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GENERAL INTRODUCTION

The synthesis of a large number of quadruply bonded molybdenum dimers
has been accomplished (1). Despite the relative ease with which the
mo lybdenum complexes can be obtained, analogous quadruply bonded tungsten
dimers eluded chemists for a long time. It is only within the past
several years that a few quadruply bonded tungsten dimers have been
prepared. Because of this, knowledge of the chemistry and physical
properties of these tungsten dimers is limited.

The first readily available and synthetically useful quadruply bonded
tungsten dimer was Wp(mhp)g (mhp = anion of 2-hydroxy-6-methylpyridine)
(2), in which the four mhp ligands bridge between the two metals. It was
hoped that this dimer would behave in a similar fashion as the quadruply
bonded molybdenum dimer, Moo(0,CCH3)4 (3) which is the starting material
for the synthesis of most of the other molybdenum quadruply bonded dimers

(1). Ligand exchange reactions of Wp(mhp)s using the 1ithium salt of

Wpo(map) 4 (4) and wz(mhp)zl(TFA)Z (5), respectively, in which the tungsten-
tungsten quadruple bonds are retained. Attempts to produce the unbridged

species w2x84' or WyCl4(PEt3)g (X = C1 or Br) resulted in oxidation of the
tungstens to produce the previously synthesized complexes Cs3WpXg and

[A] - A
[

'w'2"4( 4 {HOR) 2 =Me o
)

r [t is thic ayidatian
T 1S In gxigation

.-

of tungsten(II) which is the stumbling block for the synthesis of other
quadruply bonded tungsten dimers from Wy(mhp) 4.
This oxidation of tungsten has been circumvented recently by Sharp

and Schrock by reducing WCLg with a stoichiometric quantity of Na/Hg in



THF to give tungsten(I1), which in the presence of a phosphine ligand,
gives WoCl14(PR3)4 (PR3 = PMe3, PBuj, PMeyPh or PMePhy) (8). These were
the first well-characterized unbridged tungsten dimers containing a
tungsten-tungsten quadruple bond. The previously synthesized octamethyl
complexes, LigWp(Me)g 4Et,0 and LigWp(Me)g_,Cly, have also been shown to
possess tungsten-tungsten quadruple bonds; however, their extreme
sensitivity to air and thermal instability have hampered their thorough
characterization (9,10,11). Very recent work using similar synthetic
techniques as those used to prepare the W,C14(PR3)4 compounds has made
possible the synthesis of several Wp(0oCR)4 (R = CF3 (12), CMez (13) or
CgHg (14)) complexes, all of which possess tungsten-tungsten quadruple
bonds.

Before the synthesis of the quadruply bonded tungsten dimers was
accomplished, the heteronuclear dimer MoW(0,CCMe3)4 was prepared (15).
This was the first compound in which tungsten participated in a metal-
metal quadruple bond. The molybdenum-tungsten bond distance of
2.080(1) A (16) raised some questions as to the nature of the hetero-
nuclear quadruple bond, since it was 0.01 A shorter than the molybdenum-
molybdenum bond distance found for Moy(0,CCMe3)4 (17). Efforts to use
MoW(0,CCMe3)4 as a starting material to obtain other heteronuclear
guadruply bonded dimers were thwarted by the oxidation of both the
molybdenum and tungsten atoms to the +3 oxidation state (18), a problem
very similar to that which would later confront workers experimenting with

the quadruply bonded tungsten dimer.



This project was begun in an effort to synthesize other dimers
containing tungsten-tungsten and molybdenum-tungsten quadruple bonds. It
was hoped that using less oxidizing conditions, preparation of complexes
of the formula WpClglg or MoWCl4lg (L = neutral donor ligand such as
trialkylphosphine or pyridine) could be accomplished starting with
Wo(mhp)4 and MoW(0,CCMe3)4. By analogy with the dimolybdenum complexes
with this formulation, these complexes would possess an unbridged metal-
metal quadruple bond with an eclipsed arrangement of ligands (1).
Although work with Wo(mhp)4 has failed to give the desired quadruply
bonded product, an interesting oxidative addition product has been
prepared and characterized. Using MoW(0oCCMe3) 4, it has been possible to
synthesize an unbridged heteronuclear dimer containing a molybdenum-
tungsten quadruple bond. In addition, rectangular molybdenum-tungsten
tetramers, for which homonuclear molybdenum and tungsten analogs are known

(19,20), have also been synthesized.

This dissertation consists of three sections, each of which is
formatted for publication in a technical journal. At the end of each

section is found a listing of references cited in that section.



SECTION I. TETRAKIS(PYRIDINE)TETRACHLORO-u-CHLORO- u-HYDRIDO
DITUNGSTEN(W-W) AND ITS 4-ETHYLPYRIDINE HOMOLOG.
COMPOUNDS DERIVED FROM A QUADRUPLY BONDED DIMER BY
LIGAND EXCHANGE AND OXIDATIVE ADDITION OF HYDROGEN
CHLORIDE



INTRCOUCTION

The chemistry of quadruply bonded tungsten dimers is a relativeiy new
area of study. Of particular interest is the readily obtained Wp(mhp)g,
where mhp is the 2-hydroxy-6-methylpyridine anion (1). This compound has
been found to undergo a number of reactions including ligand exchange with
bidentate ligands in which the quadruple bond remains intact (2-4), and
metal-metal bond cleavage by w-acceptor 1igands to form monomeric
tungsten(I11) derivatives. Intermediate between these two extremes are the
reacticons in which the w24+ core is oxidized to form a compound with a
metal-metal bond of order less than four. This has been observed when
Wp(mhp)4 is treated with gaseous HX in alcohol solutions to form the
tungsten{ I11) compound Cs3WpXg (5) and the tungsten(IV) complex
WoX4(OR) 4(ROH), (6), and in this laboratory when Wp(mhp)g4 is reacted with
A1C13 in diglyme to produce the one electron oxidized species WoClp(mhp) 3
with a bond order of 3.5 (7).

AF
v

0]

In this paper, we wisin To report ihe synthesis and stiuctur
another W(III) dimer. The preparation involves the oxidation of the

quadruple bond to a bond of lower order.



EXPERIMENTAL SECTION

Materials
Wo(mhp) 4 was prepared by the established procedure (1). Pyridine and
4-ethylpyridine were dried by refluxing over CaH, followed by
distiilation. Absolute ethanol and anhydrous diethylether were used from

the bottles without further purification.

Analyses

Tungsten analyses were performed by decomposing samples with nitric
acid and igniting in tared porcelain crucibles to tungsten trioxide.
Chlorine analyses were carried out by first decomposing samples in
absolute ethanol using KOH/Hy0,. The resulting solutions were evaporated
to near dryness, water was added, and the remainder of the ethanol was
boiled off. Following acidification with dilute nitric acid,
potentiometric titrations with a standard silver nitrate solution were

performed.

Physical Measurements
Standard infrared spectra were obtained on a Beckman IR 4250

spectrometer using both nujol and fiuorocarbon mulls on CsI or KBr
plates. Fourier transform infrared spectra were obtained on an IBM IR/90
spectrometer using nujol mui1s on either CsI plates or
discs. X-ray photoelectron spectra were measured with an AEI-200B
instrument using Al K radiation (1486.6 eV). Beckman DU and Cary 14
spectrophotometers were used to measure the reflectance and solution uv-

visible spectra, respectively.



Syntheses

Nz(u-H)(u—Cl)C14(py)4

In a typical reaction, 3 g (3.75 mmol) Wp (mhp)4 and a magnetic
stirring bar were introduced under nitrogen atmosphere into a 100 mL
reaction flask equipped with a water jacket. Approximately 30 mL dry
pyridine was added either by syringe from a storage flask or by fresh
distillation from CaHp. The reaction flask was then evacuated on a vacuum
line and 6 mL (47.2 mmol) trimethylchlorosilane was vacuum distilled into
the flask. The mixture was refluxed under nitrogen for ca. 6 h. It was
then cooled to below reflux and 1 mk methanol was added by syringe while
maintaining a nitrogen flush. The mixture was refluxed for an additional
10 h, cooled to room temperature, and filtered. The resulting solid was
washed with absolute ethanol and anhydrous diethylether and then vacuum
dried, giving the desired product, NZHC15(pyr1dine)4, as a light-brown
powder in ca. 65% yield.

Anal. Cald. for WpliglogHo W, 42.64; C1, 20.55; C, 27.86; H,
2.45; N, 6.50. Found: W, 42.1; Cl1, 20.6; C, 27.80; H, 2.42; N, 6.46.

An oxidation state determination was also performed by deccmposing
samples in a standard acidic Ce(IV) solution to oxidize tungsten to W(VI)
and then titrating the excess Ce(1V) with a standard Fe(11) solution using

T A TUN L. madad
i Ce(1IV) was needed per wol of

ferroin indicator. An average of 7,13

(&)

compound. Since one mol Ce(IV) is required to oxidize H™ to Hy, the

average oxidation state of each tungsten is found to be +2.94 compared to

the expected +3.0.



The compound is stable in air showing no signs of decomposition after
several days, although samples are stored under nitrogen. It is
essentially insoluble in most common organic solvents and is only slightly
soluble in pyridine, acetonitrile, and methylene chloride; however,
acetonitrile and methylene chloride solutions rapidly decompose, changing

from faint yeliow to 1ight green.

Wp(u-D)(u-C1)Clq(py)a

The preparation of the deuteride analog was carried out in the same
fashion as the hydride compound except CD30D was added to the reaction
mixture after the initial refluxing step in place of normal methanol.

Anal. Found: C1, 20.64; C, 28.2; H, 2.50; N, 6.64.

Wo(u-H)(u-C1)C14(Etpy) 4

The 4-ethylpyridine substituted compound was obtained by loading a
sample of WZHC15(pyridine)4 and ca. 5 mL 4-ethylpyridine intoa 1 x 10 cm
Pyrex reaction tube and sealing tne tube under vacuum. Ine tube was then
heated to ca. 180°C in a sand bath for several days. The tube was opened
in the air, and the product washed with anhydrous diethylether and dried
in the air. The compound was obtained as well-formed brown crystals of

parallelepiped geometry suitable for X-ray crystallographic studies.

Wo( u-D)(u-C1)CT o( Etpy)a

The deuteride analog was prepared in the same manner as the

corresponding hydride compound above except WoDCig(py)4 was used as

~

starting material.



Collection and Treatment of X-ray Data

A 0.30 x 0.25 x 0.20 mm single crystal of WpHClg(Etpy)q was sealed in
a glass capillary. From four w-oscillation photographs at x = 0° and
various ¢ angles, 15 reflections were chosen and were input into the
automatic indexing program ALICE (8). The fesu]ting reduced cell and
reduced scalars indicated a C-centered monociinic cell. This was
confirmed by w-oscillation photographs about the cell axes.

Data were collected at 25°C using graphite-monochromated Mo Ka
radiation on a DATEX automated four-circle diffractometer. Four octants
of data were collected, hkl, ﬁET, EkT, and hET, within a 26 sphere of 50°
using an w-scan technique, giving a total of 6759 reflections. The
intensities of three standard reflections were measured every 75
reflections. The instrument retuned on the standards numerous times
during data collection. The intensities of the standards fluctuated by -
ca. 10%, but showed no consistent decrease which would have indicated
decay. Instead, these fluctuations were probably the result of
instrument vibrations or movement of the crystal in the capillary.

Early examination of data revealed systematic absences of hkl forh +
k = 2n + 1 confirming the C-centering. 1In addition, systematic absences
for £ =2n + 1 led to the choice of two possible space groups, C2/c

{centric) or Cc {accentric). An HPR plot (9) favored the centric space

S ”

group.
Final lattice parameters were obtained by using Teast-squares

refinements on 15 independent reflections with [28]>20°. The results were
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a = 11.883(3)A&, b = 13.213(3)AR, ¢ = 21.727(4)R, and B = 96.39(3)° with V =
3391(1)A3.

For the final structural refinement, the intensities of the 6759
reflections were corrected for Lorentz and polarization effects and
standard deviations calculated (10). An empirical absorption correction
(n=177.6 cm'l) was applied using a ¢g-scan technique at x = 90° (11).
After removal of extinctions, averaging of the four octants to the two
unique octants, hkl and EE], yielded 1982 independent reflections.
Reflections 110 and 002 were eliminated because of secondary extinction

effects. The final data set consisted of 1980 independent reflections

Structure Solution and Refinement

The structure was initially solved in the centric space group C2/c¢
using a data set consisting of the two full octants hkl and hk1 (3622
reflections with |26{<50°), plus 87 hk0 and 87 hkl reflections. These
refiections were reduced and averaged without an absorption correction £0
1947 independent reflections with I>3cy. All refinements on positional
and thermal parameters were carried out using a block-matrix least-squares
procedure (12) minimizing the function Zw(|Foi—|FC\)2, where w = l/oFZ.
Scattering factors used were those of Hanson et al. (13), modified for
tungsten by the real and imaginary parts of anomaious dispersion {14).

From the experimentally determined density of 1.95 g/cm3, it was
calculated that the unit cell was composed of four molecules of formula
WoHClg(4-ethylpyridine)s4. In the space group C2/c, the molecule had to

reside on a special position (inversion center or 2-fold axis).
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Exami nation of a three dimensional sharpened Patterson map (15) indicated
that there was only one unique tungsten atom in the unit cell, and it was
related by an inversion center to the other tungsten atom in the dimeric
molecule, thus, imposing inversion symmetry on the molecule.

Refinement of the positional and thermal parameters of the tungsten
atom yielded a conventional residual index of R = Z||F0|-]FC||/2|FO| =
0.219 and R, = Z[m([Fo|-|FCl)2/Zm|F0|2]1/2 = 0.289, where w = 1/0p2. An
electron density map (15) phased on the refined tungsten atom revealed the
positions of the chlorine atoms. It became apparent at this stage that
tﬁere was no true inversion center in the molecule; instead, a pseudo
inversion center was resulting from disorder in the crystal or from near
inversion symmetry of the molecule. The bridging chlorine atom would
refine to a reasonable isotropic thermal parameter only when an atom
multiplier of 0.5 was used indicating only one bridging chlorine atom in
the molecule. Each terminal chlorine atom appeared in the electron
density map as two overlapping peaks of about equal intensities with
separations of ca. 0.8 A, again showing that the terminal chlorine atoms
which should have been equivalent in true C2/c symmetry were in fact not
inversion related. It was necessda.y to refine the four terminai cniorines
separately using an atomic multiplier of 0.5 for each.

The ring atoms of the 4-ethylpyridine groups were located on an
electron density map phased on the tungsten and chlorine atoms. These
ring atoms appeared as single peaks, so that it was necessary to refine on
only two rings with the other two rings in the molecule being generated by

the pseudo inversion center. Although the peaks were essentially single,
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they were in fact composed of two close, overlapping peaks which could not
be distinguished as was done for the terminal chlorine atoms. Elongated
peaks were observed for the carbon atoms farthest from the center of the
molecule. Upon anisotropic refinement of all ring atoms, larger and/or
more anisotropic ellipsoids were obtained for carbon atoms more removed
from the nitrogen atoms.

Location and refinement cf both ethyl groups posed significant
problems. The methylene carbon (C6) of the first ethyl group was refined
as a single atom with a large isotropic thermal parameter. The methy]
carbon bonded to C6, however, was seen on electron density maps as two
equal-intensity, diffuse peaks on either side of C6. It was necessary to
refine it as two methyl carbons (C7 and C7A) possessing large isotropic
thermal parameters with atomic multipliers of 0.5. Location of the second
ethyl group proved to be more difficult since the two carbon atoms
appeared as at least six overlapping peaks on the electron density map.
Close examination revealed that the methylene carbon appeared as two
overlapping peaks, while the methyl carbon was disordered in two positions
about each of these two methylene carbon peaks producing two additional
pairs of overlapping peaks. Convergence was achieved by refining the
methylene carbon with an atomic multiplier of 1.0 and the methyl carbons
as two disordered atoms with atomic multipiiers of 0.5. The resulting
positional and thermal parameters are only an approximation and are not to
be taken as the true arrangement of this ethyl group.

