N

H
&
B

A
MY
"

e A Bt B A

F

i e it i S el
IS=T~=-952

DE82 005456

MASTER

Molybdenum and Tungsten

by

Timothy Richard Ryan

Ph.D. Thesis submitted to Iowa State University

Ames Laboratory, U.S. DOE

Iowa State University

Ames, Iowa 50011

Date Transmitted:

October 1981

PREPARED FOR THE U. S. DEPARTMENT OF ENERGY
UNDER CONTRACT NO. W-7405-Eng-82,

DISCLAIMER

This book was prepared as an account of work sponsored by an agency of the United States Government,
Neither the United States Gaverament nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or Process disclosed, or
represents that its use would not infringe privately owned rights. Reference heréin to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does
not necessarily constitute or imply its endorsement, recurnmendation, or favoring by the United
States Government or any agency thereof, The views and apinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.

“*s The Preparation and Characterization of Dimeric and Tetrameric Clusters of



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



The preparation and characterization of dimeric

and tetrameric clusters of molybdenum and tungsten

by |

Timothy Richard Ryan

An Abstract of
A Dissertation Submitted to the
GraduateAFacu1fy in Partial Fulfiliment of the
~ Requirements for the Degrge of

DOCTOR OF PHILOSOPHY

Approved:

A 01 (AL _]
For the Méqp;’Depa tment

Gradlate College

Iowa State University
Ames, Iowa

1981



DISCLAIMER

This book was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United
States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or as-
sumes any legal liability or responsibility for the accuracy,
completeness or usefulness of any information, apparatus, pro-
duct, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trade—
mark, manufacturer, or otherwise, does not necessarily con-
stitute or imply its endorsement, recommendation, or favoring
by the United States Government or any agency thereof, The
views and opinions of authors expressed nerein do not neces-
sarily state or reflect those of the United States Government or
any agency thereof, '

Printed in the United States of America

Available from

MNational Technical Information Service
U.S. Department of Commerce

5265 Port Royal Road

Springfield, VA 22161



The preparation and characterization of dimeric

and tetrameric clusters of molybdenum and tungsten]
Timothy Richard Rydn

Under the supervision of Robert E., McCarley
From the Department of Chemistry
Iowa State University

The cyclo-addition of two M02C14[P(C6H5)3]2(CH30H)2 molecules has
produced a new type of tetrameric molybdenum cluster, M04C18L4.
Structural characterization of this dimer revealed weak molybdenum-
methanol bonding which was consistent with the observed reactivity of
the compound. New synthetic methods were devised for the preparation of
M04
A scheme for the metal-metal bonding in these clusters was presented

X8L4 clusters where X = C1, Br, I and L = PR3, P¢3, RCN, CH3OH.

which was in agreement with the known structural features of

The preparation of the ana]oéous w4C18(PR3)4 cluster from WC1, was
accomplished by application of techniques used in the molybdenum ’
syntheses. The single crystal x-ray structpre revealed slight
differences from the molybdenum'ana1og which were rationaTiied in terms

of the known behavior in dimeric tungsten and mo1ybdehum specie;.

']DOE Report I1S-T-952, This work was performed under contract

W-7405-eng-82 with the Department of Energy.



The attempted preparation of a tetrameric tungsten c1u§ter from
w2(mhp)4 was unsuccessfu1 (mhp = anion of Z-methy]-6-hydroxypyridine).
Instead, the new tungsten dimer, w2C12(mhp)3, was isolated which
possessed a metal-metal bond order of 3.5. 'The X-ray crysta} structure
of the dimer revealed that the chlorine atoms were situated cis, one
bound to.each tungsten. Cyclic vo]témmetry éhowed that the compound

4

could be reversibly reduced,; presumably to a w2 * dimer containing a

quadruple metal-metal bond.
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GENERAL INTRODUCTION

An important aspect of the chemistry of fhe trénsition metals Ties
in their ability to form moiecu]af complexes in which there exist
sfrong metal-metal. interactions. These so-called cluster compounds were
not thoroughly studied until about 1960 - (1). One major reason for the
recent intense interest in these cohpounds was the expectation that
metallic cluster complexes might function as homogeneous catalysts or
serve as models for processes taking place on heterogeneoﬁs.Cata1ysts
(2-6). Indeed, several cluster compounds have been found to be
catalytically active (2, 3, 7-15).

Yet, the study of clusters has been hindered by the fact that most
cluster compounds known today were discovered by chaﬁﬁe (16, -17). There
is a need’for the devé]opment of synthetic methods which will produce
homologous series of c]ﬁster complexes which.can then be studied for
trends in such areas as bonding, reactivity, aﬁd'physica1_properties.
~Eventually, one might hope to synthesize a particular cluster to fulfill
a particular need. Work on rational syntheses of clqsters has already
had some success (]6, 18-21) and was a major gqa] of this thesis
research. 

The clustering of metal atoﬁ§ 1nto'mo1ecu1es containihg strong
metal-metal bonds is principally due to the efficient interaction of the
partially filled d orbitals of the metal atoms (1). The requirement
that d orbitals must have sufficient radial extension to give good over-
lap generally limits the metal atoms to Tow formal oxidation statés and

explains the greater tendency of second and third row transition



e]ements to engage in meta]-meta] bonding. The early transition meta]s

- in Tow oxidation states are particularly versatile in form1ng strongly

- bonded cluster compounds of high ndC]earity.

Molybdenum, for examp1e, forms a complete series of discrete
molecular clusters containing 2 to 6 metal atoms wnich can be visualized
as originating from the hexanuclear clusters of the type M06C184 (22).
This cluster consists of an octahedron of strong1y bonded metal atomé
capped on each}face by a triply bridging halide ion. Removal of one
‘molybdenum atom leaves a.square pyramid‘of metal atoms of the type
found in M0501 2- (23). Removal of two adjacent mo]ybdenum atoms leaves
a dlstorted tetrahedron of the type found for Mo4 1 ‘(24) The loss
of two4ap1ca1 (trans) meta] atoms resu1ts in a planar molybdenum eluater
not unlike Mo4018(PR3)4V(25)._‘Thene is ajso some preliminary evidence
(26) for the'formation of a metal-metal bonded zig-zag chain-of four
molybdenum atons; Rempva] of three adjacent metal atoms frdm the octa-
hedron:- produces a triangular cluster of molybdenum as 55 present in
compounds Tike Mo304(C204)3(H20)3"2. There are numenqus examples of
 this type of trigonal cluster (27-30), including organomefa]]ic trimers
(31, 32). The 1os§ of four atoms from an octahedron nroduces dimers of
molybdenum. These can roughly be separated into two fypes: those with -
single or doub]e.bonds between metal atbms (33, 34) and those with
strong tr1p]e and quadrup]e bonds (35 37) Usda]ly,Ait is the latter
type wh1ch more c]ose]y resembles the h1gher members of the ser1es

because of the similarity of oxidation states (+2 to +4) and ]1gands

(halides, a]koxides,'amides).



The existence of this series suggests that similar series may exist
for other elements of the transition metals, especially since octahedral
clusters are known for many transition metals. It also suggests that
it may be possible to build higher clusters from fragments which are
readily attainable. Such step-wise syntheses would also provide.a

means to prepare mixed metal clusters. Dimers of Mo, W, Re, and Tc

‘possessing metal-metal bond orders of 3 to 4 seem to be likely candi-

dates for these cluster-building reactions in view of. their electronic

and structural configurations.

