched separately
The levels,

for energy levels under C’h symmetry. resulting energy

shown in Figure 5, represent the levels of the W,(0,CH), and (CHq)y

fragments in the same potential as the entire molecule and is thus a

method for constructing a molecular orbital correlation diagram using
the Xa method.
= > s *
The first feature evident in Figure 5 is that the M-M =, §, § and

* :
7 levels, as well as the M~L and formate levels in w?(OQCH)L(Cﬂz)? are
essential ly unperturbed by interaction of w,(o,CH)4 with axial ligands,

Secondly, the six C—~H bonding levels in (CHq), (2ag ta, +b, + ’b,)

were found to be entirely noninteracting with the rest of the molecule,




from interaction with the Sa,g orbital of W,(05CH), is readily sven by
the comparison shown in Figure 4. The filled |3ag orbital has Id% W
character (Table 111) of which 637 is W s, As was the case for its Salg
jyrecursor, the W « character adds to M—M o0 bonding although the M-M
overlap is much less than was observed in the Sa'g orbital of Wo(0,CH),.
Perhaps the single most important observation in the overall a, inter-
action is that the 4a,, molecular orbital of W,;(0,CH), is actually
stabilized by the interaction and picks wp 10% more W character (bb%Z W,
9n7% d) to give the I')ag molecular orbital of W,(0,CH),(CHq),. Other

I/

than that, the fag, orbital 1is essentially unperturbed by the axial a

53

interaction and can be described as both M—-M o and M-L 7 bonding.

Comparison of these orbitals in Figure 3 illustrates this point rather

B
ll'
a

nicely, It is important to recall that the Aa,g molecular orbital s

.‘“
. ¥ €
I R Y ]

the major contributor to M—-M ¢ bondinyg in W2(07€H)4. The fact that this

“
Ad
-

orbital is actually stabilized by the a, interaction means that the
Wa(0,CH),(CHy)5 system actually has a filled molecular orbital involved
in stronyg M=M o bonding.

The (CH3), b orbital interacts with the S5a, M-M o* orbital of

W?(Ozfﬁ)A generating the W-C o bounding and antibonding orbitals which

are oeccupied and unoccupied respectively (Fignre 6 and Table !11), The
filled ISb” orbital is 49% € and 23% W of which, this small amount of W
character is allocated between s, p and d angular contributions. This
orbital is primarily M-L 7 bonding but has some M-M c* character as
well,

For Wy(0,CH),(CH3)y we are presented with the rather peculiar
resnlt of strony M-M bonding in ronsort with strong M-L bonding in the

axial position., This resnlt s perhaps counterintuitive in light of the
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chemistry of Cr~Cr quadruple bonds, wherein the bonding of axia! |irands
both weakens and lengthens the M—-M bond. The strong W-W and W-C bonding
in Wy(0,CH),(CHq)y is the result of several factors. 1) The first
important M-M bond weakening upon axial ligation results from ligand
donation into the M~M c* orbital., For the present calculation, the
magnitude of this donation can be gauged by the amount of M-M o
character found in occupied orbitals of b, symmetry. Figure 6 and Table
I1{! sugpest that the amount of M-M a* character in the ISb” orbital is
rather small, and thus the M—M bond is not significantly weakened by the
interaction. 2?) The 4a|g orbital of W,(0,CH),, which comprises the
ma jor component of the 5d-5d o bond, is scarcelv affected by the axial
ligation and thus remains a strong, cccupied component of W-W o bonding
in Wa(0,CH),(CH4)5. 3) The major itnteraction of the a, orbital of
(CH3)2 is with the 5a|g orbital of WZ(O?CH)Q, resulting in a significant
contribution of the W 6s orbitals in both the W-W and W-C ¢ bonding.
The importance of these last two points needs some amplification.
[f the s~s o bondinyg orbital is unimportant, as it most certainly is in
Cr—~Cr quadruply bonded complexes, the interactions of both the symmetric
and antisymmetric (L), orbitals with a M-M quadruple bond must
necessarily weaken the M-M bond. The antisymmetric combination donates
into the M-M 0* orbital, an interaction which obviously will weaken the
M~M o bond. The symmetric combination will participate in a "filled~
filled" interaction with the M—-M o bond, resulting in M-L bonding and
antibonding orbitals which are occupied and unoccupied, respectively.
Thus a portion of the M~M ¢ bond is found in unoccupied orbitals, axain
weakening the M-M interaction. The importance of the s—< g bonding
orbital in tungsten systems, which is due in large part to the

relativistic stabilization of the W hs orbitals, is that it provides

13
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another mechanism by which the symmetric (L)? orbital can interact with
the dimetal core. As is aprarent in the character of the l'lag orbital
of wg(O?FH)!‘(FH';)?, the s-s o bond is the principal M-M contribution in
the interaction with the symmetric (au) (CH4)5 orbital, and that the
prarticipation of the s—s o bonding orbital interaction is greater in
w?(OQFH)A(FH3)2 than in WQ(O?FH)Q. Thus, the M-} weakening ”fi& led-
filled' interaction described above is effectively replaced by a

""filled-emptv"'

interaction which actnally increases the amonunt of 7
bonding between the metal centers.