Final convergence was obtained with R = 0.069 and R, = 0.091 using

full-matrix least-squares refinement and emplcying the averaged,
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absorption corrected data discussed in the previous section. A final
difference Fourier synthesis showed no features greater than 0.9 e‘/A3 or
less than -0.8 e‘/A3 with the largest discrepancies found near the
tungsten atom (16).

Extensive efforts were made to solve the structure in the accentric
space group Cc using the same data set as that used to initially solve the
centric structure {(17). It was possible to obtain convergence with a
model consisting of only the tungsten and chlorine atoms which was
essentially the same as that found for the centric model. Attempts to
introduce the 4-ethylpyridine ligands, however, resulted in correlation
problems and divergence. Using block-matrix least-squares refinement
methods, unreasonable bond distances and angles within the rings were
obtained. The pseudo inversion center of the molecule prevented an

accentric solution.

Deconvolution of Molecular Structure
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imposed inversion-related images of the dimeric molecule. Since the 4-
ethylpyridine ligands and tungsten atoms were refined as truly inversion
related, it was necessary only to sort out the chlorine atoms of the two
images.

The molecule can be considered as two edge-sharing octahedra bridged
by one chlorine atom and one hydride 1igand, which was not located in the
refined model. A1l terminal chlorine atoms are in equatorial positions,

so that the portion of the dimeric molecuie without the axial 4-

ethylpyridine ligands is essentially planar. A representation of the
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planar fragment including all inversion generated atoms, but excluding the
bridging hydride, is shown in Figure I-1. Primed atoms are related to
their counterpart unprimed atoms by the pseudo inversion center.

Assuming a chlorine~chlorine van der Waal contact of ca. 3.4A(17), it
is found that C23A and C22~ are much too close to C&l at distances of
2.63(2) and 2.61(2)A, respectively, while C23 and C22A“ are at reasonable
distances of 3.29(2) and 3.32(2)A, respectively. This leads to the con-
clusion that €22, C22A~, C23 and CL3A~ belong to the image with C2l as the
bridging atom. Al1 chlorine atoms of this image are shown as solid
circles in Figure I-1. Although this image is a correct one and bond
distances and angles are referred to it, the inverted image composed of
cel”, C®~, CL2A, C23~”, and C23A (dotted circles) is also correct and
would give an identical mirror image structure. If the true space group
js Cc (accentric), then either image could be found in the crystal; the
only difference would arise from the choice of coordinates, x,y,z or
-X,-¥,-Z, which would determine the orientation of the molecule in rela-
tion to the crystal axes (the handedness). From the structure determi-
nation, it is possible to ascertain the molecuiar geometry but not the
absolute crystalline orientation. In fact, if tnere actuaily is disorder
in the crystal, both orientations of the molecule are randomiy distributed
throughout the crystal. This may be the case since the bulk of the 4-
ethylpyridine 1igands, the coordinates of which would be the same in both
orientations, should greatly influence the packing of the molecules, thus

reducing the possible ordering influence of the chlorine atoms.



Figure I-1.

Diagram showing the coplanar tungsten and chlorine atoms, and the effect of the
pseudo inversion center in the structure of WZHC15(Etpy)4

S1
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Atomic coordinates and thermal parameters are presented in Tables I-1

and I-2, respectively.
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Table I-1. Positional parameters? for WoHCI 5(4-ethylpyridine)q

Atom Multiplier X y z

W 1.0 0.42430(6) 0.52680(6) 0.45806( 4)
Csal 0.5 0.5057(9) 0.3547(7) 0.4587(5)

C22 0.5 0.3538(14) 0.6927(11) 0.4445(8)

C22A 0.5 0.2981(13) 0.6683(13) 0.4207(7)

C23 0.5 0.3026(11) 0.4666(11) 0.367%7)

Ce3A 0.5 0.3385(12) 0.4168(11) 0.3777%(7)

N1 1.0 0.2803(14) 0.4930(11) 0.5075(8)

C1 1.0 0.2315(18) 0.4026(15) 0.5026(10)
C2 1.0 0.1328(25) 0.3754(18) 0.5338(13)
C3 1.0 0.0893(19) 0.4539(25) 0.5641(14)
o 1.0 0.1409(19) 0.5438(22) 0.5743(12)
c5 1.0 0.2340(16) 0.5600(22) 0.5425(10)
C6 1.0 -0.0210(25) 0.4206(26) 0.5958(15)
c7 0.5 ~0.0091(66) 0.36G4(70) 0.6494(38)
C7A 0.5 -0.0123(62) 0.4796(54) 0.6648(35)
N2 1.0 0.5382(13) 0.5793(16) 0.3917(7)

c21 1.0 0.5706(20) 0.6741(18) 0.3921(11)
22 1.0 0.6368(2) 0.7158(19) 0.3455(12)
C23 1.0 0.6604(21) 0.6428(23) 0.2975(11)
c24 1.0 0.6269(22) 0.5446(19) 0.2994(11)
€25 1.0 0.5677(18) 0.5133(17) 0.3451(10)
€26 1.0 0.7242(34) 0.6832(36) 0.2428(20)
c27 0.5 0.7586( 38) 0.7595( 38) 0.2462(21)
C27A 0.5 0.6794(38) 0.7968(35) 0.2218(20)

dEstimated standard deviations are in parentheses.
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Table I-2. Thermal parameters? for WoHClg(4-ethylpyridine)y

Atom B11 B22 B33 B12 B13 823
W 4.64(4) 3.57(4)  4.12(4)  -0.23(4) 0.30(3)  -0.23(3)
cel  5.8(5)  3.0(4)  5.5(5)  -0.5(4) 0.5( 4) -1.6(4)
c2  7.5(9)  4.3(6) 7.0(9) 2.5(7) 2.7(7) 1.4(6)
C22A  6.2(8)  6.9(9)  5.9(8) 0.8(6) 0.0(6) 1.8(6)
c#3  4.5(6)  6.0(7) 4.6(5) 0.0(6) -1.1(4) -1.8(6)
C23A  46(7)  5.9(8)  6.1(7) -1.0(5) 0.8(6) -2.0(7)
NL 5.4(8)  3.0(7) 5.8(9) 0.6(6) 1.2(7) -0.4(6)
c1 6.4(12) 3.5(9)  6.3(11)  -0.3(8) -0.1(9) 1.0(8)
c2 10.4(18)  3.9(11)  9.4(12) 0.9(12) 1.7(15) 1.9(11)
c3 3.7(10) 10.0(20) 10.6(19)  -3.4(12) 0.7(11)  -3.1(15)
o 4.4(10) 11.1(21)  6.6(13) 0.5(12) 1.9(10) 0.2(13)
c5 3.7(9) 11.1(18)  5.1(11)  0.8(10) 1.0(8) 0.4(11)
c6 9.4(7)

c7 13.5(23)
C7A  11.0(19)

N2 4.4(8)  7.6(11)  4.1(8) -1.3(8) 0.0(6) 0.2(8)
21 7.9(14) 5.8(13)  6.5(13) -3.0(11)  -1.3(11) 2.3(10)
22 7.2(14)  7.4(15)  6.6(13)  -2.6(12)  -0.5(11) 0.4(12)

c23 7.6(14) 8.3(16)  5.6(13)  -0.8(13) 1.0(11) 0.6(12)
24 7.3(13) 6.3(13)  5.8(12) 0.1(11) 2.0(10) 0.8(10)
25 5.3(10) 5.6(11)  5.3(11) 0.4(9) 1.0(9) 1.2(9)
26 13.7(12)
27 6.1(10)

dEstimated standard deviations are in parentheses. The anisotropic
thermal parameter expression used is exp[-1/4(Byih2a*2 + ByokZb*2 +

2 Bz3k1b*c*)] with B's in R2. Isotropic thermal parameters are given as
Byj and are in A2,
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RESULTS AND DISCUSSION

Crystal Structure of WpHCig(4-ethylpyridine),

The deconvoluted molecule is shown in Figure I-2. The disordered
methyl groups are shown in their two half-occupancy sites as unshaded
spheres. Also, the hydride 1igand has been inciuded in its proposed
position. A view of the unit cell is provided in Figure I-3 with
molecules ordered according to the Cc space group for simplicity.

Table I-3 provides the important angles and distances (both bonding
and nonbonding) for the skeletal atoms about the two tungsten atoms. As
noted earlier, the molecular structure consists of two edge sharing
octahedra distorted in such a manner to allow for a W-W bond distance of
2.516(2) A. The tungsten atoms and the five chliorine atoms are
essentially coplanar with the greatest deviation from the least-squares
plane being only 0.10 A, The close approach of the two tungsten atoms
reduces the W-CL1-W” angle to 61.3(2)° while the terminal chlorine atoms
are forced towards the hydride bridged side of the molecule as perceived
from viewing the solid circles of Figure I-1. All Cl*-+-Cl1 nonbonding
distances are in accord with a van der Waal radius of 1.7 - 1.9 A for
chlorine (18). The axial nitrogen atoms are tilted away from each other
with U-W-N angles of ca. 97° and a N1+***N2” nonbonding distance of
3.05(2)A, the approximate distance expected for a Van der Waal contact
(18) and 0.53A longer than if the nitrogens were not bent back. The need
for this distortion of the axial ligands may explain the occupancy of all

axial positions by 4-ethyipyridine, because the chlorine atoms, having a
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Figure I-2. ORTEP drawing of WZHC15(Etpy)4 with the bridging H-atom
placed in its estimated location. Disordered methyl
groups are shown in both half-occupancy positions
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Figure I-3. The unit cell of NZHC15(Etpy)4 as viewed down the b-axis
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Table I-3. Interatomic distances and angles around tungsten atoms for

an
1Y A . Va2 a2 \
WanLigL4-eLnyipyiia 14

1

Bond Distances (&)

Bond Angles (Deg)

W- W’ 2.516(2) W-W - cud 59.5(2)
W - Cal 2.471(9) W - W - Csl 59.3(2)
W- - cal 2.466(10) W-Cal - W 61.3(2)
W - C2 2.354(15) Cal - W - C83 84.3(4)
W - C23 2.436(14) €3 - W -2 91.9(5)
W - CR2A~  2.476(17) Cel - W~ - CR2A” 84.5( 4)
W° - C23A”  2.409(15) C2A” - W* - C23A°  91.5(5)
W - N1 2.166(16) W - W= C2 124.6(4)
W~ N2 2.197(16) W - W - C23A~ 124,5( 4)

W - W - Nl 97.1(4)

Woo- W= N2 97.0( 4)

NL - W~ N2 165.7(6)

Intramolecular Nonbonding
Distances {A)

NL =+ N2° 3.05(2)
€23 =++ CR2  3.44(2)
C22A7 +++ €237 2.50(2)
Cel +++ €23 3.29(2)
Cal --+ C22A” 3.32(2)
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would require an even greater axial
distortion. Instead, by occupying equatorial positions the chlcrine atoms
are able to distort in the manner already described to alleviate steric
crowding in the equatorial plane.

The W-W bond distance of 2.516(2)A is difficult to reconcile on
electronic considerations alone. A formal oxidation state of +3 for each
tungsten would seem to require the formulation of a triple bond between
the metal atoms; however, the bond is considerably longer than the average
W-W triple bond distance of ca. 2.29A found for the W(III) compounds
studied extensively by Chisholm (19). It is also substantially shorter
thén in the closely related compound WaClg(pyridine)g, with
d(W-W) = 2.737(3)A(20), for which calculations performed by Shaik and co-
workers (21) lead to the assignment of a net single bond between the
tungsten atoms, resulting from the ordering of the three HOMO's
02 nZ 5*2. From bond length comparisons, it becomes apparent that the W-W
bond in WoHClg(4-ethylpyridine), falls in the range found for a formal
double bond. Comparison to W(IV) compounds which are assumed to possess
doublie bonds between tungsten atoms bears this out:

Wo( 15 ) w-EtpNCXp)o( EtpNCSp)p, d{W=W) = 2.530(2)A(22); Wa(0Pr! )y 4iip,
d(W=W)

2.446(1)A(23); Wp(u-S)(u-EtS)oC14(SCyHg)2,

d(M=W) = 2.524{1)A(24); WyC14(OR)4(ROH),, d(W=W) = 2.481(1)A for R = CHg
and d(W=W) = 2.483(1)A for R = CyHg (6). 1In addition, another tungsten
dimer formulated as WpHg( n-H)(u-PMep)(PMez)s in which the tungsten should
be in an average oxidation state of +3 has d(W-W) = 2.588(1)A, very near

that found in this compound.
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that of a compromise between metal d-orbital overlap, M-L-M bridges and
terminal ligand repulsions. The major repulsive forces arise from the
axial 4-ethylpyridine ligands, since the Ci****Cl basal repulsions are
minimized by the distortion, of the chlorine atoms towards the hydride
bridged side of the molecule. Since the N**<-N axial repulsion will be
less than the C1°**°N repulsions in N2C16(pyridine)4, a significant
shortening of the metal-metal distance would result. Also, the bridging
hydride will tend to pull the metals closer together. Apparently, a
compromise is reached in which a distance near that observed for a W(IV)-
W(IV) double bond is obtained. Similar arguments apply to WoHg(u-H)(u-
PMep)(PMe3)4. These arguments make it difficult to assign an exact bond
order for WpHClg(Etpy)4 and point out some of the intrinsic flaws in
assigning bond orders based solely on electron counts.

Another noteworthy feature of the structure is that the average W-Cl
bond distance of 2.46R for the terminal chlorines trans to the bridging
hydride 1igand is 0.08A longer than the average W-C1 distance of 2.38R
found for the chlorines trans to the bridging chlorine atom. This can be
attributed to the stronger trans influence of the hydride 1igand. The
same trans effect is observed for W4(0Pri)14H2 (23), (pyH)3MopCligH (25)
and (pyH)3(Hg02)[MoaCigHIIMoC1 40(Hp0)] (26) in which the W-0 and Mo-C1
distances are 0.06 and 0.10A longer, respectively, for terminal ligands
trans to the bridging hydride ligands. It should be noted, however, that
the standard deviations for the W-C1 distances in WpHClg(Etpy), are higher

than desired as a result of the difficulties encountered in the structure
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solution. In ftact, the difTerence beiween tne average wW-Ci distances for
the two types of terminal chlorine atoms is not statistically significant
but still highly suggestive that the trans effect is operative.

Finally, the bond distances for the 4-ethylpyridine 1igands given in
Table I-4 are in agreement with expected values in most cases. Variations

from the norm, especially for the methyl groups, are again a result of the

refinement difficulties.