The quadruply bonded dihers typica]iy consist of two metal atoms
each_situated roughly at the center of a square plane of iigands.. A
representatjveAexamp1e is.M020184'_which is shown in Figure 1. The.
individual d orbitals on eaéh metal combine in a molecular orbital
scheme to give four metal-metal bonding orbifa]s (10, 2m, 15) and four
antibonding 6rb1ta1s (16%, 2n*, 1o*) (38). The four bonding orﬁita]s
are filled in a quadruply bonded dimer, the HOMO and LUMO béing § and
8*, respectively. Triply bonded dimers can be obtained by addition of
electrons to the &* orbital, as in compounds of Re(II) and Tc(II) (37),
or removal of electrons from the § orbital as found in the dimers MZXG
(M = Mo, W; X = —OR,.-NRZ, -R), which have an ethane-like structure (35,

36). Because the metal atoms in these molecules are in Tow oxidation

states and are electronically and coordinatively unsaturated, these

dimers might be expected to be highly reactive. It is this potential

reactivity which has caused, in part, the interest in the dimers as

possible catalysts or precursors to higher clusters,



Figure 1. Structure of the M02C184' anion



Unfortunately, reéctions fnvo]ving multiply bonded dimers
'frequently lead to irreversible strdctural degradation thereby pro-
ducing stable cohpounds in whicH’the metal-metal bond is greatly
weakened or lost aitogether (39-50). Whi1e‘this is true for both triply
bonded and'quadrup1y bonded complexes, dimers with triple metal-metal
bonds have been found to participate'in several reversible feactions'
which are catalytically significant. These include addition of
unsaturated molecules across the metal-metal bond (51), carbonylation

(26), and insertion of CO, into metal-ligand bonds (52-55). The CO

2
insertion, when performed with dimers of the type M2R2(NMe2)a

2

(M = Mo, W; R = alkyl group containing g-hydrogen), produces alkanes
- and alkenes by reductive elimination (56). . ‘

v Un]ike triply bonded dimers, the more highly coordinatediquadruply
bonded dimers are less apt to engage in reversible reactions where the
metal-metal bond is retained. Rhenjum dimers do éhow some tendency to
be reversibly oxidized or reduced, Cyclic voltametry has_producedA

dimeric species with rhenium in +2, +2.5, and +3 6xidation states (37).
-Rhenium(II) and rhenium(III):dimers may be revérsib]y oxidized with HX
(57) and'X2 (58), respectively, (X = halide). Additfona]]y, Re(IV) and
Re(III) dimers can be reduced by PR3 (57, 59); The quadruply bonded
tungsten and mo]ybdenum‘dimers undergo only a 1imiféd number of -
reversible oxidations. The molybdenum carquy]ates, M02(02CR)4 hay'be
oxidized by I, to MoZ(OZCR)4I3 in a thermally reversible reéqtion (60).
The mixed métal compiex Mow(OZCR)4 reacts with 12 to prodgce |
MoW(OZCR)4I Which can be reduced back to the.MoW4+ dimer (GT). The



related tetra(dithiocarboxylato) compodnd, Moz(SZCR)4 (62), and tetra-
kis(xanthato) compound, Moz(SZCOR)4 (41), behave differentiy in that they
afe not affected by I2 and aré irreVersib]y oxidized, respectively.

Thé molybdenum dimers-M02C184’, M02(02CR)4, and M02(504)44' can undergo
one-electron electrochemical oxidation to species with 3,5 order metal-
metal bonds (63, 64). Several such oxidized dimers have been isolated

as crysta]]ine‘compounds (65, 66), but only one, Mow(OZCR)4I-CH3CN, has
been chemically reduced back to a M-M4+ species (62). The dimers,

4- (X = halide) can be photolytically oxidized in

4~

M02(504)4 and Mo,Xg
acidic solutions, but this process is irreversible under the conditions
used (67, 68). The only other well-studied system is the feaction of
dimers of molybdenum and tungsten with HX (X = halide) where a variety
of products are formed depending upon the reaction conditions and the

- nature of the metal. Tungsten dimers arejirreversib]y'oxidized to

] . 4

w2X9 > w2X8H,
with HX to give simple substitution products, M02X84' (70, 71), or

s or_w2X4(0R)2(R0H) (69). Molybdenum dimers may react

under different cohditions oxidation to M9X8H3' occurs (72), Unlike the
tung;ten analog, M02X8H3' may undergo reduction in the preseﬁce of tri-
alkylphosphines or pyridine béck to quadrup}y bonded M02X4L4 (L = PR3,
py) (73). Reactions of M02(0200H3)4 with HBr and HI in methanol have
produced the,c]ustérs Mo,Bre" and Mo41112' (74). |

These examp]es-of the_reactivity‘of the‘mefal dimers jn which
strong metal-metal bondiné is retained are not very common, and
'reversibility of redox reactions 'is even more unusual, especially for

molybdenum and tungsten. Such irreversible behavior would prevent the



use of many of the dimers in catalytic cycles. Similarly, the
production of monomeric end-products is exactly the opposite effect
desired for the buijding of higher clusters,

The problem faced is then one of finding suitably reactive dimers
which retain their strong metal-metal interaction. One method of
éctivatfng the dimer, so as to initiate reactions under mild conditions,
is by the syntheses of dérivatives with weakly coofdinated'ligands.
Facile dissociation of the ligands would then open up the coordination
sphere about the metal atoms. This thesis will describe just such a
compound and how its high reactivjty has led to the isolation of a new
tetrameric molybdenum cluster. Extension Qf known princip]es for the
molybdenum syntheses led to the rational synthesis of the tetrameric
tungsten analog as well as a new tungsten dimer. The characterization

of each of these compounds is described.
Exb]anation of Thesis Format

The thesis is divided into four sections, each'of which_i$ written
in a form suitable for publication as a technical papek. While
references cfted in the general introduction may'be found at the end Qf
the thesis, each section contains an independent listing of references

and notes which are cited in that section.



SECTION I. STRUCTURE OF THE ACTIVATED QUADRUPLY BONDED DIMER,
M02C14[P(C6H5)3]2(CH30H)2-n(CH3'0H), AND ITS REACTION
TO GIVE A TETRAMERIC MOLYBDENUM CLUSTER



INTRODUCTION

Much attention has been given complexes containing multiple meta]-
‘metal bonds primari]y.becauée of the{r potential use as catalysts (1-4).
In this régard, it is not surprising that reactions involving the
addition -of molecular species across the meta]—meté1 bonds have been
of particular interest. In quadruply bonded dimeric compiexes,'such
addition reactions are relatively uncommon (5-11). The fo]]oWinQ
report describes the preparation of a uhique dimer which ﬁndergoes
se]f—additioh across the quadruple bond to produce.a‘new tetrameric
cluster complex.

It was hoped that the préparation of quadruply bonded dimers -with
labile Tigands would facilitate ligand dissociatioh in solution. The
openfng of theAcoordination sphere about the metal atom would then
result in increased reactivity of the dimer, ‘Attempts to prepare the
unknown, sterically strained dimer, M02014[PKC6H5)3]4, resulted in the
iso]a;ion of the new reactive compound, M02C14[P(C6H5)3]2(tH30H)2 (12),
and sybsequent investigations have shown that this comp]gx possgssed
exceptionally labile methanol ligands which readily dissociated upon
dissolution of the dimer in benzene. The resulting tetrameric species,
Mo4t18(PR3)4, can be considered the product of a 2+2 cyc]o-addition.of

two multiply bonded dimers.



10
EXPERIMENTAL
Materials

The compounds described below were air and moisture sensitive and
5were handled in Schlenk vessels under nitrogen or on a vacuum line.
Samples were stored in a nitrern-fi]]ed drybox. Hydrocarbon so]vents
were refluxed over LiA]H4 or CaH2 and vacuum distilled into glass bulbs
for storage. Methanol was dried}by refluxing with sodium methoxide
“followed by distillation under nitrogen onto Molecular Sieves (3R) for
storage. Solvent transfers were made by vacuum line distillation or
syringe-addition under nitrogen,

Analysis of phosphorus-containing producté for molybdenum was
. performed by_digestion of samples in basic peroxide solution followed
by precipitatioh as the molybdenum oxinate (13). Phosphofus-free_
materials were analyzed gravimetrically by digestion in hot, cbncen-

trated nitric acid to give Mo0 ‘Halides were determined by potentio-

K
metric titration with standard AgNO3 solution; carbon, nitrogen and
hydrogen analyses were performed by the Ames Laboratory Ana]ytica]

Services Group, unless otherwise stated.