In view of the above factors, it becomes increasingly diffienlt to
describe the bonding in terms of a simple electronic configuration, It
was shown, for exampl;, that in M?(Osz)& systems the M—=M o bonding
character is really allocated among two orbitals, and for W, appreciable
s character becomes mixed in. This makes description of the electronic

25482 an oversimplification. The

configuration in terms such as ¢©
description of the electronic configuration of w?(OQCH)b(Cﬂx), in these
terms is really not possible. Formally the molecule might be

considered as having a w,“* core, thus a d]—d3

dimer., Yet this
description is not adeguate since the molecule rlearly has occupied
molecular orbitals of M=4 o, n and § symmetry; effectively, the CHq
groups are not behaving as anionic ligands but rather appear to be axial
one-electron donors, Thus, we offer the following alternative
description, The bonding is consistent with a neutral w?(O?CR)A moiety
interacting with two alkv] radicals, The major W-~C interaction occurs
via CHy donation into the M-M o and empty s-s o orbitals of W,(0,CH),,

1nd thus, to a first approximation, the M1=1 hond order is still four,

This deseription is ronsistent with the observed insensitivity of the W-

‘.'.f_'.)"." AR q'..t.- > - -'-.* .. -‘..-’ - »
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re that

W bond lengyth and also with the experimental observation
Wy(CH;Ph)»(0,CEt), upon photolvsis in hydrocarbon solvents, vields
w)(O?FEt)Q and dibenzy!l bv homolytic cleavage of a W-C bond,

An intriguing possibility supggested by our calculations relates to
the bonding in w?(OQCR)ALZ systems where L is a nentral two-electron
donor ligand such as PPh; or an oxvgen donor ligand such as THF, |[|f the
ligand-metal interactions are similar to those of CH3 with W, a
rossibility which seems likely for a strong donor lipgand sueh as a
phosphine, the resulting electronic configuration would be o m 5 6

=4 ©
ises @ W-W triple bond bearing a striking electronic similarity to d’-d’

, ,
triple bonds such as those based on the Re94+ cure.;

It is important to -mphasize that the types of interactions seen

b4
o here between axial lipands and an M,(0,CR), framework have been observed
T -

a. —

e rreviously for M,(0,CR),L, systems.lq’30 32 The magnitude of the
- ,- - 4

et

interactions are apparently quite variable, however, as exemplified by
2

previous Xa=SW calculations on Rhy(0,CH),, 37 Rhy(0,CH),(Hy0),,° and

ha(O?FH)L(PH3)2.30 In these systems, the dominant Rh-L interaction is

*
ligand donation into the Rh-Rh o orbital. We find this interaction to

.
e s 2

be less important in the tungsten system, a result which is doubt less

a

e

L4
h

dependent on the accessability of the <«-s a7 bonding orbital., [t is the

.
€

LA,
™

contribution of this orbital which we believe will be largely

®

PI" -

;uﬂ responsible for the electronic structural differences between firdt-row
h.::(

:-j and third-row multiply metal-metal bonded systems,

br "y

b,

o
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Table 1: Bond Lengths and Angles, Atomic Sphere Radii, and
Statistical Exchange Parameters for w2(02CH)4(CH3)9.
Atoms Length, & Atoms Angle, degree
W-W 2.186 W-w-0 90.5
w-C 2.190 W-0-C 118.6
W-0 2.085 0-C-H 119.2
D-C 1.270 W-W-C 180.0
c-H 1.090 W-C-H 115.2
-HP 1.090 H-C-H 109.0
Atom sphere radius, bohr a
Cuter Sphere 8.4988 0.74519
) 2.4710 0.69319
0 1.6876 0.74447
c® 1.5787 0.75923
H® 1.2963 0.7772%
ct 1.8143 0.7592%
Hb 1.2895 0. TIT2Y
7 formate
b alkyl
R RRn AR AR




Table 2: Upper Valence Molecular Orbitals of W2(020H)4
Z Contribut’.ionsb W Angular Contributions®
Energy
level? Y Wy (0,5CH) INT ouT 5 p d f
A. Nonrelativistic Calculation
Sas, -1.5526 41 5 57 16 5 92
Vet
- fa,,  ~3.4673 24 3 64 8 5 18 14 v
Se, -4.3453 21 4 15 0 1 97 ¢
= by, =5.1993 73 12 9 0 100
3 2y,  -6.6775 73 10 16 0 100
L
® fe -8.6564 74 15 10 0 983 2
g Sa1,  =9-7335 59 35 6 0 29 6 6% 2
la,  -10.1293 0 84 15 0
. de,  =10.2099 4 81 14 0
o Se,  -10.2436 15 72 12 1 24 72 4
Ze,  -10.5364 1 81 18 0
2 fa,, =10.7882 7 7 15 0
o $o,,  -11.1002 12 76 12 0 99 !
-
N thy, -11.4074 10 68 22 0 100
e 4byy  -11.7065 21 67 " 1 99 1
-‘_'-‘
- day, -11.9946 54 42 3 0 3 94 3
29
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o
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Table . continued