Table I-4. Bond distances () and angles (Deg) for 4-ethylpyridine

1igands

N1 -C1 1.33(2) Nl - Cl -C2 123.2(19)
Cl - C2 1.46(4) €l -C2 -2¢C3 113.8(22)
c2 - C3 1.36(4) €2 -C3-2C4 124.3(24)
C3 - C4 1.34(4) C3 -C4-20C5 115.4(25)
C4 - C5 1.38(3) €4 - C5 - N1 126.0(24)
5 - N 1.33(3) C5 - N1 -C1 116.2(18)
C3 - C6 1.61(4) €3 -C6 - C7 119.9(39)
c6 - C7 1.40(9) C3 -C6 - C7A 106.5(32)
6 - C7A 1.68(8) €2 - C3 - C6 111.7(26)
C4 - C3 -C6 123.3(26)

N2 - C21 1.31(3) N2 - C21 - C22 122.5(21)
€21 - C22 1.46(3) C21 - C22 - C23 113.9(22)
C22 - (23 1.47(4) €22 - C23 - C24 121.6(23)
€23 - C24 1.36(4) €23 - C24 - C25 119.7(23)
24 - 25 1.34(3) C24 - (25 - Nz 122.1{21)
€25 - N2 1.41(3) C25 - N2 - C21 120.0(18)
€23 - (26 1.57(5) €23 -~ C26 - C27 118.2(42)
c26 - C27 1.09(7) C23 - C26 - C27A 110.6(31)
C26 - C27A 1.64(7) €22 - C23 - C26 117.4(28)
' C24 - C23 - C26 121.0(27)
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Infrared Spectra

Infrared spectra were obtained on all compounds using both nujol and
fluorocarbon mulls. A single, mediumn-intensity band indicative of a M-H-M
stretching mode is found for WpHClg(py)4 at 1510 cm~! and for
WoHCl5(Etpy) 4 at 1545 cm~l. Bands of the corresponding deuteride
compounds, WpDClg(py)4 and WpDClg( Etpy)q, show the expected shifts to
Tower frequencies (VD = VH/ Y2 ) with the respective stretching modes
coming at 1082 cml and 1112 cm‘l, thus confirming the assignment. The
intensities of these bands imply that they arise from the asymmetric M-H-M
stretching mode. Evidently, the weaker symmetric stretching mode is nrot
seen as a result of lower intensity or obscurement by other bands in the
spectra. However, it is possible that the asymmetric and symmetric modes
occur at approximately the same frequency, as would happen if the W-H-W
bond angle were ca. 90° (27). Using the W-W bond distance of 2.516& and
assuming a symmetric hydride bridge bond arrangement with W-H bond
distances of ca. 1.8 A, the W-H-W angle is calculated to be ca. 89°, an
angle which would require near coincidence of the two stretching modes.
A comparison of the assumed asymmetric M-H-M stretching frequency observed
here (1510-1545 cmt) with v(sym), 1553 cm! and v(asym), 1248 cml found
in Cs3MopClgh (27) indicates a much higher frequency for v(asym) in
WoHClg(py)a or WoHCI5(Etpy)g. Since this frequency approaches that for
v(sym) in Cs3MoyClgH, this may be taken as evidence that v{sym) and
v(asym) are indeed nearly coincident.

Mbove 400 cm™l, the spectra of WoHCl5(py)4 and WoHCIg(Etpy) 4 were

otherwise essentially those expected for coordinated pyridine and
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4-ethylpyridine, respectively (28). The spectra below 400 cm‘l, where W-
C1 stretching and deformation, and W-N stretching frequencies should be
found (29), are shown in Figure I-4 for comparison. Assuming exact C2v
symmetry, six W-Cl (four terminal and two bridging) stretching modes and
three W-N stretching modes should be active for both comounds. The
spectrum of WpHClg(py)4 (spectrum a) shows five bands (relative intensity
in parentheses) at 320(s), 309(sh), 299(s), 275(s), and 267(sh) which are
assigned to W-Cl1 stretching modes. The assigmment of the bands at 233(m),
223(w), and 203(w) is not certain since they may result from bridging W-C1
stretches, C1-W-C1 deformations, and/or W-N stretches (29).

The spectrum of WoHCIg(Etpy)4 below 430 em~! is very similar to that
of WoHClg(py)s. The W-C1 stretching modes are found at 322(s), 304(s),
and 276(s) cm'l. These bands are slightly broader and not as well
resolved as the same bands for WpHClg(py)4 but are almost identical in
positions and relative intensities. The medium intensity band at 226 cml
and the weaker overlapping bands at 185 and 173 em! may again be assigned
to W-C1-W bridge-stretching, C1-W-C1 deformation, and/or W-N stretching
modes.

The near identical infrared spectra and the method of preparation of
WoHCIg( Etpy)s (simple ligand exchange) indicate that WpHClg(py)4 has the

same basic structure as that determined for WpHCIg5(Etpy) 4.

X-ray Photoelectron Spectra
Tungsten and chlorine X-ray photoelectron spectra (XPS) were obtained

for both WoHC1g(py)4 and WpHClg(Etpy)4. Binding erergies were referenced
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Figure I-4. Fourier transform infrared spectra of a) wZHC15(py)4
and b) NZHC15(Etpy)a
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to the Cls binding energy taken as 285.0 eV (30). Spectra were
deconvoluted using a program developed by M. H. Luly (31).

The W 4f5/p and 4f7/> energies are at 34.8 and 32.6 eV for
WoHC15(py)4 and at 34.6 and 32.4 eV for WpHCl1g(Etpy)s. The values are in
accord with those found for K3WClg (W 4fg/p 7/2: 34.7, 32.5 eV) and
[BugNI3WaClg (W 4fg/p 7700 34.4, 32.3) (32).

The chlorine spectra were comlex, and efforts to fit one or two
types of chlorines to the peak profiles gave poor agreement factors.

Using three nonequivalent chlorines for each compound and varying the
appropriate parameters, good fits were obtained as shown in Table I-5.

The f values provided for each least-squares fit are an indication of the
goodness of fit and can only be used to compare fits to the same spectrum
since it is dependent on the number of counts (31). The difference
between fits 1 and 2 for each compound is that in fit 1 the chlorine atoms
were constrained to the ratios 1:2:2 while in fit 2 their ratios were
allowed to vary. The ratios 1:2:2 were chosen because there should be one
bridging chlorine atom, C2b; two terminal chlorine atoms, Czt,jggugito
the bridging chlorine; and two terminal chiorine atoms, Czt’, trans to the
bridging hydride ligand. These structural assignments are based on
results obtained for K3WoClg and (BuygN)3WoClg for which bridging Cl 2p3/2
binding energies are found at 198.7 and 198.9 eV and terminal Cl 2p3/2 at
198.2 and 197.8 eV, respectively (32). The terminal chlorines trans to
the hydride 1igand should have the Towest binding energy because their
longer W-C1 bond distances would increase their effective negative charge;

however, these assignments for the terminal chlorines are tentative,



Table I-5. Chlorine X-ray photoelect.ron spectra

Compound Least-Squares Ce 2p3/2 Be® FWHM Ratio x2
e . . - 3
Cay Czt Cay Czb.czt.Czt (x107)
1 199.4 198.4 197.8 1.4 1.0:2.0:2.0 0.47
w2HC15(py)4
2 199.6 198.8 198.0 1.4 1.0:2.4:4.5 0.46
1 199.3 198.3 197.8 1.4 1.0:2.0:2.0 1.29
NZHC15(Etpy)4
199.4 198.4 197.7 1.4 1.0:2.4:2.7 1.15

aSpin-orbit splitting is 1.556 eV in all cases.

0¢
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especially since the terminal chlorine bond distances have a considerable
amount of uncertainty associated with them as discussed earlier. When the
chlorine ratios are allowed to vary, slight improvements in the fits are
seen (lower x?'s), and the ratios vary somewhat from the ideal 1:2:2,
especially for WoHClg(py)s; however, the binding energies change
insignificantly.

From these results, it can be concluded that the chlorine XPS spectra
are in accord with the structure determined for WoHClg(Etpy)s. Also, the
near identical profile of the two spectra as seen in Figure I-5 (fit 1
deconvolutions are shown for both spectra) serves to amplify the proposal

that WpHCl5(py)4 possesses the same structure as WpHClg(Etpy)g.

UV-Visible Spectra '
Attainment of uv-visibie spectra was hampered by insolubility and/or
decomposition of the pyridine and the 4-ethylpypridine compounds in most
common organic solvents. Reflectance spectra were obtained for both

Ammnwmdlal T,
€55c€iivianay
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compounds, and are shown in Figure I-6. Tnhe spectia &
identical and are also quite similar to the spectra recorded by Saillant
and co-workers for the compounds WpClgla (L = pyridine, 4-picoline and
4-isopropylpyridine) (33) of which the pyridine compound has been
discussed earlier in relation to structural comparisons.

An interesting effect is noted for WpHClg(py)4q in pyridine. The
compound gives a pale yellow solution in pyridine at room temperature
which shows a weak absorption at 708 nm and a medium intensity absorption
at 475 nm with a shoulder at 580 nm. Upon warming the solution to ca. 50-

60°C under vacuum, the pale yellow solution changes to an intense purple
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Figure I-5. Chlorine 2p binding energy spectra of a) w2H015(py)5 and b) NZHC15(Etpy)4. Spectra
are deconvoluted using the respective least-squares fit 1 parameters for both
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with a strong absorption at 562 nm and a shoulder at 505 nm. These are
six to eight times more intense than the 475 nm absorption observed at
room temperature. Upon cooling to room temperature, the purple color
persists unchanged for several weeks before gradually turning a yellow-
orange. An almost identical effect is observed for the 4-ethylpyridine
analog in 4-ethylpyridine solution.

The reason for this dramatic change in color is unciear. It is
apparently reversible since heating powdered WyHClg(py)4 in pyridine or
4-ethylpyridine results in the formation of poor quality crystals of
WoHC1g(py)4 and well-formed crystals of WoHCIg(Etpy)s, respectively.
Also, vacuum distillation of the pyridine from a refluxed and filtered
solution of WpHClg(py)4 yields a purple solid which shows broad bands in
its infrared spectrum, but from which pyridinium ion can be identified.
From this sketchy evidence, it is tentatively proposed that the color
change is due to an equilibrium in which the hydride ligand is abstracted
from the compound by pyridine as a proton producing the pyridinium cation
and an unidentified soluble tungsten species. The equilibrium is such
that only the characterized hydride species is precipitated and the
quantities of compounds in solution are too small to allow recovery of

useful amounts of the tungsten species responsible for the purple color.
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CONCLUSIONS

The preparation of WpHClg(py)4 can be viewed as the product of the
oxidative addition of HC1 to a quadruple bond, as previously described in
the formation of Mo,Clgh3~ (25) and MoWC1gH3~ (28). The HCl in this case
results from the addition of methanol to C1SiMe3. The reaction, however,
is not straightforward in that the HCl1 generated would exist almost
entirely as pyridiniun chloride unless it reacted immediately with the
ditungsten species in solution. Also, without the generation of HCI,
nume rous products with incomplete mhp replacement are obtained (34),
jindicating the need for HC1 in order to completely replace all mhp
ligands. Because of these complications, it is nct possibie at present to

formulate a simple reaction scheme for the formation of WpHClg(py)g4.
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SECTION II. SYNTHESIS, CRYSTAL STRUCTURE AND SPECTRAL CHARACTERIZATION
OF TETRACHLOROTETRAKIS (TRIMETHYLPHOSPHINE )MOLYBDENUM(II )~
TUNGSTEN(II). A HETERONUCLEAR DIMER POSSESSING A
MOLYBDENUM-TUNGSTEN QUADRUPLE BOND
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INTRODUCTION

Interest in the synthesis of an unbridged, quadruply-bonded,
heteronuclear (Mo-W) dimer was sparked by the structural determination of
MoW(0,CCMe3)4 (1). The Mo-W bond length of 2.080(1) A is considerably
shorter than that expected from comparison to the homonuclear, quadruple
bonds found in Mo(0oCCMe3)4 and Wp(0oCCF3)4, where d(MoMo) = 2.088(1) A
(2) and d(WW) = 2.211(2) & and 2.207(2) A (3), respectively. Because
bridging carboxylate units are present in these compounds, the metal-metal
bond cannct be viewed in terms of solely metal d orbital overlap; instead,
the pertubation of the d orbitals by these carboxylate ligands must also
be considered. This perturbation may be large since the carboxylate
1igands have 0-C-0 = orbitals residing directly over the metal-metal bond.
Additionally, these carboxylate ligands hold the two metal atoms in close
approach, and so the metal-metal separation will be less than if non-
bridging 1igands were present. It is difficult, if not impossible, to
determine now much of the cioseness of the twd metals is due to true
metal-metal bonding and how much is a result of the carboxylates
restraining them to close approach. By eliminating all bridging ligands
it would be possible to draw conclusions about the metal-metal bond based
solely on d-orbital overlap arguments with the 1igand perturbations of
these d orbitals being minimized.

The normal route from a carboxylate bridged dimolybdenum dimer to an

unbridged species is represented below (4,5).
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HCl1 (aq. sat.) 4- +
Mo,,( OAc) > Mo, Cl > Mo,Cl,L
2 4 0% 2’8 (L = neutral donor 27 4
PR3, pyr, SRZ’ etc.)

Efforts to duplicate these reactions with MoW(0oCCMe3)4 were thwarted by
oxidation of the metals in aqueous HCl from +2 to +3 and the formation of
the MowC18H3' anion (6). Reduction of the metal atoms in this dimer back
to a +2 oxidation state proved to be impossible (7).

In an attempt to by-pass this unfortunate oxidation, use was made of

the following single-step preparation of MopCl4(PR3)4 (8).

Moz(OAc)d + 4 CiSiMeg + 4 L > Mo,Clal, + 4 MegSi-OAc

A

THF
M02(0AC)4 + 4 A1013 +4L — M02C1 L, + 4 C1,A1-0A

4-4 2
This preparative technique made possible the synthesis of the desired
heteronuclear dimer MoWC14(PMe3)4. The synthetic details, the single-
crystal x-ray structural determination and the spectral properties of this
compound will be described here. Additionally, a discussion of the nature
of this heteronuclear Mo-W bond in relation to its homonuclear anaiogs and

of its possiblie intrinsic strength will be presented.
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EXPERIMENTAL

Materiais

The compounds discussed below were handled in Schlenk vessels under a
nitrogen atmosphere or on a vacuum line.

Tetrahydrofuran was initially refluxed with copper{I) chloride to
eliminate peroxides. After drying over CaHy, the THF was then vacuum
distilled onto Molecular Sieves (4A) for storage in vacuo. Cyclohexane
was refluxed over CaHp and vacuum distilled onto Molecular Sieves (4R) for
storage. Toluene was refluxed over CaHy and distilled under a nitrogen
atmosphere into a 500 mL Schlenk flask for storage.

Trimethylphosphine was obtained from Alfa Products and was stored in
a vacuum bulb without further purification. Chlorotrimethylsilane was
obtained from the Fisher Scientific Company and was also stored in vacuo
without further purification. To avoid getting any hydrolyzed or oxidized
species into the reaction mixtures, both PMe3 and C1SiMe3 were vacuum

Saa2
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ed Trom their storage vessels either directly into the reaction

flask or into a calibrated volume tube for measurement before vacuum

distillation into the reaction flask.

Physical Measurements
Far infrared, uv-visible and x-ray photoelectron spectra were
obtained as discussed earlier (9). X-ray photoelectron spectra were
deconvoluted using a least-squares curve fitting program written at Ames
Laboratory (10). Samples for 31p MR study were dissolved in CDCi3 and

either sealed in vacuo in 10 mm NMR tubes along with a capillary
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containing a H3P04 standard, or loaded into a 5 mm NMR tube under nitrogen
to which was later added a capillary containing the H3P04 standard. The

spectra were obtained using a Bruker WM-300 Spectrometer.

Syntheses

M02(02CCM83)4

This compound was prepared by an established procedure (11).

Mol( 0oCCMe3) 4

This extremely air sensitive compound was prepared in iimited

quantities by a multi-step procedure devised by V. Katovic et al. (12).

WCl,

A facile preparation of this compound was achieved by reduction of
WClg with a stoichiometric amount of W(CO)g in refluxing chlorobenzene

(13). The product was stored in a nitrogen atmosphere dry box.

M02614(PM83)4

Under a nitrogen atmosphere, Moy(0,CCMe3)y (0.7 g, 1.2 mmol) was
added to a 100 mL reaction flask equipped with a condenser. The flask was
evacuated on a vacuum line and C1SiMes (ca. 15 mL) was vacuum distilled
into the flask. An excess of PMeg (0.85 miL, 8.5 mmoi) was then added.

The reaction mixture was refluxed under nitrogen for two days. Upon
filtration, a purple precipitate was obtained. Purification of this

precipitate was achieved by first heating in vacuo to 70°C to eliminate
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any silyl ester remaining and then extraction with cyclohexane to give red

crystals.