Physical Measurements
}

Infrared spectra were measured as nujol mulls on either a Beckman
IR-4250 or Aculab-4. Solution uv-visible spectra were measured either
on a Cary 14 or Cary 219 spectrophotometer in_nitr@gen-fil]ed cells

equipped with septa.



1

Syntheses

Molybdenum dimers’

M02(02CCH3)4 (14) and (NH4)5M02019-H20 (15) were prepared by

established procedures.

M02C14[P(C6H5)]2(CH30H)2

In a 100 mL flask (NH4)5M02019°H20 (4.00 g, 6.46 mmo]) and tri-
phenylphosphine (3.40 g, 12.96 mmol) were combined with 30 mL of dry,
oxygen-free methanol. The mixture was stirred under nitrogen for one
day. A purple so]id was filtered from the methanol solution and reacted
again with 60 mL of methanol for one day. The blue, air-sensitive
product was filtered, washed with methanol, and thoroughly vacuum dried.
Yield was 76%. The identity of the product was confirmed by comparison
of infrafed and uv-visible spectra with the previously prepared compound
having the following composition (12). Anal. Calcd. for
Mo,C1, [P (Cghg) 31, (CHyOH): Mo, 20.80; C1, 15.37; C 49.48; H, 4.15.
Found: Mo, 20.54; C1, 15.42; C, 50.34; H, 4.45,

[MoC'I(_OCH3)]n

Tributylamine (1.20 g, 6.46 mmol) and (NH4)5M02C19-H20 (2.00 g,

’ 3;23 mmol) were stirred with 30 mL of dry, pxygethree methanol under
nitrogen for one day. The brown product was filtered undef'nithbgen and
washed With 60 mt methano]. This solid was then exfracfed for 6 days
with methanol to remove the soluble impurities, and the.resulting dark

brown prodqct was dried in vacuo. The material was pyfophoric:ubon
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exposure to air. Yield was 60%. Anal. Calcd. for [M0C1(0CH3)]n:
Mo, 59.1; C1, 21.8. Found: Mo, 57.8; CI, 21.5.

M04C18[P(C2H5)3]4

In a typical preparation, MOZCT4[P(C6H5)é]2(CH3OH)2 (1.50 g,
1.63 mmol) was placed on a fritted disc filter under a nitrogen
atmosphere. Forty mL of benzene were added to give a green solution
which was immediately filtered to remove a trace of brown precipitate.
The green solution was stirred under nitrogen fof 30-60 mindtes, during
which time a brown precipitate developed which was fi]tered and dried
jﬂ_ygégg, This material had a composition which was c]o§e'to
{MoC12[P(C6H5)3]}6, BUt analyses varied slightly from one preparation to
the next (12). , '
| The {MoC]z[é(C6H5)3]}n (0.50 g) was reacted with triethylphosphine
(0.32 g) in 20 mL beqzene'to produce a yellow précipitate and alb1ue
solution after 12 hours. The yellow prbduct:was fi]tered and washed
with toluene. Product‘idehtification was confirmed by‘comparisdn of
_ infrared and uv-vi;ib]e spectra with the previous]y brepared'éomblex
having the following compésitioﬁ (12). Anal. Ca]cd. for
M04C18[P(C2H5)3]4: Mo, 33.65; Cl, 24.87, C, 25.28; H, 5.30; P, 10.86.
Found: Mo, 33.70; C1, 24.63; C, 25.50; H, 5.37; P, 10.95. (C, H, P

analyses by Galbraith Laboratories, Inc., Knoxville, Tennessee.)'
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X-ray Structure Determination

Collection and reduction of x-ray data

Crystals of‘M02C14[P(CGH5)3]2(CH30H)2~nCH3OH were grown by slow
evaporation of a saturated methanol solution. The crystal chosen for
data collection measured 0.62 x 0.27 i 0.06 mm and was moﬁnted in a
thin-Wai]ed capi]]ary.under an atmosphere of nitrogen saturated with
methanol. The crystal was mounted on a 4-circle automatic diffractom-
efer designed at the Ames Laboratory (16). Tweive reflections at
various values of chi and phi were input into the automatic indexing'
program ALICE (17). The cell paraméters'thus obtained, in éonjunction
with axial oscillation photographs, indicated a triclinic crystal K
system. fwenty-two strong, high anQ]e ref]ec;ions were measured on the
previously aligned diffractometer, and these were ﬁsed to obtain a

least-squares refinement on the lattice constants at 25°Q: )

a = 11.547(6), b = 12.152(5), ¢ = 9.458(4), o = 103.87(5),
B ="112.47(4), vy = 104.33(5), V = 1102.4(7). Mo: Ko radiation was used,
A = 0,70954R. Flotation density measurements provided a value of z = 1.

Data were collected to 26 = 50° using an w-scan technique. Four
unique octants of’data showed no systematic extinctions and provided
3346 independent .observed reflections (I > 301). Data wefe corrected
for Lorentz-po]arization effects and an absorption correction was made
(p =9.14 cm']). Three §tandard reflections were monitored'during déta

: cp]]ectioh and showed negligible decay of intensity.
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Structure solutjon and refinement

Solution of the Patterson function reveé]ed the positions of two
molybdenum atoms. Subsequent location of lighter atoms in electron
density maps was accomplished by successive least-squares refinements
using the minimizing function Zw([Fol-lFC])_2 where w = ]/OE; The
scattering factors were those of Hanson et al. (18) modified for the
real and imaginary parts of anomalous dispersion (19).

During refinement, the assumption of space group P] led to
oscillation of atom positions and chemically unreasonable bond
distances. Correction to PT resulted in satisfactory refinement. A.
centef of inyersion is located midway between the two molybdenum atoms
in the molecule. Analysis of the wéights was performed with the
requirement that ;Z§ sh0u1d be a constant function of sin 8/x (20), and
the weighting was appropriately adjusted. Refinement of the occupancy
factor for solvate methanol (n) showed n = 2.2‘molecu1es per unit
ccell. Fina] discrepancy factors were R = 0.066 and.Rw = 0.087.
Positional and thermal parameters are given in Tables I-1 and I-2,

and bond distances and angles are presented in Table I-3. An ORTEP

drawing of the molecule is shown in Figure I-1.
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Table I-1. Positional parameters (x10°) for M02C14[P(C6H5)3]2(CH30H)2fl

nCH,0H3 |
Atom ' X oy ‘ z
Mo 9895.5(5) 735.3(5) : 9598.6(6)
c1(1) 9884(2) 1786(2) 973(2)
c1(2) - 660(2) 594 (2) | 7549(2)
P : 2187(2) C T 2366(1). | 1763(1)
0(1) 7959(5) ' 207(5) 7363(6)
c(1) 6670(8) 318(9) 7092(11)
c(11) 2760(7) 2601(6) 3948(8)
c(12) 4092(8) 2894(8) 5046(9)
c(13) 4462(9) 3088(9) ~ 6693(10)
c(14) 3501(10) 2977(9) | 7228(10)
c(15) 2171(9) 2693(8) - 6144(10)
c(16) 1778(8) 2484(7) B 4494(9)
c(21) 3686(6) 2474(6) 1465(8)
C(22) 4740(7) 3604(7) - 2162(10)
c(23) 5899(8) - 3700(8) ' o 1976(12)
€(24) 5972(8) ‘ 2681(9) 1063(13)
C(25) 4907(9) 1551(8) - 327(13)
C(26) 3768(7) $1433(7) 1543(9)
c(31) - 2033(6) 3809(6) 1630(9)
c(32) 2183(9) 4745(7) 2920(11)
€(33) 2023(11) ' 5798(9) ‘ . 2704(16)
C(34) 1745(9) 6035(9) 1208(17)
C(35) 1620(9) 5001(9) 9932(13)
C(36) 1753(8) 3935(8) ; 130(10)
0(2) 7597(11) 108(10) 4377(11)
c(2) 7783(27) 1194(17) 4203(31)
0(3) : 0 : 5000 . 5000 *
c(3) . 9306(55) 4221(50) 4023(68)