B. Relativistic Calculatinn

5a5, -1.3865 40 4 38 17 6
da,, -3.6441 22 3 67 8 13 23
Seg -3.8910 4 4 17 0 1
2b. -4.7254 79 1 10 0

2b2g -6.2695 72 10 17 0

te, -0.2742 ) 11 1 V)

lay,  =10.1927 0 84 15 0

4eg -10.3101 3 81 14 0

Sey -10.3792 12 69 12 1 34
Beg -10.6111 1 81 18 0]

581g -10.9932 69 27 4 0 38 8
Za,, -10.9984 & 77 15 0

3b2u -11.1035 iR 76 12 0

Yoy, =11.4174 3 69 22 0

4by,  -11.65% 19 68 1 1

Aa1g -11.8552 51 45 3 0 3
? HOMC is the 2by, orbital

Lo = intersphere and OUT = outersphere charge contributions

€ Listed only for levels which have 10% or more W contribution
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}_: Table 3: Upper Valence Molecular Orbitals of W{r)(O?CH)A(CH-’,))2 (Relativistic)
AR
I\..‘ -
:'_-: % Contributions?P W Angular Contributions®
v “nergy
Ao Level® eV W,  (uyCHl, {CHs), LN oy s P 4 f
Ya,
\:._
b
! "ag -5, 37 87 3 3 12 0 ) 37 2
Qt-g -3,348 8% 5 3 12 0 1 97 Py
a, SRS 5 1 51 _ 4 I PR N X
A -2.438 73 12 0 10 0 100
S‘Eg -6.0e72 A 11 0 1= 0 100
15, -6.854 23 1 54 19 3 14 Y 6
14bu ~-7.886 7€ 10 5 10 0 97 5
9au -7.888 76 10 5 10 0 97 4
&a -9.969 0 84 0 15 0
15a,  =10.027 3 79 4 13 0
e, -10.040 379 4 13 0
l‘?bu -12.073 10 57 2 12 1 2 sl
7eu -10.093 10 57 2 12 1 b 13!
'L‘bg -10.%35 1 80 0 18 0]
Mag -15.409 1 80 0] 18 0
'.' 2, =074 8 77 0 15 0
e Le, -i.6a " 76 0 13 0 9
o~
3 T, =11050 34 45 7 1 1 65 6 30 x
h- . IS
>'-‘-.
'@ 124 -11.165 P 4 88 4 2
- . €
A “b, RN A 2 4 88 4 2
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Tapin ontinued
I S0 1 2 37 1 >
fay  =11.065 : 47 26 17 !
Tra,  -TILETH 10 57 0 " 1 99 1
1 ”a‘] R IR FAS 6 2% 9 9] ! 4 4 90 4
4 reey v 4 b FRY R 1
HOM i the B8b . orbital
p
18 v g em ot . .
YOINT = Lprersphere and "UT = outersphere charge contributions
“ Lis*ted only for levels which have 10% or more W contribution
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Fignre 1: An ORTEP view of the centrosymmetric Wo(CH,Ph),(0,CEL),
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o

molecule from reference 16,

3
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Figure 2: Nonre lativistic and relativistic ronverged Xa—SW eigen
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values for Wo(0,CH),, Primarilv W—based levels are in
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bold face along with their percentage of W contribution,
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E_: Yignure  3: Comparison of contour plots of the ’&alu moleentar orbital
:— of w?(O?(".H)A and the ]f)ag molecunlar orbital of
: w?(()?CH)A(CH3)2. These plots and all subsequent plots
E_ are in the horizontal mirror plane containing the W
:"E atoms, two of the formate ligands, the axial € atoms, and
’,

P

two of the C-H bonds. Contour values for this and

¢
»

subsequent plots are +1, +2, +3, +4 = +0.02, +0.04,

- -

+0.08, +0.16 e/A’;, respectively,
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Figure 4: Contour plots of the 5a;, orbital of W,(0,CH), and the
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Resnltes of the relativistic SCF-Xa-SW calceulations on
EJ?(Osz)L(CHg)Z. This diagram shows the correlation of
the orbitals of Wy(0,CH),(CH3), to those of W,(0,CH), and
(CH3)9. Only those levels involved in W-W bonding or
antibonding are shown. The 8bg orbital is the highest
occupied orbital of W,(0,CH),(CHy),.

molecular orbital of

Contonr plot of the 15b

Wy (0yCH)((CHy) .
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