WoCl 4( PMes) 4

This tungsten dimer was prepared by the literature method (14) with
some modifications. Into a 100 mL Schlenk flask containing WCl4 (0.90 g,
2.8 mmol) was vacuum distilled 70 mL of THF and an excess of PMe3 (0.7 mL,
7.0 mmol). The mixture was maintained at or below -23°C using a
chloroform slush bath while the requisite quantity (31.0 g) of sodium-
amalgam (0.178 mmol Na/1 g Hg) was syringed into the flask. The reaction
mixture was allowed to warm and was stirred at room temperature for 5 h.
The resulting green solution was filtered through Celite, and the solvent
was removed in vacuo leaving a dark green residue. This residue was
redissolved in toluene and passed through a 1 x 6 cm Florisil column. The
toluene was removed in vacuo, and the green residue was extracted with

cyclohexane to obtain the final product.

MoWC1 4(PMe3) 4

In a typical preparation, MoW(0pCCMe3), (0.45 g, 0.7 mmol) and excess
PMej (0.5 g, 5.0 mmol) were refluxed in ca. 15 mL CISiMe3 for 2.5 days.
After cooling, the mixture was filtered giving a dark green filtrate and a
smail quantity of a green solid. The C1SiMe3 and excess PMe3 were removed
in vacuo leaving a blue-green, tarry residue. The green solid and
filtrate residue were combined and were purified by heating in vacuo at
100°C to expel any silyl ester. Subsequent extraction with cyclohexane

yielded crystals suitable for x-ray single~crystal structural analysis.
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Collection and Treatment of X-ray Data

A single crystal of MoWCl4(PMe3)s, determined to be free of
MopCl4(PMe3) 4 by SIP NMR (see discussion of 31p NMR spectra), with
dimensions 0.14 x 0.11 x 0.21 mm was glued to the end of a glass fiber and
mounted on a 4-circle diffractometer designed at the Ames Laboratory
(15). From four w-oscillation photographs at x = 0° and various ¢ angles,
14 reflections were chosen and were input into the automatic indexing
program ALICE (16). The resulting reduced cell was C-centered monoclinic
as expected from previous studies on the dimolybdenum and ditungsten
homonuclear analogs (17).

Final lattice parameters were obtained by using least-squares

refinements on 15 independent reflections with 26 > 30°. The resulting

lattice parameters were a = 18.377(4) A, b = 9.206(2) &, ¢ = 17.323(6) A,

3

and B = 115.40(2)° with V = 2647.6(1) A°.

Data were collected at 25°C using graphite-monochromated Mo Ka
radiation (A = 0.71034 A). Four octants of data were collected with a 26
sphere of 50° using an w-scan technique giving a total of 5432
reflections. The intensities of three standards were measured after every
75 reflections and indicated no appreciable decay. The data were
corrected for Lorentz and polarization effects and standard deviations
were calculated (18). An empirical absorption correction (u = 54.86 cm’l)
was applied using a ¢-scan technique at x = 90° (19). Averaging of these

data gave 1887 independent reflections with I > 301.
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Structure Solution and Refinement

Systematic extinctions of hkl for h+k = 2n+l and of hO1 for 1 = 2n+l
indicated the space group to be C2/c. Al1l refinements were carried out
using either block-matrix or full-matrix least-squares procedures
minimizing the function I m(|F0|-|FC|)2, where w = 1/o§. The scattering
factors used for all atoms, except the metal atoms, were taken directly
from Hanson et al. (20). The scattering factor tables for the metal atoms
were calculated by averaging together the molybdenum and tungsten tables
of Hanson et al. (20), including the tables correcting for anomalous
dispersion (21).

In an earlier structural determination of MoWCl4(PMe3), (22), the
positional parameters of the metal atoms were determined from examination
of a sharpened Patterson map (23). Al1l other nonhydrogen atoms had been
located in this earlier study using a combination of least-squares
refinements (24) and Fourier syntheses (23) techniques. Using these
nreviously determined positional parameters, block-matrix least-squares
refinement on all nonhydrogen atoms gave residuals of
R = z} |F0|-|.=C|i/z|F0] = 0.056 and Rw = [Zw(|F0|-|FC)2/m)FO|2]1/2 = 0.082.
A difference Fourier synthesis at this point revealed the position of most
of the methyl hydrogens. The positions were very near those determined
for Mo,Cla(PMez)s and WoClg(PMez)s (17); however, attempts to refine the
hydrogen positional parameters were unsuccessful. Therefore, using
several of the hydrogen positions determined from the Fourier difference
map as starting points, idealized hydrogen positions were calculated with

d(C-H) = 0.95 A, and isotropic B values of 7.0 AZ were assigned to each
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hydrogen atom. In subsequent refinements, the hydrogen atoms were
included in the atom lists, but their positional and thermal parameters
were fixed. A least-squares refinement now yielded residuals of R = 0.054
and Rw = 0.077,

It was observed that the data at Tow values of sin 8/A had unusually
high Rw's; therefore, the data were sorted according to Fo and reweighed
in 35 overlapping groups such that sz was essentially constant. A full-
matrix least-squares refinement was carried out giving R = 0.053 and
Rw = 0.063; however, a difference Fourier synthesis map revealed peaks
ranging from -0.9 to +1.4 e'/ﬂ\3 about the metal atom positions.

Returning to a l/o% weighting scheme, the multipliers of the metals
were allowed to vary. Full-matrix least-squares refinement on all
parameters (hydrogen parameters still fixed) resulted in a significant
lowering of the residuals to R = 0.043 and Rw = 0.056. The multipliers on
MoWl and MoW2 shifted from their full occupancy values of 0.5 to values of
0.528(3) and 0.452(2), respectively. The final difference Fourier
synthesis again showed peaks from -0.9 to +1.2 e_/ﬁ\3 near the metal atoms
with the largest peaks, both positive and negative, falling between the
metal centers. The number of such peaks, however, was considerabiy iess
than observed before the metal atom multipliers were allowed to vary.
Also, the low angle data refined to considerably 1ower residuals,
eliminating the need for a reweighting of these data. The resulting
multipliers imply that there is some ordering of the metal atoms in the

crystal. This point will be elaborated more fully later,
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Positional and thermal parameters are given in Tables II-1, II-2 and

I1-3, and bond distances and angles are provided in Table II-4.

Table II-1. Positional parameters for MoWCly(PMe3), nonhydrogen atoms?
Atom X Y YA Multiplier
MoW1 0.0 0.09792(7) 0.25 0.5281(26)
MowW2 0.0 0.33854(8) 0.25 0.4519(24)
CL1 0.0853(1) 0.0012(3) 0.1892(2)
P1 0.1154(1) 0.0427(3) 0.3928(1)
P2 0.0953(2) 0.3938(3) 0.1831(2)
C11 0.2163(6) 0.097(1) 0.4101(7)
C12 0.1248(9) -0.155(1) 0.4021(8)
C13 0.1101(7) 0.095(1) 0.4909(7)
c21 0.1009(8) 0.589(2) 0.1768(9)
c22 0.2006(7) 0.340(2) 0.2384(9)
€23 0.0675(8) 0.341(1) .0725(8)

aFstimated
dig

significant di

standard deviations are given in parentheses for the last
ts.
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Table II-2. Thermal parameters for MoWCl 4(PMe3)4 nonhydrogen atoms2:D

Atom By B22 B33 B12 B13 823
MOWL  2.234(28) 2.565(30) 2.228(27) 0.0 0.866(20) 0.0
MOW2  2.211(33) 2.650(37) 2.504(35) 0.0 1.001(25) 0.0
CLl  3.99(11)  4.49(13) 4.29(12) 1.00(9)  2.37(9) -0.20(10)
CL2  3.60(10) 4.07(12) 3.46(10) -0.56(9)  0.56(8) -0.76(9)
P1 3.22(10) 3.56(12) 2.68(10) -0.07(9)  0.73(8)  0.23(9)
P2 3.25(11)  3.79(12) 4.15(12) -0.20(9)  2.04(9)  0.53(9)

C11  2.8(4) 5.6(6)  4.7(5) 0.1(4) 0.8(4)  -0.3(5)
C12 7.0(7) 4.2(6)  5.3(6) 0.2(5) 0.9(5) 1.0(5)
C13  5.7(6) 7.1(7)  2.9(8) 0.4(5) 1.4( 4) 0.4(5)
c21 6.3(7) 5.3(7)  7.4(7)  -0.9(5) 3.8(6) 0.9(6)
(8)  6.7(7) 0.5(5) 2.9(5) 2.9(6)
(6)  4.6(6)

3
C22 4.0(5) 7.2

23 7.5(7) 5.6 0.3(6) 4.1(6) 0.4(5)

dThe general thermal parameter expression used is
exp[-1/4(By1h%a™? + Byok*Z + ... 2Bpskab™c™) 1.

bEstimated standard deviations are given in parentheses for the last
significant figures.
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Table II-3. Calculated positional parameters for MoWC14(PMe3)4 hydrogen

atoms?

Atom X Y z

H111 0.25511 0.06080 0.46354
H112 0.22816 0.05820 0.36568
H113 0.21975 0.19962 0.40995
H121 0.14746 0.82519 0.46199
H122 0.16134 0.81832 0.37978
Hi23 0.08086 0.77770 0.37780
H131 0.05742 0.06676 0.48576
H132 0.11467 0.19907 0.49941
H133 0.15009 0.04988 0.53979

3A11 hydrogen atoms are assigned isotropic B values of 7.0A2.
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Table II-4. Bond distances (A) and angles (Deg) in MoWC14(PMe3),?

Distances
MoW1-MoW?2 2.219(1)
MoWl-Cl1 2.4036(25)
MoWl-P1 2.5245(25)
MoW2-C12 2.4105(25)
MoW2-P2 2.5317(26)
P1-Cl11 1.815(10)
P1-Cl2 1.829(13)
P1-C13 1.810(11)
p2-C21 1.807(14)
p2-C22 1.821(12)
p2-C23 1.82412)
Angles
MoW2-MoWl-C11 111.,76(7)
MoW2 -MoW1-P1 101.62%6)
Cl11-MoWl-Cl1~ 136.49(13)
C11-MoWl-P1 85.58(8)
C11-MoWl-P1~ 85.86(8)
P1-MoWl-P1~ 156.76(13)
MoW1-MoW2-C12 111.96(7)
MoWl-MoW2 -P2 101.52(7)
Cl2-MoW2-Cl12” 136.08(13)
C12-MoW2-P2 85.749)
Cl2-MoW2-P2~ 85.70(9)
P2 McW2-p2- 156.97(13)
MoW1l-P1-Ci1l 118.4( 4)
MoWl1-P1-C12 107.2( 4)
MoW1-P1-C13 120.3( 4)
Cl1-P1-Cl2 101.9(6)
Ci11-P1-C13 103.5(5)
Cl2-P1-C13 103.0(6)
MoW2-P2-C21 107.1(4)
MoW2 -P2-C22 119.5(4)
MoW2-P2-C23 119.3(4)
£21.p2-C22 103.1(6)
C21-P2-C23 101.6(6)
£22-pP2-C23 103.7(6)

dstandard deviations are given in parentheses for the last
significant figures.
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RESULTS AND DISCUSSION

Crystal Structure

The structure of MoWCi4(PMe3)s, as seenin Figure II-1, is
isostructural with its homonuclear analogs (17). The eiectronic
configuration of the quadruple metal-metal bond, 02n462, requires an
eclipsed configuration of ligands to maintain the § interaction. The
arrangement of the ligands about each metal is essentially square planar
with steric considerations requiring trans positioning of the trimethyl-
phosphine 1igands. Similar steric factors result in the staggered
configuration of the trimethylphosphine ligands across the metal bond.

The reason for synthesizing MoWCl 4(PMe3)4 was to examine an unbridged
quadruply bonded dimer with minimal ligand contribution to the metal-metal
bond and to determine if there is some additional intrinsic metal-metal
bond strength in the heteronuclear bond compared to the homonuclear bonds.
A 1isting of the important bond distances of the three MyCl4(PMes)yq

avan S mancidad 3a Takd T 3 f
exes is provided in Table II-S. The distancas for McWCY (PMe

LN

[0}

= .
those obtained after refining on the metal multipliers as discussed
eartier. It is immediately apparent that the Mo-W quadruple bond of
length 2.219(1) A is not anomalously short as in the carboxylate dimers
(1), but is instead 0.073 & longer than the average, 2.146(2) A, of the
two homonuclear bonds. In these unbridged dimers then, the metal-metal
bond distances do not point towards a stronger heteronuclear bond.

It is worth noting here that there exists one other series of

quadruply bonded dimers for which the dimolybdenum, molybdenum-tungsten,

ditungsten analogs have had structural determinations performed on them.
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Figure II-1. ORTEP view of MoWC14(PMe3)4 molecule
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Table II-5. Bond distances for MyCli4(PMe3)4 compounds

Bond Distances (&)

My = Mo, MoW Wy
M-M 2.130(1) 2.219(1) 2.262(1)
M-C1 2.415(1) 2.4105(25) 2.395(2)
2.413(1) 2.4036(25) 2.389(2)
M-P 2.546(1) 2.5317(26) 2.509(2)
2.544(1) 2.5245(25) 2.506(2)

This is the My(mhp)4 series in which the anion of 2-hydroxy-6-methyl-
pyridine (mhp) bridges the two metal atoms (25). The metal-metal bond
distances for this series are d{Mo-Mo) = 2.068(1) A, d(Mo-W) = 2,001(1) &

eV

3

and d(W-W) = 2.161(1) A (25). The heteronuclear bond falls 0.022 A below
the average, 2.113(2) A, of the homonuclear bond lengths, indicative
perhaps that the heteronuclear bond in this series is somewhat stronger

than expected.

intrinsically greater heteronuclear bond strength in quadruply bonded
dimers becomes confusing. The three series discussed exhibit hetero-
nuclear bond lengths 1) shorter than both homonuciear bonds (Mp(0,CR),

(1)), 2) greater than the average of the homonuclear bonds (MyCi4(PMes),)
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and 3) less than the average of the homonuclear bonds (Mp{mhp)g (25)).
The question of heteronuclear bond strength will be discussed further
after the presentation of relevant spectral data.

Another interesting feature of the MyCl4(PMe3)4 series is the gradual
decrease in M-L bond Tengths from MooCl4(PMe3) 4 to WoClg(PMez)s. This is
easily seen in Figure 1I-2 in which percent molybdenum or tungsten
character is plotted against M-C1 and M-P bond Tengths. Error bars of
+ 3o are drawn for each data point. For the homonuclear dimers, the two
points for the M-C1 and the M-P distances correspond to the two
phosphorous atoms in each molecule. Since the two metai-atom multipliers
were allowed to vary for MoWCl4(PMe3)4, the M-L distances are plotted both
before and after this was done. With a fixed 50:50 ratio of Mo to W
character for each metal, the M-L distances are d{MoWl-Cl11) = 2.407(3) &,
d(MoW1-C12) = 2.410(3) A, d(MoWl-P1l) = 2.5243) A and d(MoW2-P2) =
2.528(4) A. When the metal-atom muTtipliers are allowed to vary, the
refinement converged with one metal atom having 60.2% W and 39.8% Mo
character, and the other having 32.6% W and 67.4% Mo character. The sum
of the multipliers is 0.980 + 0.015(30), a value slightly below the
theoretical value of 1.0 expected for a MoW dimer Tree of any
MooCl4(PMe3)g. This slightly low value is probably an artifact of the
approximations made when using averaged scattering factors for disordered
metal atoms, because a 3lp NmR spectrum of the sample used in the
structure determination showed no MopCl4(PMe3)4 to be present. Varying
the metal multipliers has a small effect on the 1igands producing a shift

to greater separations of the respective M-L distances. The resulting M-L



56

254

2.53

2.52

- 2.51

Bond Length(R)

242

2.41¢

2.40

2.35

1 L 1
Mo, Mow2 MoW MoW1l W,
«~—%Mo 50:50 ° W —

Figure I1-2. Metal-ligand bond distances plotted against
metal character



57

distances are those given in Table II-5. Piotted against the molybdenum
and tungsten character of the metal atoms, the M-P bond distances fall on
the straight Tine drawn through the M-P bond distances of the homonuclear
dimers. The M-C1 heteronuclear bond distances are a 1ittle longer than
predicted from the homonuclear distances; however, they show the expected
decrease in bond distances with increasing tungsten character. Both the
M-P and M-C1 bonds in the heteronuclear dimer should represent a weighted
average of the W-L and Mo-L bonds, and this is borne out in the plot.