3Estimated standard deviations are given in parentheses for the
last significant digits. -
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Table I-2. Thermal Barameters (x]04) for M02C14[P(C6H5)3]2(CH3OH)2-

nCH,0H3 >
Atom By Boo B33 Byo By3 B3
Mo 50.2(6)  49.1(5) 89(1)  12.7(4)  28.9(5)  30.0(5)
cI(1)  81(2) 72(1) 140(3) 34(1) 56(2) 38(2)
S C1(2)  -91(2) 87(2)  125(3) 24(1) 63(2) 49(2)
p 53(2) 50(1) 91(2) 8(1) 30(2) 25(1)
0(1) 67(5) 97(5)  119(7) 32(4)  14(5) 43(5)
c(1) 75(8) 121(9) 203(16)° - 44(7) 38(9) 73(10)
c(11) . 89(7) 49(5) - 92(9) 11(5) 36(7) 24(6)
c(12) 93(8) 95(8) 120(11)  17(6) 23(8) 43(8)
c(13)  121(10)  126(10) - 119(12)  30(8) . 23(9) 44(10)
C(14)  139(11)  113(9)  1I(M)  27(8) 49(9) 45(8)
c(15)  120(9) 102(8) 120011)  19(7) 55(9) 54(8)
c(16) 196(8) 86(7) 119(11)  12(6) 45(8) - 40(7)
c(21) 72(6) 63(6) 113(10) . 21(5) 39(7) 38(6)
c(22)  68(7) 80(7)  167(13) -~ 11(6) 50(8)  32(7)

c(23)  76(8)  101(8)  223(16)  25(6) 72(9) 57(9)
c(24)  97(9)  M7(9)  271(19) " sy(7)  102(11)  100(11)
c(25)  118(10)  100(8)

C(26) 91(8) 75(6) 159(12)  40(6) 72(8) 50(7)
C(31) 58(6) 56(5) 147(11)  15(5) 48(7) 35(6)
c(32) 122(10)  63(6) 180(14)  23(6) 71(10)  29(8)
c(33)  1841(12) 87(8) - 337(25)  48(8) 127(14)  64(12)
c(34)  90(9) 86(8) 374(27)  32(7) 79(13)  102(13)
C(35)  117(10)  109(9) 248(19)  42(8) 67(11)  111(12)

C(36)  97(8)  93(8) 155(13)  23(6) 40(9) 60(8)

aEst1mated standard dev1at1ons are given in parentheses for the
last significant digits.

bB1J are defined by T = exp[ (h 81] + k2822 + 22633 + 2th12

267(19) 63(8) . 116(11) 90(10) -
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Table I-2. (Continued)

Atom By B22 B33 Bz B3 Fa3

0(2)  193(13)  156(11)  178(14) - 11(10)  12012) - 92(11)

C(2)  444(49) 139(18)  541(61)  163(26)  436(52)  153(29)
B¢ |

0(3)  16.5(11)

c(3) 10.7(12)

CIsotropic temperature factors, B, are given in ﬂ?.
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Table I-3. Bond distances (A) and angles (°g for
M02C14[P(C6H§1§3250H30H)2-nCH3QH - -

Distances

Mo-Mo' 2.143(1) €(21)-C(22) 1.388(10)

Mo-C1(1) 2.411(2) €(22)-c(23) 1.396(11)

Mo-C1(2) 2.398(2) c(23)-c(24) 1.371(13)

Mo-P 2.539(3) C(24)-C(25) 1.391(13)

Mo-0(1) 2,211(5)

c(1)-0(1) 1.457(9) €(25)-C(26) 1.384(11)

P-C(11) 1.836(7) c(26)-C(21) 1.401(10)

c(11)-c(12) 1.379(10) P-C(13) 1.835(7)

c(12)-c(13) 1.390(12) €(31)-C(32) 1.374(11)

C(13)-c(14) 1.376(14) €(32)-C(33) 1.388(13)

€(14)-c(15) 1.377(13) €(33)-C(34) 1.388(17)

C(15)-C(16) 1.385(11) C(34)-C(35) 1.375(16)

c(16)-c(11) 1.405(10) C(35)-C(36) 1.390(12)

P-C(21) 1.836(7) C(36)-C(31) 1.385(11)

Angles (middle atom is vertex) -

Mo'-Mo-C1(1) 107.96(6)

Mo'-Mo-C1(2) 106.44(7)

Mo'-Mo-P 97.58(6)

Mo'-Mo-0(1) 113.70(16)

C1(1)-Mo-C1(2) 145.47(7)

P-Mo-0(1) 148.69(15)

C1(1)-Mo-P 88.04(8)

C1(2)-Mo-P 90.31(8)

C1(1)-Mo-0(1) 83.73(15)

C1(2)-Mo-0(1) 79.97(15)

Mo-0(1)-C(1) 133.83(49)

Mo-P-C(11) 119.85(22)

Mo-P-C(21) 119.85(22)

Mo-P-C(31) 104.26(21)

% stimated standard deviations are given in parentheses for the

last significant figures.
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Figure I-1. Structure of the M02C14[P(C6H5)3]2(CH3OH)2 molecule with

numbering -scheme for the atoms shown. Atoms are
represented by thermal e111pso1ds scaled to 50% of the
electron density S
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" RESULTS

Syntheses and Characterizations

4-

The reaction of M02C18 with phosphines has been a convenient

route to Mo, C1 (PR3)4 dimers (21,22). It was while attempting to
| prepare.M02C14[P(C6 5)334 thdt the dimeric complex, .
| MoéC]4[P(C6H5)3]é(CH3OH)2, was isolated. Whenlfour or mofe equivalents
of triphenylphosphine were reacted with the M02C184"anion in methanol,
products could not be obtained free from methano],.end only by washing
the products with large amounts of methanol could rebroducib]e
compositions be prepared. Later syntheses were simplified'by the use
of only two equfva]ents of phosphine per‘mole M026184'. Ana]ytica1vdéta
indicated M02C14[P(C6H5)é]2(CH3OH)2 only after thordugh vaeuum drying at
25°C to remove so]vate methano] in the compound.

- The attempted preparat1on of M02C1 (Pcy3) (CH30H)2 (Pcy3 tri-
cyc]ohexy]phosph1ne) produced a brown, pyrophoric mater1a1 w1th on]y two

] and 505 cm -1

strong bands in the 1nfrered spectrum at 1035 cm wh1ch
suggested that Mo-OCH, moieties were preeent in the compound‘(23).
Since the phosphine had not been incorporated into’the product, the
reaction was repeated using tri-n-butylamine as a npncoordfnating base.
An identical product was obtafned, and analysis 1ndicated'the
compositfon [MoC1(0CH;) ], . It is Tikely that thie material is
po]ymer1c | '

The Mo C]4[P(C H )3] (CH OH)2 dimer was found to be moderate]y

air-sensitive and ]1ke the ana]ogoqs M02C14(PR3)4 dimers (21) was blue
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in color. The uv-visible absorption bands are iisted in Table I-4.. The
infrared spectrum exhibited many bands dueAto triphenylphosphine as well
as bands due to methanol at 3380 cm;1'(m), 3200 cm” ! (m), 1100 cm”] (m)
and 996 cm'] (s). Mo]ybdenum-ch]orine stretching bands were found at
334 cn”! (s) and 272 em” (w). o

Solutions of the dimer in methanol were stable in the absence of
oxygen, and the compound was insoluble and inert in nonpolar hydrbcarbon
solvents such as hexane. Quite different behavior was noted when the
dimer was dissolved in a noncoordinating so]venf such as benzene. The
initial blue-green so]utfons'quick1y darkened and a fine brown
precipjtate devejoped. The composition of the brown compound was
variable. Samp]es'iso1ated frem dilute benzene so]utiens after 30
minutes tended to have ana]yse; eorresponding to [MoCIZ(P¢3)]n, while
Tonger reaction times and more concentrated'SOIutions produced
materials with less triphenylphosphine and more methanol incorporated
fn the product. The variable composition_and iﬁso]ubi]ity of this
‘product prevented its definitive characterization; however, additfon ef

PR3_(R = C .nfC4H9) produced more tractable materials and led to

2M's |
their structural characterization as tetrameric clusters (12).

The tetramers, Mo4C18(PR3)4, were found to be brown to yellow
crystalline powders which were soluble in methylene chloride, tetra-
hydrofuran, benzene, and hexane. These compdunds were only slightly
air-sensitive and could be handled in the air for short periods ef
time; The infrared spectra of these complexes consisted of only PRq

bands above 400 cm-], but the Mo-C1 stretching region, 200-400 cm°1,
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Table. I-4. Electronic absorption spec_traa

M02014[P(06H5)3]2(CH30H)2 o

(1.4 x 1073 M, methanol solution)
410 (~360) shP
510 (450) sh
565 (610)

Mo, C1oIP(CH) 5,

(5.6 x 107 M, THF solution)

245 (2 x 10 3
)

308 (1.7 x 10
430 (2 2 x 10

Mo4C18[P(n-C4H9)3]4

(6.3 x 107° M, hexane solution)
248 Emz x 10 A sh
312 (2.8 x 10 )

435 (3.5 x 103)
685 (%100)

3yalues are ngen in nm followed by mo]ar absorpt1v1ty,
e(M™ T cm ])

bsh = shoulder.
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exhibited four to five bands which served as characteristic finger-.
prints for identification of these clusters and are listed in Table I-5.

The uv-visible absorption bands are shown in Table I-4,
Crystal Structure

Single crystals of M02C14[§(C6H5)3]2(CH3OH)2-nCH30H were isolated
from methanol solutions, but they immediately began to crumble when the
compouhd was dried in vacuo at 25°C. For the x-ray structure determi-
nation, it waé necessary to include methanol in the sealed capillary to
prevent decomposition of the crystal.

. The molecule shown in Figure IF] has a crySta]]ographica11y imposed
symmetry of Ci, but is-virtua11y CZh if one discounts the phenyl rings
and methyl groups. The disposition of ligands is typical of quadrﬁp]y
boﬁded dimers in that each metal has distorted, square-planar
coordination to the nonmetallic Iigands whiéh maintain an eclipsed
cdnfiguration as shown by the torsiona1 angles, P'-(Mb’,Mo)-Q = 1.36°
and C](])'-(Mo},Mo)-C1(2) = 2.97°. The best 1east;squares fft,of a
p]aneAthrough the two-mo]ybdenum and four chlorine atoms has no atom
more than 0.038 out of plane. Similarly, the molybdenum, oxygen, and
phosphorous atoms are coplanar to within 0(02&, and the angle betweén
these two planes is 88.4°. The bulky phosphine Iiéands are situated
trans to each other on opposite molybdenum atoms as would be expected
:fof the mjnimizatidn of nonbonding repulsions. Each mo1ybdenum atom
is coOrdinated.to two mutually trans chlorine atoms as is the case in

Re2C14[P(C2H5)3]4 (24). ngevef, the fourAchloring atoms in
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Table I-5. Infrared spectraA(cm']) 200 e to 400 em”] (sA= strong,

m = medium, br = broad):

M°4C18[p(C2H5)3]4 | ' Mo, C1gLP(n-CyHg) 31,
361 (s) o a6 (s)
335 (m) | 337 (m)
320 (m) | S 315 (m)
292 (m) 280 (s, br)

257 (s)
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M02C14[P(C6H5)3]2(CH30H)2 are eclipsed while they are staggered in the
rhenium dimer. The Mo'-Mo-P angle is 97.6° which is considerably more
acute than the Mo'-Mo-0(1) angle of 113.7°. In addition, the Mo-0(1)
distance is somewhat long at 2.211(5). The Mo-Mo bond distance of
- 2.143(1)R is typical of quadruply bonded molybdenum dimers (25).

Methanol present as solvate is 1oc§ted at two independent
crystallographic sites which are partially occupied. The first site
“has an occupancy of 0.4 molecules/asymmetric unit and has no contacts
with other atoms closer than the suhs~of van der Waa1$>rqdii. The
occupancy of the second site is 0.7 mo]ecu]es/asymmetric unit. The
oxygen atom of the second methanol molecule is rather c1o$e1y situated
to the oxygen atom of the coordinated methanol. The distance, 2.66(1)R,
suggests a hydrogen bond exists between these fwo methanol mo]e;u]es

(26) and is consistent with the higher occupancy of this site.
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DISCUSSION

~ In spite of the unusual reactivity Of‘M02C14[P(C6H5)3]2(CH30H)2,
the spectral properties are not significantly different from other
quadruply bonded molybdenum dimers. The two v(Mo-C1) bands in the
infrared spectrum are similar tolthose seen for a number of M02C14L4
comp]exes and are compat1b]e with the presence of mutually trans
chlorine atoms coordinated to each metal of the dimer (21). The uv-
visible spectrum of the dimer. has a streng absorption at 565.nm in
methanol. This absofption is comparable to the 588 nm band (6»6*) in
MoZC]é[P(C H.) ]4 (27). The absorption at 565 nm has a prominent
shoulder at 510 nm, and while this is somewhat unusual for quadrup]y
- bonded d1mers, the M02C14L4 (L = pyr1d1ne d1methy1formam1de) comp]exes
also d1sp1ay S1m11ar1y comp]ex spectra (2])

Addition of triphenylphosphine to a methanol solution of

| M02014[P(C6H5)3]2(CH3QH)2 produces the spectra] thanges_shewn in.Figure :
I-2. The strong absorptidn'at 565 nm is shifted to longer wavelengths,
and the shoulder at 510 nm becomes less prom1nent with increasing
phosphine concentrat1on. Isosbest1c po1nts are maintained at 553 nm-
and 473 nm. Since steric hindrance would make axial coordination.of
'triphenyTphosphine imprdbab]e, the phosphine must be replacing methanol
‘in.a 1igand substitutionAreactioh Further exper1menta] work is
requ1red to conf1rm the exact 1dent1t1es of the spec1es in so]ut1on,
but the data c]ear]y show’ that facile substitution of methano] occurs

even in the presence of a large excess concentration of methanol.’ The
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Figure I-2. Visible spectrum of M02C14|_P(_C6H5)3]2(CH30H)2

(1.4 x 1073

Concentration of tripheny]phoSphine; 1=0.0M,
2=1.1x103M 3=2.3x103M, 4=14.6x10°M,
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M, £ =1 cm) with added triphenylphosphine.



28 .

loss of methanol upon disso]utfon of the dimer in benzene to giVe
[M0C12(P¢3)]n is consistent With the lability seen in methanol solution,
~ The structure of Mo,C1,[P(CgHg) 31, (CH,0H), is basically the same
as other quadruply bonded dimers. Although the hydrogen atoms of the
methanol 1igands_cannof be confirmed crystallographically, the infrared
spectrum shows v(0-H) stretching bands. In addition, the Mo-Mo distance
- of 2.143(1)3 and the eolipsed'ligand configuration are both indieative
of a quadruple metal-metal bond and thus Mo(II). The steric congestion
caused by triphenylphosphine appears to be the main reason for the
dimer's affinity for methanol over additional phosphine 1fgands.