The fact that the M-L distances for the heteronuclear dimer are
consistent with those expected from the metal atom muitipiiers (especiaily
for the M-P distances) lends support to the possibility that there is some
ordering of the metal atoms in the heteronuclear structure. In all
previous structure determinations of symmetric multiply bonded hetero-
nuclear dimers, MoW(piv)gq (1), MoW(mhp), (26) and Rb3MoWCIgH (1), no such
ordering was reported. In the one electron oxidized complexes,
MoW(piv)4I*CHCN, there is complete order of the metal atoms since the
jodide is bound to the tungsten in the molecule (12). The factors which
may tead to a partial ordering in MoWC1 4(PMe3) 4 are probably due to
crystal packing effects. Examination of the two independent M-P and M-Ci
distances in each of the homonuclear dimers reveals that they differed
from each other, although by less than 3¢. These differences, if real,
are most 1ikely a result of crystal packing effects. The heteronuclear
dimer is partially ordered in a fashion that places the shorter M-L bonds
of higher tungsten character in the same positions as the shorter M-L

bonds of the homonuclear dimers. By this partial orientation of the
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heteronuclear dimer, some repulsive intermolecular interactions may be
reduced. Examination of intermolecular distances does not give any
obvious indication of this, but the closest intermolecular contacts
involve hydrogen atoms which are only in calculated positions.

An opposite point of view is that the differences in the
heteronuclear M-L bond distances are not due to the tungsten or molybdenum
character of the metal atoms, but are instead a result of the crystal
packing effects which give differences in the M-L bond lengths in the
homonuclear dimers. The heteronuclear M-P bonds provide an argument
against this interpretation. In the homonuciear dimers, the two
independent M-P distances are essentially equal yet they differ by
approximately 3o in the heteronuclear dimer, indicating an additional
factor influencing these bonds, such as metal character.

Caution must be used when drawing conclusions about the metal atoms
from the differences in the heteronuclear M-L bond lengths, since the two
M-P and the two M-C1 bonds are within 30 of each other, respectively. The
refined metal multipliers in conjunction with these M-L comparisons,

however, indicate that the partial metal atom order is a real phenomenon.

UV-Visible Spectra

The absorption energies and the extinction coefficients for the

§ > & transitions in the MyClg(PMe3)4 series are given in Table

T_C
i=v

-

The two values given for Mo,Cl,(PMe3)s correspond to those measured in

this lab and those obtained by Cotton and co-workers (17). The energy of
*

the § » § transition in MoWCl4(PMe3)4 falls between those of the

homonuclear dimers and is nearer the energy for WpCl4(PMe3)g. This is in
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accord with the metal-metal bonds in the dimers -- the Mo-W bond length is

closer to d{W-W) than to d(Mo-Mo).

*
Table 11-6. MyCl4(PMe3)g § » & transitions?

M2 = MOZ MoW Nz
Amax (M) 581(2.80)P 632(2.77)® 657( 4.2)C
582( 3.4)C

dExtinction coefficients (x103 M-1 cm‘l) are given in parentheses.
BThis work.

CReference 17.

Since the energy of the & » 6* transition is an indication of the §
overlap, it is apparent, both from these transition energies and the
metal-metal bond distances, that WoCl4(PMeg)y has the least § overlap of
the series. The hetercnuclear dimer has only slightly greater § overlap
than WyCT4(PMe3)s, and has less than that expected from the average of the

homonuclear complexes. The degree of & overlap in these complexes will be

discussed more fully later.

-Infrared and Raman Spectra
The symmetry of the ligands in all three dimers is Dp4. The total
symmetry of the homonuciear dimers is still Dpq when the metals are
included, whereas the heteronuclear dimer has a lower total symmetry of

Coy as a result of the asymmetry of the metal atoms. In Dp4 symmetry,
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there are three M-C1 normal stretching modes of symmetries A + By + E.
The stretching modes of By and E symmetries are expected to be infrared
and Raman active, and the one of A; symmetry should only be Raman active.
The metal-metal stretching mode which is of A; symmetry also should be
only Raman active. Lowering the symmetry to Cp, for the heteronuclear
dimer causes a change of the symmetries of the M-Cl stretching modes to
2A; + By + Bp. All these modes will be both infrared and Raman active.
The metal-metal stretching mode in the heteronuclear dimer is of Ay
symmetry and is both infrared and Raman active. Figure 1I-3 shows the
far-infrared spectra of these dimers.

Assignment of the bands is aided by examination of the far-infrared
spectra of related dimolybdenum complexes. Some of these are provided in
Table I1I-7. The spectra of the trimethylphosphine containing complexes
are complicated by the fact that there are two C-P-C bending modes of
synmetries Ay and E in the same spectral region as the M-C1 stretching
modes {27). The tributvlphosphine and triethylphosphine complexes do not
have these bending modes in the spectral region of interest. Two M-Cl
stretches are found for MopCl4(PEt3)q and MopClg(PBuz)g (5) as expected
from the symmetry of the molecules. The spectrum of MoyClg(PMe3)q
exhibits three bands in this same region, aithough four bands are
gd:  two M-C) stretches and two C-P-C bends. By comparison with
frequencies of the M-C1 stretching modes in the other dimolybdenum
complexes, the bands at 329 em ! and 285 em ! are assignable to M-Cl
stretches. Upon replacement of Cl with Br, the band at 285 eml s

shifted to 226 cm'l; however, the band at 329 el s only reduced in
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Table II-7. Infrared spectra of MooXa(PR3)4 complexes?

Assignment
Complexes C-P-C bend M-X Stretch Reference
Mo,C14(PMes)q 351 s 329 s 329 s 285 s This work
MooBra(PMes) 4 345 s 330 m 263 s 226 s This work
MoCl4(PBuz)g  --- - 326m 278 m 5
Mo,Bra(PBus) g --- --- 260 m -— 5
Mo,Cl4(PEL3) g -—- --- 332 s 282 m This work

dRelative intensities are given as s, strong; m, medium.

intensity, and a new band appears at 263 cm-l. These shifts in the metal-
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r = 0.8 x M-C1) are the same observed
for the tributylphosphine dimers, from 326 cm! to 260 cm™1. The fact
that the band at 329 cm~! in the trimethylphosphine dimer is only reduced
in intensity upon replacement of Cl1 with Br indicates that in the chloride
complex this band is either a combination band composed of a M-Cl
stretching mode and a2 C-P-C bending mode. or the result of the accidental
overlap of these two vibrational modes. In the bromide complex, this
band, which appears at 330 cm‘l, is of only C-P-C bending character.

Based on tnhe assigmments discussed above, the various bands in the

MoC14(PMe3)4 series are lTisted in Table 11-8 along with their assignments.
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Table II-8. Infrared spectra of MyCl4(PMe3)y complexesd

Complex Assignment

C-P-C bend M-X stretch M-Cl1 bend or M-M stretch
M-P stretch

Mo,Cla(PMes)s 351s 329 s 329s 285s 230m 18lm -

w2C14(PMe3)4 338 s 312 s 312 s 291 s -—— 184 m -
MoWC14(PMe3)y 343 s 315 s 315 s 298 s ——— 181 m 326 m
271 m

dRelative intensities are given as s, strong; m, medium.

For all these complexes, the Tow energy C-P-C bending-mode band is also
assigned as the high energy M-C1 stretching-mode band. The bands below
240 cm! have been tentatively assigned to M-Cl1 bending or M-P stretching
modes. Tne spectrai region comwosea of M-C1 stiretching modes and C-P-C
bending modes are very similar for the three complexes except that the
heteronuclear dimer possesses two additional bands. These bands occur at
326 cm~! and 271 cm~! and are assigned to the M-C1 stretching mode of Ay
symmetry and the metal-metal stretching mode, respectively. Similar bands

Ak lommiead 2 alaa 1 3
UL QUSEIvyTu it Lite numviius i car o

are
discussed above. The assignment of the band at 271 cm'1 is based on the
work of San Filippo and Sniadoch (28) in which the same band assignment is
made to a weak band at 282 cm~! observed in the Raman spectrum of

MopC14(PBu3)g. The Raman spectrum of MoWC14(PMe3)q, which is discussed
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more fully below, shows bands at 322 cm~! and 267 cm‘l, corresponding to
these same two infrared bands after taking into account a 4 em~1
correction. The observation of these bands in the infrared and Raman
spectra provide further confirmation of the assigmments made for these
bands.

Table 11-9 summarizes the important data obtained from the Raman
spectra of the MyCl4(PR3)4 (14,28) complexes as well as the Mp(mhp)y (25)
series. The relative force constants are calculated using a simple
harmonic oscillation approximation based only on the metal atoms and

ignores the 1igand contributions to the force constants. An interesting

Table II-9. Frequencies and relative force constants for M-M' stretching

modes
Compound v (cm”l) k (mdyn/A) Reference
MoWC1 4(PMes3) 4 322(3) 3.84 This work
MooC1 4( PMe3) 4 354(6) 3.54 This work
MoyC14(PBuf) 4 350(1) 3.46 (28)
WoCl4(PBuj)g 260(10) 3.65 (14)
Cro(mhp) g 556(3) 4,73 (25)
CrMo(mhp)q 504(3) 5.03 (25)
Moo (mhp) 4 425(3) 5.10 (25)
MoK (mhp )4 384(3) 5.45 (25)

Wo(mhp) 4 284(3) 4,71 (25)
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observation is that in both series of complexes the Mo-W stretching force
constant is the highest. The W-W force constant is higher than the Mo-Mo
force constant in the MpCl4(PMe3), series and vice versa in the My(mhp),
series. The anomaiously large Mo-W force constants are possible evidence
for some additional strength in the heteronuclear metal-metal bond.
Another feature of the Raman spectrum of MoWCl4(PMe3)q worthy of note
is that the intensity of the metal-metal stretch is considerably lower
than that seen for MopClg(PMe3)s. A similar effect has been observed for
pentachlorobis(2,5-dithiahexane)dirheniun which possesses an asymmetric
arrangement of ligands. The metal-metal stretching mode for this dimer is
seen in both the infrared and Raman spectra; however, the Raman intensity
is of lower intensity than that found for the Raman intensities of other
dirhenium complexes having metal-metal stretching modes with Raman

activity only (28).

31p NMR Spectra

Tne trimetnyipnospiine 1igands in th

(0]

hemenuclear dimers are ail
chemically equivalent and as such should give a single resonance in their
proton decoupled 3lp nwr spectra. The heteronuciear dimer, on the other
hand, provides an interesting situation in which the trimethylphosphine
Jigands are in exactly the same ligand environment as those in the homo-
nuclear dimers, but two of these ligands are bound to tungsten and the
other two are bound to moiybdenum, This will give two chemically inequiv-
alent phosphorus atoms. The difference in the chemical shifts of these
two phosphorus atoms will result only from the differences in their

interactions with the metal to which they are bound. Also, by comparing
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these two inequivalent phosphorus atoms in the heteronuclear dimer to the
chemical shifts of the phosphorus atoms in the homonuclear dimers, it
should be possible to determine if there are any anomalous properties
apparent in the heteronuclear dimer.

Figure II-4 shows the proton decoupled 31p NMR spectra of the three
dimers. The phosphorus atoms in each of the homonuclear dimers appear as
a sharp singiet. There is very littie difference in the resonance
frequencies of the 31p signals for the dimolybdenum and ditungsten
complexes which appear at -8.32 ppm and -7.31 ppm, respectively, relative
to H3PO4. The small shift to lTower field in going from the dimolybdenum
complex to the ditungsten complex is actually contradictory to the
expected higher field shift when descending down a group (29); however,
this expected shift must be viewed skeptically since it is only a
qualitative observation and is usually applied to organometallic
complexes.

The W-P (I = 1/2 for 183&; natural abundance = 14.3%) coupling in
WoCl,4(PMe3)s is not easily seen. Magnification of the regions on either
side of the central 31p resonance brings out weak resonances at ca. 119,
97 and 49 Hz on either side of the central resonance. There should be two
resonances from W-P coupling, one from direct coupiing between the
phosphorus atom and the tungsten atom to which it is bound (1J(H,P)), and
the other resulting from coupling across the metal-metal bond to the other
tungsten (3J(w,P)). The value of 119 Hz is appropriate for 1J(N,P) (29).
No previous values are available for 3J(W,P); however, from the hetero-

nuciear dimer's spectra discussed below, 97 Hz is probably toc high for
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such a coupling process, whereas 49 Hz is reasonable. It is not possible,
however, to unequivocally assign these weak resonances to particular W-P
couplings.

The heteronuclear dimer's proton decoupled 31p spectrum shows a
nunber of interesting features. Each of the phosphorus resonances is
split by the two chemically inequivalent phosphorus atoms on the other
metal atom into a 1:2:1 triplet with 3J(P,P') = 24.7 Hz. This is a P-P
coupling across the metal-metal quadruple bond. The only other example of
P-P coupling through a quadruple bond is found for the phosphine
substituted molybdenum dimer MooMes(PEt3)3(PMeoPh) in which the coupling
constants are 21.5 and 21.2 Hz for 3)(PEt3,PEt}) and 3J(PEtz,PMe,Ph),
respectively (30). These values are quite comparable to the coupling
constant obtained for the heteronuclear dimer and are in the range
expected for a P-P coupling between two phosphorus atoms bound cis to a
single metal atom (29). Coupling constants for trans phosphorus atoms on
a single metal are much larger (> 100 Hz) than cis bound phosphorus atoms
(29). One other example of P-P coupling through a metal-metal multiple
bond is found in the literature. This is in the metal-metal double bonded
dimer TapClg(PMe3)y in which 33(P,P') = 2.46 Hz (31).

The assignment of the resonance at 11.16 ppm to the trimethyl-
phosphine bound to the tungsten atom is based on the observed W-P coupiing
of 136.1 Hz. The other resonance at -27.90 ppm is assigned to the
trimethylphosphine bound to the molybdenum atom. No obvious 3J(w,P) is
seen for the phosphorus atoms bound to molybdenum, although small spikes

are noticeable on both sides of the triplet. These spikes may be the
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outside portions of the resonances resulting from this coupling. If this
is the case, then the central resonance for 3J(w,P) would be approximately
under the two side resonances of the triplet, implying a 3J(W,P) value of
ca. 24 Hz.

Perhaps the most unexpected result from the 31p NMR spectra of the
heteronuclear dimer is the difference in the chemical shifts of the two
resonances. These are dramatic shifts when compared to the two
homonuclear resonances. 1his is an indication of some unusual bonding
characteristics in the heteronuclear dimer. One possible explanation for
this shift in the resonance frequencies is a charge separation in the
heteronuclear dimer in which some electron density is transferred from
tungsten to molybdenum. This suggestion is not too unreasonable
considering that tungsten appears to have a stronger preference than
molybdenum for the formation of complexes with the metal in the +3
oxidation state over complexes in the +2 oxidation state as exemplified by
the difficulty encountered in the eventual syntheses of quadruply bonded
tungsten dimers (32). An even better example of this preference is seen
in the structure of MoW(piv)4I"CH3CN in which the iodine atom is bound to
the tungsten atom giving the latter a formal oxidation state of +3 whiie
molybdenum remains in the +2 oxidation state. This charge separation
which would result in tungsten having a slightly higher effective
charge and molybdenum having a siightly lower effective charge
should affect the chemical shifts of the phosphorus atoms. Prediction of

the expected chemical shift direction for such a charge separation is not
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possible since 31p resonance frequencies are determined for the most part
by the paramagnetic contributions which are difficult to calculate (29).
From simple diamagnetic screening considerations, the observed
chemical shifts are apprbpriate for this charge separation. The
phosphorus atoms bound to tungsten should experience a deshielding and
subsequent downfield shift due to the higher charge on the tungsten which
would withdraw electron density from these phosphorus atoms. The opposite
would be true for the phosphorous atoms on molybdenum. It is probably the
case, however, that the observed chemical shifts are due to the
paramagnetic contribution which are perturbed by this suggested charge
separation and that these shifts only fortuitously fit with diamagnetic

considerations.