It is significant that the Mo-O bond is longer than one would
expect from the suns of covalent radii. An.estimate of 1.41R is’r
obtained for the covalent radius of ho]ybdenum by subtraction of. the
radius of chlorine (0. 99ﬂ) from the mean Mo-C1 distance (1. 40R). The
anticipated Mo-0 bond length ‘is then equal to the sum of the mo]ybdenum
and oxygen (0. 66& rad11, or approx1mate1y 2. O7A This is 0.14A
shorter than the observed d1stance 28). S1m11ar1y, the large Mo -Mo-0
angle (113.7°) méy reflect the weakness of the Mo-0 bond as compared to
fhe Mo-P bond whose Mo'-Mo-P angje is more acute (97.6°). The oresence
of a 1ong, weak mo]ybdenum-methano1 bond is consiseent with the solution
behavion of tne dimer. It is interesting to note that the quadrup]y
bonded‘dimer, MoZBrG(HZO)ZZ', contains a Iong.Mo;O bond of'2.i8(1)ﬁ, and
the Mo;Mo-O angle (107°) also somewhat 1argen than the-Mo-Mo—Br angle
(99. 8°) (29) Complete Toss of water from th1s compound can be
achieved by heating to 150°C, which also shows the weakness of the Mo 0

1nteract1on.
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Attempts thus far to prepare analogous MoZC]4( 3)2(CH30H)2

4= Wwith two equivalents of phosphine in

complexes by reacting M02C18
methanol have failed. In the case where R = cyclohexylphosphine, the
steric bulk is apparently so great that the phosphine acts merely as a

proton acceptor in the production of [MoC](OCH3)]n. Another non-

- coordinating base, tri-n-butylamine, produces the same compound. In .

cases where R = C2H5 or n-C4H9, the tetrameric clusters, Mo4C18(PR3)4,
are the only complexes isolated, although the existence of phosphine-
methanol dimer intermediates cannot be discounted (30).

The tetrameric oomp]exes, Mo4C18(PR3)4 (R CZHS’ n—C3H7, n-C4H9),
were first produced hy the substitution of tria]ky]phosphinés for
tripheny]phosphine in {M0C12[P(C6H5)3]}. The structural data for

‘Mo C]S[P(C )]4 are oresented in Tables I-6, 7 and 8 (12): The clusters
have a rectangular geOmetry‘as shown in Figure I-3 where fhe short Mo-Mo
oistancé is 2,211(3)5, and the long distance is 2.901(2)&.' Each Tong
edge of the rectangle is bridged by two chlorine atoms. It is note;
worthy that in thé triethylphosphine derivative, the two phosphine
ligands located along the long edge of the rectangle are both either
above or below the plane of the cluster, while in the tri-n-butyl-
phosphine der1vat1ve (12), the phosphines a]ternate up and down around
the ring. Thus, the tr1ethy1phosph1ne tetramer has effect1ve1y C2h '
symmetry while the tri-n-butylphosphine tetramer is 02 The reasons

for th1s discrepancy are not apparent, although the greater space-

filling requirements of P(n-C4H9)3 may be involved.
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. s e 4 . a
Table I-6. ?osjt1ona1 parqweters (g}? )_fpr M°4PJ8LP(CZE§)§!4

Atom ox Sy : 2
Mo (1) 941(1) 5119(2) ~1500(71)
Mo(2) 1391(2) . 4809(2) 279(1)
€1(1) A 2281(5) 6290(5) © 2955(5)
c1(2) 2877(5) 3514(5) | . 947(5)
C1(3B) 447(5) 6204(4) 8989(4)
C1(4B) 214(5) 3311(5) 9249(5)
P(1) 2081(5) 3766(5) 3037(5)
P(2) 2982(5) ; 6136(5) 1902(5)
C(1A1) 1639(24) | 2335(20) 2881(21)
C(1A2) 1716(21)  1752(21) - 1974(22)
c(181)  3607(18) 3778(21) - 3702(19)
c(1B2) - 4268(24) 3093(37) 4754(23)
c(1c1) 1896(23) . 4138(23) 4198(19)
c(1c2) 742(27) 4560(30) A 3870(25)
C(2A1) 2593(39)  7619(37) | 924(36)
C(2A2) 3472(44) 8383(43) | 1463(40)
C(2B1) 4288(18) 5866(22) 2240(19)
C(2B2) | 5380(25) © 6199(38)  2418(28)
c(2e1) 3401(30) 6230(31) ~9901(30)
c(2c2) 3054 (44) 5510(48) 9097 (43)

@Estimated standard deviations are given in parentheses for the
Iast significant digits.
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Table I-7. Thermal parameters (x10%) for M04C18[P(C2H5)3]4a’b
Atom By Bao Baz By2 Bi3 By
Mo(1)  69(2)  69(2) 56(1) - -2(1) 35(1) -1(1)
Mo(2)  67(2) - 67(1) 57(1) 0(1) :34(1) 0(1)
CI(1) 94(5) 86(5) 81(5) -18(4) 37(4) -26(4)
c1(2) 83(5) 82(5) 70(4) 23(4) 36(4) 3(3)
C1(3)  74(4) 70(4) 71(4) -8(3) 37(4) 8(3)
C1(4) 85(5) 70(4) 82(5)  14(4) 35(4) 14(4)
P(1) 81(5) 86(5) 61(5) 5(4) 36(4) 14(4)
P(2) 81(5) 86(5) 70(5)  -21(4) 34(4) 7(4)
C(1A1)  135(28) 74(19)  110(28) -9(19) 72(23) -3(17)
C(1A2) . 107(25) 86(21) . 124(27) 46(19) 65(22) 51(19)
c(1B1) =~ 58(17)  129(25) 80(19) 24(17) 42(15) ~ 28(17)
C(1B2) . 92(28)  293(55) 86(25) 61(33) 35(22) . 52(30)
c(1C1)  120(26)  128(26) 80(20) -6(21)  77(20) 1(18)
c(1c2)  119(31)  184(37)  123(29) 13(27) 79(26) 4(27)
C(28B1) 56(18)  122(24) 82(20) -7(17) 25(17) 10(18)
C(2B2) 75(24)  329(63)  126(31)  -15(34) 57(24)  -22(37)
: . Y | | <4,
c(2a1)  12.0(12)
C(2A2)  14.2(15)
c(2ct) 9.5(9)
c(2c2)  15.2(16)

%Estimated standard deviations are given in parentheses for the
last significant digits.

b

Bij

| are defined by T = exp[-(hzs
2h2ey 4 + 2K0By3) ],

CIsotropic tempefature factors, B, are given in ﬂz.

| 2 2
11 T KBy + 27B33 + 2hkBy, *
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Table I-8. Bond distances (ﬁ) and angles- (°) for M04C18[P(C2H
o Distances
Mo(1)-Mo(2) 2.211(3) P(])-C21A1)
Mo(1)-Mo(2") 2.901(2) P(1)-c(1B1)
Mo(1)-C1(1) 2.425(5) ~ p(1)-c(ic1)
Mo(1)-P(1) 2.558(6) P&Z)-C(2A1)
Mo(1)-C1(4") 2.417(6) - P(2)-C{2B1)
Mo(1)-C1(3") 2.381(6) P(2)-c(2C1)
Mo(2)-C1(2) 2.421(6) C(1A1)-C(1A2)
Mo(2)-P(2) 2.556(7) C(181)-C(182)
‘Mo(2)-C1(3) 2.373(5) c(1c1)-c(ic2)
Mo(2)-C1(4) 2.422(6) .C(2A1)-C(2A2)
C1(3)-Cc1(4) 3.687(8) C(2B1)-C(2B2)
C1(3)-C1(4") 3.212(11) c(2C1)-C(2c2)
. Angles (middle atom is vertex)
Mo(1)-Mo(2)-Mo(1') 90.58(10)
Mo(2)-Mo(1)-Mo(2') 89.41(8)
c1(1)-Mo(1)-P(1) ¢ 79.60(19)
C1(2)-Mo(2)-P(2) 83.04(22) \
Mo(2)-C1(3)-Mo(1') 75.21(17)
C1(1)-Mo(1)-Mo(2) 111.26(23)
C1(2)-Mo(2)-Mo(1) 111.80219;
P(1)-Mo(1)-Mo(2) 104.51(21
P(2)-Mo(2)-Mo(1) 107.04(21)
P(2)-Mo(2)-C1(3) 79.20(19)
P(2)-Mo(2)-C1(4) - 155.66230)
P(1)-Mo(1)-C1(3") 80.19(19)
P(1)-Mo(1)-C1(4*) 152.74(28)
C1(2)-Mo(2)-C1(3) 144.19(30;
c1(2)- Mo(2) c1(4) ~83.60(20
C1(1)-Mo(1)-C1(3") 145,04 (28)
ci(1)- Mo(1)—C1(4') 85.36(19)
Mo(]') Mo(2)-C1(3) 52.50(14) -
Mo(1")-Mo(2)-C1(4) 53,09(14)
Mo(2)-Mo(1")-C1(3) 52.27(12)
Mo(2)-Mo(1')-C1(4) 53.23(13)
C1(3)- Mo(2)-c1(4) ' 100.47(18)
C1(3)~Mo(1')-C1(4) 100.40(20
Mo(2)-C1(4)-Mo(1") 173.66(17

.880(27)
.845(24)
.890(35)
.947(49)
.850(19)
.842(54)
.553(49)
.542(471)
.532(49)
.431(70)
.495(48)
.334(72)

3Estimated standard deviations are given in parentheses for the

last significant figures.
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cl2

Figure I-3. Structure of the.Mo4C18[P(CzH5)3]4 molecule with carbon
atoms omitted. Atoms are represented by thermal ellipsoids
‘scaled to 50% of the electron density
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Figure I-3 shows how the two dimers have condensed to form a tetra-
meric cluster. It is the bond formation between metal atoms across the
long edge'of the rectangle that distinguishes this molecule as a true
-Cluster compound. The existence of the long metal-metal bond in this
~ diamagnetic-molecule is supported by the close approach of the
molybdenum atoms, which at 2.901(2)3 is'we]] within the range of 2.58
to 3.2R known for Mo-Mo single bonds (31). There is other structural
evidence for bonding between metal atoms across the long dimension of
the rectangle. First, the Mo-C1-Mo bridge bond angles are acute and
average only 74.4(2)°, while the C]—Mo—C] bridge bond'engles,are quite
wioe at 100.4(2)°. Second, the nonbonding contacts“in.the»mo1ecu1e .
(Figure I-4, Table I-8) are very short. Figure I-4'shows how the bridg-
ing chlorine atoms of the tetramers are p1nched between the terminal
. chlor}ne and phosphine atoms. A compar1son with the nonbond1ng distances
in KMo, Clg (32) shown ih Figure I-4 reveals the magnitude:of the steric
crowding in the tetramer. The extremely close contaots are much 1ees
than the ‘sums of the van der Waals radii of the atoms (33) and suggest
that.the terminal 1tgand5'are being farced toward the bridging chlorine
atoms. Th1s crowd1ng may also be respons1b1e for the unusua1 s1tuat1on
where the average br1dg1ng Mo-C]1 distance (2, 40&) is shorter than the
average terminal Mo-C] distance (2.42A). Finally, Figure I-5 shows how
the pairs of dimers ere displaced from the centers of the rectangular
box of ligand'atoms wh1oh encloses eech dimeh’unit. The simp]est
explanation of these facts is that the two dimer un1ts of the cluster

are be1ng drawn together by the attractive force of Mo-Mo bonds
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3.47

Figure I-4. Nonbonding contacts (R) in M04C18[P(_CZH5)3]4 and
 KgMo,Clg-2H,0 '
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PLANE | - PLANE 2
{

N
b—],73——145

Figure I-5. Distances (R) of molybdenum atoms from 1east-$quares
planes in Mo4C18[P(C2H5)3]4. Angle between Plane 1

and Plane 2 is 0.7°
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In addition to the structural evidence, the visible absorption
spectra of the tetramers (Table I-3, Figure I-6) do not exhibit any
strong peaks above 450 nm as would be expected for fhe §+6* transition
in quadruply bonded dimers. In view of the structural similarity of the
dimer units in the tetramer to the structures of independent dimers, a
8§+6* transition is expected, and its absence suggests that these
orbitals have been disrupted in some way. |

In fact, the orientation of the é-type orbitals of the dimer units
makes them the most likely orbitals to be involved in Mo-Mo bonding
across the 1ong edge -of the tetramer. These orbitals are sketched in
Figure 1—7; On each metal atom, one of the lobes of each orb{ta1 extends
directly towafd the molybdenum atom opposite to it on the long edge of
the tetramer. Thus, the poor overlap of a § bond is exchanged for a
stronger gftype interaction. The o énd m orbitals originally present in
the quadruply bonded dimers are assumed to be relatively unchanged in
the tetramer. Th§ possible ]inear combinations for the metal orbitals
are shown in Figure I-Z. They consist of bonding and antibonding
combonents oon and & character, The resulting change in the molecular
orbitals on going from dimer to tetramer is diagrémmed in Figure I-7.
Since the ¢ tomponent of the bonding is expected to be less important
than the o compdnent, the tetramér is considered to posséss a triple
metal-metal bond along the short edge of the rectangle (Io,2r) and a
single meta1fmeta1,b6nd along the long edge (lo). "The short Mo-Mo bond
distance of 2.21](3)& is comparable to the typical triple bond distances
known for molybdenum (34), 2.1678 to 2.242R, and as mentioned
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7 | T l T
6 . Jpp—— M04C|8 [P(C4H9)‘3]4‘ ]

—

300 . 400 " 500 800~ 700
WAVELENGTH (m)

Figure I-6. Electronic absorption spectra of M02C14[P(n-c4 9)3]4 (-=-)
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Figure I-7. Molecular orbital scheme for Mo4C18L4
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previously, the long Mo-Mo bond is within the realm of Mo-Mo single
bonds. The reason for the loss of the &+6* transition of the dimers is
apparent from the molecular orbital diagram in Figure 1-7. The actual
band assignments of the complex absorption épectra of the tetramers is
currently under investigation.

The stoichiometry of these tetrameric clusters is Mo4‘X]2 where X is
a halide or neutral 2 electron donor ligand. Another molybdenum
tetramer, Mo4F4(0-but)8, has been isolated (35) with the same stoichi-
ometry, but in this complex X is fluoride or alkoxide. Sincé the
molybdenum has a formal oxidation state of +3, there are four less
cluster bonding electrons than in.the rectangular Mo(II) tetramers, and
if Mo4F4(0—but)8 had a rectangular arrangement of the metal atoms as in
M04C18(PR3)4, the o bonds along the 1oﬁg edge of the rectangle would
ngcessari]y be absent, Actua]]y,AMo4F4(d-but)8 is not rectangular, but
rather the metal atoms form a tetrahedron elongated along one of the
two-fold axes. The disposition of the Tigands i; sUrbrising]y similar
-to that in Mo4C]'8(PR3)4 with‘eight terminal.groups'and fogr bridging
groﬁps linking the triply bonded dimers as shown fn Figuré I-8.: The
distances between the dimeric units in the Mo(IIi) compound (av. long
Mo-Mo diétance fs.3}72ﬁ) exclude any bonding interaction between the
two dimeric units, and the Mo-F-Mo angles (aV. 124°) suggest that the
dimeric units may actua]iy repel each other. The miﬁimiiatidh of this
Arepu]sion can be used as one rational for the tétrahedra] structure,
which positions the metal atoms further from each other than in a

rectangular cluster where the metal atoms are held directly opposite



® Mo
op
o Cl

Mo

8

Figure I-8. Structures of Mo4 4(0 bu )8 and Mo CIB(PR )A Ligands
(0, a in both diagrams have exactly the same p]acement,
only the metal atoms (e) have been changed
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each other. ' The geometry of Mo4F4(0-but)8 lends supporf to the bonding
picture suggested for Mo4018(PR3)4 in that the long o bonds would seem
to be responsible for the rectangular geometry in the Mo(II) cluster.
It is also interesting to note that the o and m components of the triple
bonds in Mo4F4(0—but)8 do not engage.in delocalized cluster bonding
even though the smaller van der Waals radii of the ligends would allow
closer approach of the dimer units than in M04C18(PR 34 (see Figure
I-4). This is 1n accord with the. assumption that these same o and
m bonds in the dimeric units of Mo4C]8(PR3)4 are not greatly involved in
bonding across the long edge of the}reetangie. This last statement must |
be tempered by the recognition that the gfeater orbitallextension in the
Mo(II) cluster as compared With the Mo(III) species may allow more
delocalization ofibonding between the orbitals of the triple bdhds in
Ho,Clg(PRy), | -