X-ray Photoelectron Spectra
The results of the x-ray photoelectron spectra (XPS) are given in

Table 11-10. Binding energies are referenced to the Cls binding energy

N

taken as 285.0 eV. The chlerine P3/2 and phosphorus 2s pinding energies
are essentially identical throughout the series. This is somewhat
disappointing since.it was expected that the ligands in N2C14(PMe3)4 would
possess higher binding energies than those in MoyCl4(PMe3), because of the
shorter W-L bonds. It is not possible to distinguish 1igands bound to
molybdenum from those on tungsten in the neteronuciear dimer.

The only unusual result is found for the 3d5/2 binding energies of
molybdenum in the homonuclear and heteronuclear complexes. The lower
binding energy of 228.7 eV for the molybdenum in MoWCl4{PMe3)sq is an

indication of a lower effective charge on molybdenum. This lower binding
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Table 11-10. X-ray photoelectron results for MoClg(PMes3),?

Binding Energies (eV)

Mo 3d5/2 W 4f7/2 Cl 2p3/2 P 2s
Mo, 229.2(1.7/3.1) --- 198.7(1.6/1.6) 131.6{1.9)
MoW 228.7(1.7/3.2) 32.2(1.8/2.1) 198.7(1.6/1.6) 131.5(1.9)
Wo -—- 32.2(1.7/2.1) 198.8(1.6/1.6) 131.6(2.0)

8FWHM (eV) for ali orbitals and spin-orbit splittings (eV) for p, d
and f orbitals are given in parentheses as (FWHM/S0S).

energy is in accord with the charge separation in the heteronuclear dimer
discussed in the 31p NMR section. The fact that no increase in W 4f7/2
binding enerav is observed for the hetercnuclear dimer may be a result of
the larger number of total electrons in tungsten which wili tend to reduce
the shifts in core level binding energies with small changes in the
effective charge on tungsten. From these results, it appears that the
charge distribution between the metals and the ligands is the same in all

-3.. £
1 '

the dimers. it iS5 only

W

r the hetercnuclear dimer that an asymmetric

charge distribution between the metals is present.
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CONCLUSIONS

Before discussing the heteronuciear metal-metal quadruple bond, a
presentation of some insights into the differences in the dimolybdenum and
ditungsten quadruple bonds is needed. The W-W quadruple bond is
considerably longer than the Mo-Mo quadruple bond in all compounds in
which both molybdenum and tungsten examples are known (32). Since both
molybdenum and tungsten have essentially equal atomic radii, the reason
for the greater length of the ditungsten bond must be something other than
atomic radii differences. Examination of the metal-ligand bonds in
analogous molybdenum and tungsten compounds reveals that in all cases the
tungsten-ligand bonds are shorter than, or about the same length as,
corresponding molybdenum-1igand bonds (3,17,26,33,34). A possible
explanation of these differences in metal-metal and metal-l1igand bond
lengths is the greater relativistic perturbations of tungsten. This
relativistic pertubation is such that for s and p orbitals there is a
gecrease in the orbital radii and an increase in the ionizaticn potentials
(35,36). The d orbitals are affected mainly by the increased screening
abilities of these relativistically contracted s and p orbitals, and
therefore, have increased radii and decreased ionization potentials
(35,36). Since metal-ligand bonds are mostly of s and p character,
tungsten with more extensively contracted s and p orbitals, possesses
shorter metal-ligand bonds than does molybdenum. Similarly, the
relativistic extension of tungsten's 5d orbitals enabies them to form more
effective metal-metal bonds at larger metal-metal separations. This is

exemplified by the M2C193' series for Cr, Mo and W (37). 1In Cr2c193‘

b
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d(Cr-Cr) = 3.12 & (32), indicating that the contracted 3d orbitals of
chromium are unable to form effective metal-metal bonds. The dimolybdenum
anion with d(Mo-Mo) = 2.65 A (32) is interpreted as possessing one o bond,
but no = bonds. Finally, in the ditungsten anion the W-W bond length is
2.41 A (32), indicative of a multiple metal-metal bond. The W-W bonding
consists of a o bond and two = bonds. This w bonding occurs in the
tungsten anion, but not in the molybdenum anion, because of the greater
relativistic extension of the W 5d orbitals compared to the Mo 4d
orbitals.

These relativistic effects are the reason for tungsten forming
compounds of higher oxidation states, in particular W(III) complexes. The
reduced ionization potential of the 5d orbitals and increased strength of
the W-L bond, resulting from the contracted 6s and 6p orbitals, drive
tungsten to form complexes with tungsten in higher oxidation state and
with more ligands bound to tungsten.

This concept can be applied to the metal-metal quadruple bonds. The
greater extension of the W 5d orbitals enables tungsten to achieve good d
orbital overlap at metal-metal separations greater than can be achieved by
similar molybdenum compounds. This allows the tungsten complex to relieve
some of the 1igand-ligand repulsicn which occurs between eclipsed 1igands
across the metal bond. The molybdenum dimers must force these eclipsed
ligands closer together to achieve effective d orbital overlap. The
equilibrium metal-metal distances are determined by both d orbital overlap
and ligand-1igand repulsions with tungsten dimers having longer

equilibrium metal-metal distances for the reasons discussed above.
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One result of tungsten's longer metal-metal quadruple bond distances
is that the & interaction is greatly reduced. The fact that WpClg(PMe3)g
has the lowest energy 6§ » 6* transition is direct evidence of this
decreased § interaction. An indication of the strength of the § bond in
quadruply bonded tungsten dimers is found by comparison of the two isomers
of WyCl4(dppe)y (dppe = bis(diphenylphosphino)ethane (38)). In the green
isomer of WpCly(dppe)y with d(W-W) = 2.280(1) A, the bis(diphenyl-
phosphino)ethane ligands are chelating to one tungsten atom each, and all
the ligands are still in an eclipsed configuration across the metal-metal
bond (38). Or the other hand, the brown isomer with d{W-W) = 2.3141) A,
possesses bridging 1igands (38). These bridging Tigands force all the
1igands to adopt a staggered configuration across the metal-metal bond as
observed for RepCl4(dppe)p, which possesses only a triple bond (39). The
staggered configuration eliminates the possibility of a § bond. The
difference of 0.034 A between the W-W distances in these two isomers can
be taken as a reasonable approximation of the § contribution to the bond
length in tungsten dimers. This difference is in accord with that found
from comparing the W-W triple bonds with an average iength of ca. 2.29 A
in Chisholm's W(III) unbridged dimers (34) and the W-W quadrupie bond of
2.262(1) A in WpClg(PMe3)q (17). The contribution that the & bond makes
to the Mo-Mo bond lengths in the molybdenum guadruply bonded dimers can be
approximated by reference to Chisholm's Mo(III) unbridged, triply bonded
dimers, where the average Mo-Mo separation is ca. 2.22 A (34) compared to
MoyC14(PMe3)s with d(Mo-Mo) = 2.130(1) (17). The contribution to the

molybdenum quadruple bond length is ca. 0.09 to 0.10 A. The § bond in the
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molybdenum dimers is apparently a significant factor in the Mo-Mo bond;
however, in the tungsten dimers this interaction is not as important nor
as strong as in the molybdenum dimers and can be lost if ligand strain is
great enough.

These approximate contributions made to the metal-metal bonds by the
8 interaction apply only to unbridged dimers. The & interaction is
expected to be stronger for both ditungsten and dimolybdenum complexes
when bridging Tigands similar to the carboxylate 1igands are present.
These ligands hold the metals close together and do not exhibit large
ligand-1igand repulsions across the metal bond.

The structure of MoWCl4(PMe3), implies that the heteronuclear
quadruple bond can be viewed as an approximate average of the homonuclear
quadruple bonds, although having bond characteristics nearer the W-W
bond. The heteronuclear dimer's uv-visible spectrum is consistent with
this since the § » 6* transition falls at an energy between the two
homonuclear transitions and slightly closer to the W-W transition.

The & interaction in the heteronuclear dimer is expected to be an
average of those in the homonuclear dimers. There are no good examples of
unbridged heteronuclear dimers which possess a triple bond; therefore, it
is difficult to approximate the contribution of the & interaction to the
heteronuclear quadruple bond. Attempting to compare MoW(piv)g and
MoW(piv)4I*CH3CN with heteronuclear bonds of 2.080(1) A (1) and
2.1942) A (12), respectively, is not a good example because of both the

bridging pivalate ligands and the anomalously short Mo-W bond in

MoW(piv)s. The only reasonable compound for comparison to MowC14(PMe3)4
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is the heteronuclear tetramer MooWpClg(PMe3)4 (40). In this complex,
there are bonds assigned as single and triple bonds of lengths

2.842(1) A and 2.276(1) A, respectively (40). This triple bond distance
when compared to the quadruple bond Tength of 2.219(1) A in MoWCl4(PMe3)4
implies that the § interaction shortens the Mo-W bond by 0.057 A. This
value is reasonable when compared to the & contributions found for the
homonuclear dimers. The use of the tetramer's triple bond for obtaining
this value must be viewed with caution since the ligand arrangement in
this tetramer allows for some residual & bonding to remain in this bond,
although this residual bonding is expected to be small.

Even though there appear to be no unusual features in the structure
of MoWC14(PMe3) 4, certain anomalies are found in the 31p NMR and XPS
spectra. These have been tentatively interpreted as resuiting from a
charge separation in the complex. The drive for tungsten to achieve a
slightly higher effective charge can be traced back to the relativistic
effects discussed above. The relativistic increase of the ionization
potential of the W 5d orbitals may make tungsten less electronegative than
molybdenum, thus providing a driving force for this charge transfer.
Calculations of the ionization potentials for the gaseous ions of Mo(11)
and W(I1) give differing results depending on the methods used; however,
they do give 3 W(II) ionization less than the Mo(II) ionization by
ca. 1.0 eV (41).

The Mo-W distance in the heteronuclear dimer MoWCl4(PMes3)4 does not
give any obvious explanation for the unusually short Mo-W bond in

MoW(piv)g as was initially hoped. It may be, however, that the charge
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separation, as proposed for MoWCl4(PMe3) is the reason for this short
Mo-W distance. It has been known for some time that the bond energy of a
molecule composed of two elements with differing electronegativities is
greater than either of the two homonuclear analogs. For example, the bond
energy of CIF is 61 kcal/mole, which is greater than the bond energies of
Clo and Fyp with respective values of 57.9 and 36.6 kcal/mole (42). An
explanation forwarded for this phenomenon is that such bonds between atoms
of differing electronegativity are stabilized by ionic resonance (42), the

wavefunction for the system being of the form:

Upg = @ ¥pg T oD ¥ptpm +oC gt

The ionic terms wA+B- and Ya-g* stabilize the system beyond that
expected solely from the covalent contribution Yo g ° The degree of jonic
stability will depend upon what contribution such ionic terms make to the
total description of the system.

For the metal-metal homonuclear bonds the ionic contributions will be
minimal. The heteronuclear metal-metal bond will have a larger ionic
contribution because of the small difference in the effective

electronegativities of Mo(II) and W(II). The fact that the experimental

(=%

evidence points toward the presence of a charge separation in the
heteronuclear bond provides support that such a stabilization may occur.

The wavefunction for the Mo-W quadruple bond can be described by:

Umow = @ YMo-w TP VMotwt Y © Ymotun
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The covalent term wMo-w will not be too different from that in the
homonuclear dimers. The second term will contribute a significant amount
to the Mo-W bond if the charge separation is actually present in the
heteronuclear dimers. The last term should contribute very littie to the
bonding. This ionic resonance could be the reason for the anomalously
short Mo-W bond in Mow(piv)4. The additional stability imparted to the
Mo-W bond by this ionic resconance should shorten the bond. It may also be
the reason for MoN(mhp)4 having a Mo-W distance below the average of the
homonuclear bond lengths. The Mo-W bond in MoW(mhp)4 may be prevented
from decreasing further by the greater number of electrons in tungsten's
core (32). At the separations reached with the mhp ligand, these core-
core repulsions may become significant and 1imit the approach of the two
metals. For MoWC14(PMe3),, similar ionic resonance factors should be in
effect, however, the Mo-W distance appears to be influenced more in this
case by the equilibrium reached between the ligand-ligand repulsions and
the metal-metal d orbital overlap.

Theoretical calculations have been performed on MoyCl4(PMe3)4 and
WoCl4(PMe3)4q (43). The calculated molecular orbital energies agree
reasonably well with the photoelectron spectra. The results for the
metal-metal and metal-ligand molecular orbitals are essentially those
expected from the arguments presented here. One important result from the
calculations is that relativistic corrections have a much greater effect
on the character and energy of the molecular orbitals for WyCl4(PMe3)y
than for M02C14(PHe3)4 as expected. The calculations do not, however,

give any additional insight into the nature of the heteronuclear bond.
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The synthesis and characterization of MoWCl 4(PMe3)4 has not answered
the question of why anomalies are seen in certain of the heteronuclear
dimers. It has, however, led to some of the tentative explanations made
above. It is important to point out that these explanations are only
speculation based on examination of molecular structures, spectral data
and a few theoretical calculations. It is apparent that a good
description of the Mo-W quadruple bond will require consideration of a
number of factors. In particular, relativistic effects must be invoked,

and these may in fact be the underlying reason for the changes in bonding

from Mo-Mo to Mo-W to W-W.
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SECTION III. SYNTHESIS OF MIXED-METAL (Mo-W) RECTANGULAR CLUSTERS.
CRYSTAL STRUCTURE OF MopWoClg(PMes)s and 31p NMR STUDY
OF Mo,yWoClg(PBug)
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INTRODUCTION

The recent synthesis of the quadruply bonded dimer MoWC14{PMe3)s (1)
sparked interest in the possibility for the preparation of the tetramer
MooWoClg(PR3) 4. The homonuclear analogs, MogClg(PR3)4 (2,3,4) and
WqC1g(PR3) 4 (3,4) have both been prepared. These homonucliear tetramers
have a rectangular framework of metal atoms with two unbridged, short
sides and two long sides bridged by two chlorines or bromines. Each metal
has a distorted square planar coordination. The bond distances in the
rectangle suggests that the short, unbridged edges are M-M trip]eibonds
and the long, halide-bridged edges are M-M single bonds.

The formation of these tetramers is unique because it can be viewed
as a cycloaddition of two dimers (2). This cycloaddition involves loss of
the 8 component of the quadruple bond in each dimer and formation of two
singTe bonds which join the dimers together. The reaction is believed to
be initiated by loss of phosphine 1igand with subsequent formation of the
metai-metal singie bonds {2).

Using similar techniques as those used to prepare the homonuclear
tetramers (2,4), it has been possible to synthesize MopWpClig(PMe3)4 and
MooWoClg(PBu3)4. The characterization of these mixed-metal tetramers has
been accomplished using 31p MR spectra, uv-visible spectra and an x-ray

single-crystal study.
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EXPERIMENTAL

Materiais

A1l reaction products were handled in Schlenk vessels under a
nitrogen atmosphere or under vacuum.

Tetrahydrofuran and cyclohexane were dried and handled as discussed
earlier (1). Methanol was dried over sodium methoxide and vacuum
distilled onto Molecular Sieves (4A) for storage. Trimethylphosphine and
tri-n-butylphosphine were obtained from Alpha Products and Strem
Chemicals, respectively, and were used without further purification.
Chlorotrimethylsilane was obtained from Fisher Scientific Company and was
used without further purification. Aluminum trichloride obtained from

Fisher Scientific Company was purified by subiimation.

Physical Measurements
Infrared and uv-visible spectra were obtained as described earlier
(5). Samples for 3lp aMr study were dissolved in CDCl3 and sealed in
vacuo in 10 mm NMR tubes along with a capillary containing a H3P0y
standard. The 31p NMR spectra were obtained using a Bruker WM-300
Spectrometer. X-ray powder diffraction data were obtained using an Enraf
Nonius Delft triple focusing Guinier x-ray powder diffraction camera with

Cu K radiation () = 1.54056 A).
1
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Syntheses

MON(02CCME3)4

This extremely air-sensitive compound was prepared in limited

quantities by a muti-step procedure devised by V. Katovic et al. (6).

MooWaClg(PMes)4)

Using a No dry box, MoW(0,CCMe3)q (0.22 g, 0.32 mmol) and AIC13
(0.2 g, 1.5 mmol) were introduced into a 100 mL reaction flask.
Trimethylphosphine (0.06 mL, 0.6 mmol) and 30 mL of THF were then vacuum
distilled into the flask. The reaction mixture was stirred at reflux for
one day. Upon filtration, a blue-green filtrate (indicating a significant
amount of dimer formation) and a small quantity of a yellow-green solid
were obtained. This yellow-green solid was extracted with the mother
liquor under reduced pressure. The mother liquor was refiltered giving
insoluble yellow-green crystals which were suitable for x-ray single-

crystal anaiysis.

MooWoClg(PBUS) 4

MoW(0,CCMe3)4 (0.5 g, 0.73 mmol), AICI3 (0.39 g, 2.9 mmol) and PBuj
(0.35 mL, 1.4 mmol) were refluxed under nitrogen in 20 mL of THF for ca.
one day. The dark-green soiution was filtered; however. no solid was
obtained. The solvent was removed in vacuo giving a green tar to which
was added 15 mL of methanol. Filtering of the methanol solution gave a
dark-green filtrate and é yellow-green solid. The methanol solution was

discarded. The yellow-green solid was dried in vacuo and then extracted
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with cyclohexane to obtain crystals. Indexing two of these crystals
confirmed them to be isomorphous with the corresponding PBug derivatives
of the molybdenum (7) and tungsten (4) homonuclear tetramers (8). The
crystals, however, exhibited weak diffracting characteristics, and so no

single~crystal x-ray data were collected.

Mo4C1 8( PME3) 4

Mo,(0CCH3)4 (1.0 g, 2.3 mmol), AlC13 (1.25 g, 9.4 mmol) and PMe3
(5.2 mmol obtained by heating 1.13 g AgI'PMe3) were stirred under nitrogen
in 30 mL THF for 18 hours. The reaction mixture was fiitered, and the
resulting Tight-green solid was washed with deoxygenated methanol and
dried in vacuo. Comparison of x-ray powder patterns of this product and

of the mixed-metal PMe3 tetramer confirmed them to be isomorphous.

Collection and Treatment of X-ray Data
The crystal selected was irregularly shaped with dimensions 0.2 x
.14 x 0.Z mm. 1t was mounted in a 0.3 mm Giass Capiliary and placed on 2
4—circle diffractometer designed at the Amgs Laboratory (9). Initial
indexing was performed by inserting 11 reflections obtained from four
w-oscillation photographs into the automatic indexing program ALICE (10).
The unit cell was determined to bé tetragonal.

e . _1 1
rinat 1

L
)
-3
3
-

attice paramete & obtaine
of 9 reflections with 26 > 30°. The lattice parameters obtained were
a = 12.6443(8) A, c = 11.2854(9) A, V = 1804.3(2) A3 and Z = 2.

Two full octants, hkl and ﬁE], were collected with periodic

monitoring of three standard reflections. A total of 3730 reflections
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were collected. These were corrected for Lorentz and polarization effects
and standard deviations were calculated (11). Reflections with I > 30;
were retained giving a total of 2888 reflections which were subsequently
averaged using the centrictetragonal relationships hk& = khg = hks = kh2
to 844 independent reflections. An empirical absorption correction

(n=281.4 cm‘l) was applied using a ¢-scan technique at x = 90° (12).

Structure Solution and Refinement

Systematic extinctions for h00, h = 2n + 1; O0k0, k = 2n + 1; and 001,
1 =2n + 1, uniquely determined the space group as the accentric group
P4212. A1l refinements were carried out using either block-matrix or
full-matrix least-squares procedures minimizing the function
Zw(lFol-]Fcl)Z, where v = 1/0p2 (13). Scattering factors for all non-
metals were obtained from Hanson et al. (14).

A sharpened Patterson map (15) revealed the position ¢f the one
independent metal atom. This metal atom was input using a scattering
factor tablie caicuiated Dy averaging the molybdenum and tungsten tables of
Hanson et al. (14). The real and imaginary parts of anomalous dispersion
were calculated also by averaging together tne appropriate molybdenum and
tungsten tables (16). Refining ononly the metal atom gave residuals of
R = zl 1F0|-|Fc|\/leo| = 0.269, and Rw = [zu(|F_|-|F_)2/alF |214/2 -
2.359. Using a combination of least-squares refinements (13) and
Fourier synthesis {15) techniques, all non-hydrogen atoms were located and

refined to residuals of R = 0.045 and Rw = 0.078.
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At this point an accentric data set was generated in which only the
relation hkl = hkl was used in averaging the data (in centric tetragonal
systems: hkl = khl = hkl = Eﬁ]). This accentric data set consisted of
1522 independent reflections. With this data set, refinements using xyz
and -x,-y,-z coordinates gave respective residuals of R = 0.0475 and
Rw = 0.0764, and R = 0.0470 and Rw = 0.0757. Because of the very small
differences in the residuals for the left and right handed models,
refinement using accentric data was felt to be unwarranted, and so the
centric data were used for the remainder of the refinement.

From a difference Fourier synthesis (15), it was possible to locate
most of the hydrogens on the methyl carbons; however, after assigning them
fixed isotropic B values of 7.0 Az, attempts to refine the positional
parameters of these methyl hydrogens were unsuccessful. Therefore,
idealized hydrogen positions were calculated near the observed positions
setting d(C-H) = 0.95 A and H-C-H = 109.47°. These positional parameters
as well as the isotropic B values of 7.0 AZ were held constant throughout
the remainder of the refinement. Including these fixed hydrogens in the
refinement gave lower residuals of R = 0.040 and Rw = 0.047, and 1owered
the residuals of the Tow angle data by ca. 1 to 2%.

At this point, another difference Fourier synthesis revealed the
presence of a diffuse and highly disordered THF molecule., Summation over
the positive residual electron density showed there to be ca. one THF
molecule per tetramer unit. Using three carbon atoms (Cls, C2s, C3s) in
general positions with multipliers of 0.25, 0.25 and 0.5 a reasonable fit

to the THF electron density was obtained. Inclusion of this THF molecule
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in the refinement gave R = 0.035 and Rw = 0.045 and dramatically improved
the Tow angle data (sin 8/< 0.2) by several percent.

A secondary extinction correction was applied using an option in the
least-squares program which enables refinement on a secondary extinction
factor to be performed (13). A secondary extinction factor of 0.00020(5)
was obtained. Final residuals after full-matrix least-squares refinement
were R = 0.034 and Rw = 0.045. The final difference Fourier synthesis was
clean with the largest peak of 0.8 e‘/A3 found between intracluster metal
atoms. Peaks of ca. 0.5 e‘/A3 were seen in the region of the THF
molecule.

A check of the metal character was performed by allowing the metal
multiplier to vary. Refinement converged with a metal multiplier of
0.96413), a value within 30 of full occupancy indicating essentially a
50:50 mixture of molybdenum and tungsten in the tetramer as expected.
Therefore, the metal multiplier was held at 1.0 for the final refinement
discussed above.

Positional and thermal parameters are given in Tables III-1, III-2
and III-3, and bond distances and angles are provided in Table III-4,

ORTEP drawings of the molecule and of the unit cell are shown in Figures

I11-1 and I11-2, respectively.
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Table II1-1. Positional parameters for MopWoClg(PMe3)4°THF nonhydrogen

atoms?
Atom X Y A
MOW 0.08243(5) 0.07636(5) 0.10069(5)
CLt 0.1092(3) 0.24893) 0.1922(3)
CLb -0.1037(3) 0.1084(3) 0.1453(3)
p 0.2806( 3) 0.0669(3) 0.1243(3)
c1 0.361(1) 0.181(1) 0.085(1)
c2 0.349(1) -0.0431) 0.051(2)
c3 S 0.314(2) 0.047(2) 0.284(2)
C1$ 0.434(3) 0.504 4) 0.081{3)
c2s 0.530(6) 0.412(5) 0.009(9)
c3S 0.545(5) 0.583(5) 0.035(6)

dEstimated standard deviations are given in parentheses for the last
significant figures.
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Table I1I-2. Thermal parameters for MopW,C1g(PMe3)4°THF nonhydrogen
atoms?.P

tom B11 B22 B33 By2 Bi3 Bys3

MOW  2.732(36) 2.670(35) 2.983(31) -0.237(19) -0.026(29) -0.217(28)
cLlt  4.73(19) 3.36(16) 5.10(16) -0.93(14) -0.11(14) -1.41(15)
CLb  3.07(16) 3.18(16) 4.47(13) -0.39(9) 0.66(14) -1.10(13)

P 2.81(16) 3.89(18) 5.14(18) -0.26(13) 00.79(14) -0.07(16)
L 3.3(6) 4.0(7) 7.5(10)  -1.1(5) -0.9(7) 1.7(7)
2 2.7(6) 5.9(9)  10.8(13) 0.2(6) -0.3(7) -0.3(9)
€3 7.1(11)  9.3(13)  5.9(10)  -1.0(9) -3.1(8) 0.2(9)

BC
C1s  7.1(9)

2S  6.7(17)
€3S 5.3(16)

dgstimated standard deviations are given in parentheses for the last
significant figures.
bBij are defined by exp[-1/4(811h26*2 + ngjzb*zo--2323klb*c*)]-

cIsotropic temperature factors, B, are given in AZ.
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Table I1I-3. Calculated positional parameters for hydrogen atoms in
MooW,Clg(PMe3) 4 moleculed

Atom X Y JA

H11 0.36399 0.19662 0.00486
H12 0.43054 0.17311 0.11646
H13 0.33050 0.24369 ' 0.12535
H21 0.36413 -0.09504 0.11331
H22 0.41311 -0.01810 0.02075
H23 0.30549 -0.07226 -0.00518
H31 0.30395 -0.02300 0.30822
H32 0.26353 0.09077 0.33058
H33 0.38154 0.07135 0.29996

aA11 hydrogen atoms are assigned isotropic thermal parameters of
7.0 A=,
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Bond distances (&) and angles (Deg) for MopWsClg(PMe3)y

moleculed
Distances
MoW-MoW 2.275(1)
MoW -Mol 2.842(1)
MoW-C1t 2.437( 4)
MoW-C1b 2. 405( 4)
MoW-C1b 2.440(4)
MoW-P 2.523( 4)
P-Cl 1.82(1)
P-C2 1.83(2)
P-C3 1.86(2)
Angles

MoW-MoW-MoW  89.90(0) MoW-P-C1 119.3(5)
MoW-MoW-C1t  135.24(10)P Mok -P-C2 117.0(5)
MoW-MoW-C1t 113.45(9g MoW-P-C3 109.5(6)
MoW-MoW-C1b 53.52%9% Cl1-P-C2 103.4(7)
MoW-MoW-C1b  54.67{9)P C1-P-C3 102.2(8)
MoW-MoW-C1b  99.66(8) 2-P-C3 103.2(9)
MoW-MoW-C1b  99.66(8)
MoW-MoW-C1b  104.21(8)
MoW-MoW -P 98.09(9)
MoW -MoW-P 134.13(10)°
Cit-Mow-Cib  84.14(13)
Clt-MoW-Clb  139.93(12)
Clb-MoW-Clb  103.05(12)
C1t-MoK-P 81.94(13)
C1b-MoW-P 79.68(12)
C1b-MoW-P 160.72(12)
MoW-Clb-MoW  71.81(10)

Afstimated standard deviations are given in parentheses for the last

significant figures.

bAngTes for which MoW-MoW vector is the long MoW-MoW separation in
the tetramer.



W
< -y
N

(al\

......

85

ORTEP drawing of M02N2C18(PMe3)4 po]ecu]e

Figure III-1.
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Figure 11I-2. Unit cell of M°2w2C18(PMe3)4 viewed down c-axis
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RESULTS AND DISCUSSION

Crystal Siructure

The basic structure of the mixed-metal tetramer is essentially that
expected from examination of the other homonuclear tetramers (2,3,4). The
metal atoms form a rectangle with two long M-M bonds, 2.842(1) A, and two
short M-M bonds, 2.275(1) A. As has been discussed for the homonuclear
cases, the heteronuclear rectangle can be viewed as being formed by the
cycloaddition of two quadruply bonded dimers of formulation MoWCi4(PR3)4
(1). The long M-M bond is formed by o overlaps of the dxy orbitals on the
metal atoms with subsequent loss of the & interactions in the dimer units,
reducing the quadruple bonds to formal triple bonds. In Table III-5, are
listed the important parameters for comparison of the heteronuclear
tetramer to the homonuclear tetramers (4,7). The PBug homonuclear
tetramers were chosen because the ligand arrangement about these tetramers
is of Dypq symmetry, the same as in the mixed-metal tetramer.

wnd b S A

Ao -~ -
Al examination of th

(0]

M-L hond tengths Tor the series of tetramers in
Table I11-5 reveals three apparent anomalies in the mixed-metal PMej
tetramer: 1) short M-P bond; 2) long M-Cit bond; 3) long M-Cib bond.

The M-P bond of 2.520(4) A is actually equal to the average M-P bond
Tength in MoWCi4(PMe3)q (1). The M-P distance is that expected when
compared to the M-P distances found in the anaiogous moiybdenum and
tungsten dimers (1). Apparently, M-PMe3 bonds are 0.1 to 0.2 A shorter
than M-PBuj bonds in these compounds; therefore, the shortness of the M-P
bond in the heteronuclear tetramer is due to the bonding characteristics

of PMe3 and not to the metals present.
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Table II1I-5, Tetramer bond distances (A) and angles (Deg)?

Mo,WyClg(PMe3)s  MoaClg(PBul), W4C1g(PBug) o€

M-Mgport 2.275(1) 2.2144) 2.309(2)
M-M1 o ng 2.842(1) 2.904(3) 2.840(1)
M-Clt 2.437(4) 2.406(6) 2.400(5)
M-Clb (cis P; 2.405(4; 2.406(6; 2.396(5;

(trans P)  2.440(4 2.417(6 2.417(5
M-P 2.523( 4) 2.551(4) 2.530(5)
M-M-M 89.90(0) 89.941) 89.93(3)
M-Clb-M 71.81(10) 74.04(16) 72.3(1)
C1b-M-Cb 103.05(12) 100. 48(18) 102.8(2)

dEstimated standard deviations are given in parentheses for last

significant figures.

bReference 7.
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Because the M-PMe3 bond is considerably shorter than the M-PBu3
bonds, PMes should have a greater trans effect than PBuj. This is most
1ikely the reason for the unusually long M-Clb bond in the mixed-metal
tetramer, since it is this bond which is trans to PMe3. This same trans
effect is seen in the other tetramers, but to a lesser degree. The other
M-C1b bond, trans to Cit, in the mixed-metal tetramer is an average of the
corresponding M-C1b bond Tengths in the Mo and W tetramers.

There is no apparent reason for the unusually long M-Clt distance in
the mixed-metal tetramer, except that it too may be a result of bonding
properties of PMes.

A discussion of the metal-metal bond distances in the heteronuclear
tetramer based solely on its crystal structure would be ambiguous because
of the inability to distinguish between Mo and W atoms in the structure.
Although the triple bonds will both be Mo-W bonds, the two single bonds
could be either two Mo-W bonds, or one Mo-Mo bond and one W-W bond. The
31P NMR results discussed next distinguishes between these two metal

isomers.

, 31p NMR Spectra
Because of the Tow solubility of MoyWyClg(PMe3)s in all common
organic solvents, it was impossible to obtain a 31p NMR spectrum of this
tetramer. Using the tri-n-butylphosphine heteronucier tetramer, inowever,
solubility in CDC13 was sufficient to obtain a spectrum. The full proton
decoupled 31p spectrum of M02N2C18(P8u§)4 is shown in Figure III-3, It
consists of two doublets centered at 9.04 and 9.88 ppm, and two muitiplets

centered at 3.48 and 14.02 ppm. The two multiplets correspond
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to one isomer, isomer a, of the tetramer, and the two doublets result from
the presence of another isomer, isomer b. The relative concentrations of
isomer a to isomer b is ca. 1.5 to 1.0. Assignment of these resonances
requires examination of both the P-P' and W-P couplings.

The multiplets are in fact doublets of doublets with P-P' coupling
constants of 8.5 and 5.9 Hz. This is apparent from Figure III-4 which
shows a magnified view of the multiplet centered at 14.02 ppm. To obtain
such a coupling scheme, it is necessary to have an isomeric arrangement of
metal atoms in which Mo and W alternate around the tetramer as shown in
the Figure II11-4 insert. In this isomer, each phosphorus atom on tungsten
will see two equivalent phosphorus atoms bound to molybdenum. Because the
two molybdenums are bonded differently to tungsten, the coupling constants
of each phosphorus atom on tungsten to the phosphorus atoms on the two
molybdenum will be different, thus giving rise to the observed doublet of
doublets. The same coupiing scheme is seen for the phosphorus atoms bound
piY) enum., Unambiguous assignment of the two coupling constants to
coupling across the single or triple bond is not possible. Coupling
across a heteronuclear quadruple bond has been found to be 24.7 Hz in
MOWC1 4(PMe3)4 (1). The two coupling constants observed in this tetrameric
isomer have similar values. It would seem most likely that the larger of
the two coupling constants should be assigned to the coupling across the
triple bond. This assignment can only be made tentatively since the

presence of the bridging chiorine atoms across the single bond may

increase the coupling process across this longer bond.
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Figure IT11I-5 shows a magnified view of the resonances assigned to
jsomer b. The single P-P' coupling constant of 3.2 Hz observed for the
two doublets can be explained by an isomeric arrangement of metal atoms in
which the long bonds of the tetramer consist of one Mo-Mo bond and one W-W
bond. With this arrangement, the two equivalent phosphorus atoms on the
tungsten see each other across the long bond resulting in no coupling
across this bond; however, they do couple across the triple bond to one of
the two equivalent phosphorus atoms on molybdenum. It is somewhat
surprising that such a 1ow P-P' coupling constant is found for this
isomer. It is less than one-half the lower of the two coupling constants
found in isomer a. The P-P' coupling constants across the triple bond in
both isomers are expected to have comparable values, yet the results do
not support this, regardless of which coupling constant is assigned to the
P-P' coupling across the triple bond in isomer a.

Assignment of resonances to phosphorus atoms bound to tungsten or to
melybdenum can be made by looking for the presence of W-P coupling. For
isomer a the resonance at 14.02 ppm is unambiguously assigned to phospho-
rus bound to tungsten since W-P coupling resonances are observed at ca.
150 Hz on both sides of the main resonance. (Although a sharp resonance
is seen on the downfield side of the resonance at 3.48 ppm, it must be due
to an imnurity, because no corresponding resonance is found on the upfield
side.) This value is in accord with other one-bond W-P coupling constants
(17). The assignments for isomer b are not straightforward because of
excessive noise and extraneous peaks in this region. The resonance at 134

Hz downfield from the doublet at 9.88 ppm has the sharpest peak profile
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and is at a resonance frequency appropriate for a W-P coupling; therefore,
the resonance at 9.88 ppm is tentatively assigned to the phosphorus atoms
bound to tungsten with a W-P coupling constant of 134 Hz. The corres-
sonding peak on the upfield side may be obscured because it would fall
just on the high-field side of the main resonance at 9.04 ppm.

The formation of two metal tetrameric isomers is not totally
unexpected. From statistical considerations alone, an exact 50:50 mixture
of the two isomers is predicted. Apparently, there is some driving force
which produces a larger fraction of isomer a over isomer b. Speculation
into what these driving forces may be will be presented later.

The discussion above assumes that the resonances in the 31P NMR
spectrum are due to two metal isomers. If there were two types of
phosphine arrangements in M02w2C14(PBu§)4, this could also account for the
spectrum. To confirm that this is not the case, a 31p wMR spectrum was
taken of MosClg(PBu§)4 (2) in CDC13. The spectrum showed only a sharp
singlet at 14.06 ppm, indicating the presence of only one phosphine isomer
for this tetramer. From a rough indexing of a single-crystal of
M02w2C18(PBu§)4 (8), it was determined that it has essentially the same
unit cell as MogClg(PBuj)s (7). These two tetramers should, therefore, be
isostructural and since the molybdenum homonuciear tetramer exhibits only
one arrangement of phosphine ligands, by analogy so should the

heteronuclear tri-n-butylphosphine tetramer.

UV-Visible Spectra
The relevant uv-visible spectra are shown in Figures II[-6, III-7 and

111-8. Since the concentrations of most of the solutions used in
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obtaining the spectra were not determined, the plotted absorption
intensities of the curves in each figure are not representative of their
relative extinction coefficients. Valuable information can be drawn from
comparison of the relative curve shapes and the position of absorption
maxima. |

Figure III-6 plots the uv-visible spectra of the three PBug tetramers
(4). It is immediately apparent that the spectra of the heteronuclear and
of the tungsten homonuclear tetramers are almost identical at wavelengths
below 350 nm. They both exhibit a large maximum at ca. 297 nm with a
shoulder on the low energy side. The molybdenum tetramer's uv-visible
spectrum shows a maximum at 312 nm with no low energy shoulder. At wave-
lengths above 350 nm, the spectrum of the heteronuclear tetramer appears
to be an average of the spectra of the homonuclear tetramers.

In Figure I11-7, plots of both the PMe3 and PBu§ heteronuclear
tetramers' spectrum are shown together. They are essentially identical
exhibiting maxima at 296 and 297 rm, respectively.

The final figure, Figure I11-8, shows the spectra of the two PMej
tetramers, MosClg(PMes3)s and MogWoClg(PMe3) . The MogClg(PMes)s spectrum
is anomalous because of the absorptions at 273 and 344 nm. No such
absorptions are found for Mo,Clg(PBuf)s. The peaks at 307 and 417 nm in
the M04C18(PMe3)4 spectrum correspond to absorptions at 312 and 435 nm,

respectively, in the spectrum of M04C18(PBug)4.
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CONCLUSIONS

Several features of the heteronuclear tetramer deserve careful
consideration. Foremost of these are the metal isomer distribution and
the relation of the mixed-metal metal-metal bond distances to those found
in the homonuclear tetramers.

From statistical reasoning alone, the metal isomer distribution is
predicted to be a 50:50 mixture of the two metal isomers discussed
earlier. The fact that the ratio of isomer a to isomer b in the tri-n-
butylphosphine tetramer is ca. 1.5 to 1.0 leads to the speculation that
there are some driving forces favoring isomer a. Two possible explana-
tions are forwarded here. One explanation for the ratio of tetramers is
that the formation of two hetercnuclear single bonds is favored over that
of two homonuclear bonds. This concept is in agreement with the hypoth-
esis already forwarded for Mo-W quadruply bonded heteronuclear dimers that
the heteronuclear quadruple bond is intrinsically stronger than the
average of the two homonuclear bonds (1). Also, the presence of a charge
separation between molybdenum and tungsten which has been proposed for the
heteronuclear dimers (1) may cause this ohserved tetramer distribution,
The charge separation proposed for MoWC14(PMe3)s is such that a small
quantity of electron density is transferred from tungsten to molybdenum.
If such a phenomenon is occurring in the tetramers, then isomer a would
probably have a lower total energy because of its symmetrical distribution
of these charges. These factors may be acting concurrently, or it may be
that none of these simple explanations are valid, and the true reascn for

the relative tetramer concentrations is more obscure.
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A charge separation argument was also used to explain the chemical
shift difference in the phosphorous atoms bonded to tungsten and
molybdenum in MoWC14(PMe3)s. Using charge separation arguments to explain
the chemical shifts in the two heteronuclear tetramer isomers, it might be
expected that in isomer b the accumulation of charge on one side of the
tetramer would reduce the amount of electron density transferred from
tungsten to molybdenum, thus, giving more nearly equal chemical shifts for
the two types of phosphorous atoms. For isomer a, the charge transfer
from tungsten to molybdenum may be greater because of the symmetrical
distribution of the resulting charge separations, and therefore, the
observed 3lp chemical shifts should be larger than in isomer b. As in the
discussion of the charge separation for MoWC14(PMe3)s (1), these arguments
must be viewed with considerable caution. It must be emphasized that the
chemical shifts of 31p nuclei are strongly dependent upon the paramagnetic
contributions which are difficult to calculate, and so predictions of 31p
NMR chemical shifts are tentative at best.

A discussion of the metal-metal bond distances in the heteronuclear
tetramer must take into consideration the presence of two isomers. In the
discussion presented below it is assumed that the ratio of metai isomers
is about the same in the PMez heteronuciear tetramer as that found by
31p NMR for the PBug heteronuclear tetramer. Also, it is assumed that a
difference in phosphine Tigands does not affect the metal-metal distances
significantly allowing comparison of MopWoClg(PMes)s to MogClg(PBu§)4 (7)
and WgClg(PBuf),4 (4).
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Examination of Table 111-4 shows that the longest M-M long-bond is
found in MogClg(PBuJ)s, with MoyH,Clg(PMe3)s and WoClg(PBuf), having
essentially equal M-M long~bonds. This can be rationalized by examining
the shorter M-M triple bonds in the tetramers. 1In MosCig(PBuj)y, the
Mo-Mo triple bond is about the same length as observed in Chisholm's Moslg
compounds (L = NR5, OR, Me, C1, etc.), where the average Mo-Mo triple bond
is ca. 2.22 A (18). This is in spite of the greater 1igand-ligand
repulsions expected from the eclipsed 1igands in the tetramers. This may
be an indication that some residual interaction remains in the molybdenum
tetramer's Mo-Mo triple bond. This partial bonding would be achieved at
the expense of the Mo-Mo long bond because it is the dxy orbital on each
metal which is used for both the interaﬁtion and the long bond formation
(2). 1In WeClg(PBuJ)y, the W-W triple bond is longer by ca. 0.02 A than
the average W-W triple bond of 2.29 A found in the ditungsten analogues
(18) of the Moplg compounds, demonstrating the expected M-M lengthening
resulting from the increased repulsions of the eclipsed 1igands in the
tetramers.

The fact that the M-M long-bond in MooW,Cig(PMe3), is about the same
length as in the tungsten tetramer can be expiained in terms of this
competition for the dxy orbital. Examinétion of the M-M distances in the
MpC14(PMe3)y series (1) shows that the MoW bond length is closer to the
W-W bond length than to the Mo-Mo bond 1ength. Since the ditungsten
compound apparently has a lower degree of § interaction than does the
dimolybdenum compound (1), the mixed-metal dimer should possess a weaker

8 interaction than the average of its homonuclear analogues. In forming
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the mixed-metal tetramer then, the dxy orbital is more available for
forming the long bonds between coupling dimers. The strength of the M-M
Tong bonds in the various tetramers should be such that M04018(P8u§)4 will
have the weakest bond due to the residual & interaction, and WsClg(PBu3)g
will have the strongest. The long M-M bond in the mixed-metal tetramer
will be nearer that of the W-W long bond but still intermediate between
the two homonuclear tetramers.

The similarities in the heteronuclear and tungsten tetramers are
further borne out by the uv-visible spectra already discussed. These two
tetramers have nearly ideniical spectra, whereas the molybdenum tetramer's
uv-visible spectrum is somewhat different.

The importance of residual & bonding in the tetramers can also be
used to explain the metal thermal ellipsoids in the MogWpClig(PMe3)s
structure refinement. Before performing the 31p nuR study on the tri-n-
butylphosphine heteronuclear tetramer, it was assumed that the nearly
isotropic shape of the refined anisotropic thermal ellipsoids obtained for
the metal atoms meant that the only metal isomer present was one in which
Mo and W alternated around the ring to give a symmetric arrangement with
the two long bonds being Mo-W single bonds, and therefore of equal
length. The 31p nMR experiment shows that actually two metal isomers are
present for M02w2C18(PBu5)4, one with alternating metal atoms and the
other isomer having long bonds consisting of one Mo-Mo and one W-W bond.
If only the type of metals involved in the long M-M bonds was the factor
determining the length of these bonds, then the asymmetric tetramer would

be distorted such that the Mo-Mo and the W-W 1ong bonds would be ca.
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2.90 & and 2.84 A, respectively. Disordering of this distorted tetramer
with the symmetric tetramer should produce anisotropic thermal ellipsoids
elongated along the tong M-M bond axes. On the other hand, using only the
residual & bond argument, the 1ong M-M bonds in the asymmetric tetramer
should be equal to each other and equal to those in the symmetric tetramer
since the degree of bonding in the long bond would be dependent only on
the amoﬁnt 6f § bonding remaining in the short bonds, which would be the
same for both isomers. Based upon the thermal parameters, the distortion
of the asymmetric tetramer is not observed. This implies that the
distortion in the asymmetric tetramer is small due to the relative
importance of the residuél bond considerations, and/or that because of the
higher percentage of symmetric tetramer expected to be present in the PMe3
derivative, as indicated by the 31p nMR experiment on the PBug tetramer,
the structural features resulting from this distortion are not seen in the
structure refinement.

An additional factor which results in shorter M-M long-bonds for W-W
is the relativistic extension of the W 5d orbitals (19). A discussion of
the effect of such an extension on various Mo~Mo, Mo-W and W-W dimers nhas
been presented (1). The extension of the W 5d orbitals wiii aiiow for
better overlap at the distance found for the W-W long bonds. The Mo 4d
orbitals do not experience significant relativistic extension and are not
as effective in bonding at longer distances. The effect on the
heteronuclear tetramer of this relativistic perturbation of tungsten will
depend upon which metal isomer is considered. For the symmetric isomer,

the Mo-W long bond overlap should be an average of the overlaps found for
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the long bonds of the two homonuclear tetramers. The asymmetric isomer on

the other hand will experience the distortion discussed above.
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SUMMARY

The tungsten(III)-tungsten(III) dimer wz(u-H)(u-Ci)Ci4(pyridine)4 and
its 4-ethylpyridine analog have been synthesized from a quadruply bonded
tungsten dimer. Its formulation can be viewed as an oxidative addition of
HC1 across a tungsten-tungsten quadruple bond. By comparison to the
metal-metal double bond distances found in tungsten(IV)-tungsten(IV)
dimers, the tungsten-tungsten bond in the 4-ethylpyridine complex is
tentatively assigned as a double bond.

The synthesis and characterization of MoWCia(PMe3)s has been
accomplished. The molybdenum-tungsten bond distance is slightly longer
than the average of the metal-metal distances in the homonuclear analogs.
The 31P NMR of this complex shows the presence of one of the few known
P-P” couplings across a metal-metal multiple bond. Certain of the
anomalous characteristics of this heteronuclear dimer are proposed to
result from the possible presence of an intramolecular charge separation
between moiybdenum and tungsien,

Two rectangular heteronuclear tetramers, MopWyClg(PMe3)4 and
M02w2C18(PBu§)4 have been synthesized. A structure determination of the
PMe3 derivative indicates that it is very similar to the previously
determined molybdenum and tungsten tetramers. The structure consists of
two triply bonded units joined together by two metai-metal singie bonds to
form a rectangle of metal atoms. From a 31p nMR spectrum of the PBug
tetramer, it has been determined that there are two isomers present

differing only by the arrangement of the metal atoms around the rectangle.
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