The scheme for the formation of M04C18(PR3)4 is presented in
Figure 1-9., The manner 1n‘wh1ch four ligands are displaced from the
dimer and the actual mechanism of the condensation are unknown and
probably fairly complex. ‘ |

This self-addition of the djmer presents some interesting possi;‘
bi]fties for further studies. 'The cyclic-addition of a mo]ybdehum dimer
with other unsatufated mo]ecu]es such as acetylene and ethylene are of
cons1derab1e 1nterest in view of their cata]yt1c 1mp]1cat1ons Similar
cyclo- add1t1ons of other multiply bonded dimers shou1d lead to ana]ogous
clusters of metals other than molybdenum, and the synthesis of mixed
meta] ciusters‘is a Tikely proposition which deserves sohe investigation.

Some of the problems will be addressed in future work.



Figure I-9,

43

Scheme for the formation of‘tetrameric cluster
from two dimers v
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SECTION II. PREPARATION AND CHARACTERIZATION OF TETRAMERIC CLUSTER
COMPLEXES OF MOLYBDENUM
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INTRODUCTION

The earlier preparation (1) of M04C18(PR3)4 from
M02C14[P(C6H5)3]2(CH30H)2 has prompted the development of better:
Synthetic routes to these tetrameric clusters. Since the loss of
methanol from the quadruply bonded dimer M02C14[P(C6 5)3]2(CH30H)2
in1t1ated the cyc]o add1t1on of two dimers, the syntheses of other
dimers containing coordinated methanol were attempted, Failure to
~isolate any new dimers has nevertheless 1ed to the development of new
- shorter synthetic routes to known Mo4C18(PR3)4F(R = a]kyl)-clusters as
well as preparation of new.Mo4C18L4'derivatives where L = CH30H, THF,
RCN, P(C H )3 The physjca]Acharacterizqtions of theée new clusters
showed them to be structurally and e1ectr§nica1]y similar tb,the known
Mo4C18(PR3)4 (R = a]ky]) compounds (1).

The action of mild halogenating agents such as A]C]3 and (CH3)3Six
(X = C1, Br, I) on M02(02CCH3)4 has'prov1ded an even more direct foute
to the'tetrameric clusters. Halogenation syntheses emp]oy the same
" notion that in the absence of four strongly bonded ligands, L, in
Mo, X 4L, (X = ha]ide),'condensatibn to the tétrémer readily occurs.
These pfeparations have produced clusters of‘the type M04X8(PR3)4
(X =CI1, Br, I R = alkyl). |
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EXPERIMENTAL
Materials

Samples were handled as described earlier (1).

Hydrocarbon solvents and methylene chloride were refluxed over

.LiA1H4 or_CaH2 and vacuum distilled into glass bulbs for storage.

Tetrahydrofuran was refluxed with copper(l) chloride to remove peroxides
prior to treatment with CaHz. Dry THF was then vacuum distilled onto
Molecular Sieves (4R) for storage. Propionitrile was refluxed over
phosphorus pentoxide and disﬁil]ed under a nitrogen atmosphere to a
stoppered flask for storage. Methanol was treated as described earlier
(1).

'A]uminUm ch]oride»was purified by sublimation and handled under
nitrogen in a drybox. The reagents (CH3)3SiX (X‘=~C], Br, I), were
used as obtained from Aldrich Chemical Co., Milwaukee, Wisconsin.

Analyses were performed as described earlier (1).
'Physical Measurements

Infrared and soTutidn uv-visible spectra were obtained as
described ear]jer (l)f _Diffuse ref]ectanqe-spectra were obtained on
powdered samples with a Beckmén DU spectrophotometer fitted with a
ref]ectdnce cell accessory, and samples were refergnced against MgCO3
or BaSO4. |

X-ray photoelectron spectré were_Obtained with an AEI-200B

instrument using monochromatic Al Ko radiation (1486.6 ev).
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E]ectrdstatfc charging of the samples during data collection was con-
trolled With an electron flood gun, Approximately 400 scans were
required to produce a Spectrum with sufficient signal intensity. The
bhotoe]ectron binding energy was referenced against the C 1s peak. which
was assigned a value of 285.0 ev (2). Component peaks in the observed
spectra were resolved by least squares curve fitting using a computer
program developed in this laboratory (3) which smoothed the data,
corrected for inelastic electron scattering and fit the dqta to a
specified number of peaks. The péak shape was governed by the
selection or variation of the full width at ha]fAmaximum and a linear

combination of -Gaussian and Cauchy fungtioné,
Syntheses

‘Molybdenum dimers -

Mo, (0,CCH3)y (4), (NHy)gMo,ClgeHy0 (5), KyMo,Clg (6),
(NHy ) gMo, (S04)4+2H,0°(7), Mo,C1,[P(CoHg )3]4 (8), and .

MoZC]4[P( )3]2(CH3OH)2 (1) were prepared by established procedures

(NH4)4MOZBT8

This compound was prepared using the method of Brencic et al. (7)

with slight modification. (NH4)4M02(SO -2H20 (5.60 g, 8.64 mmol) was

4)4
added to 47 mL of 48% HBr, and the resulting solution was cooled to
-20°C for.one hour. The violet product (obtained in 40% yield) was
filtered, washed with a few mL of cold 48% HBr solution, and dried

under vacuum, AfDebye—Scherrer x-ray powder pattern confirmed the
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identity of the product. Anal. Calcd. for (NH )4M028r8 Br, 71.6;
N, 6:20; H, 1.81. Found: Br? 70.8; N, 6.16; H,. 1.78.

Mo C18(CH OH)4

M02014[P(C6H5)3]2(CH3OH)2 (5.00 g, 5.42 mmol) was added to 50 mL
cyclohexane (n-hexane or decalin also have been used). A 20 mL aliquot
of anhydrous methanol which had been made 0.40 - 0.50 M in HC1 was
added to the cyclohexane mixture, and the solution was brought to reflux
under a nitrogen atmosphere. After one hour, an insoluble yellow
product developed; this was filtered, washed with 30 mL methanol, and
dried under vacuun. The yield was 90%. Anal. Calcd. for |
Mo,Clg(CH,0H),: Mo, 48,245 C1, 35.7; C, 6.03; H, 2.01. Found: Mo,
48.15; C1, 35.0; C, 6.07; H, 2.08. |

Thé oxidation state of molybdenum in this compound was determined
by digeétion of a_samp]e in standard acidic Ce(IV) sd]ution followed by
titration of excess Ce(IV) with standard Fe(II) so]ﬁtidn,_ A molybdenum

oxidation state of 2.1 +0.1 was obtained.

Mo C18(CH CH CN)4

M04C18(CH30H)4 (2.00 g, 2.51 mmo1) was stirred with 20 mL
propionitrile under nitrogen for one day to'produce.a bright yellow
solid which was filtered and Wasﬁed with propionitrile and diethyl
ether. The product was vacuum dried at 25°C. The yield was 93%.
Anal. Calcd. for Mo4C18(CH3CH2CN)4: Mo,. 43.23; C1, 31.95; C, 16.24;
N, 6.31; H, 2.23. Found: Mo, 42.90; C]; 3].46§ C, 16;04; N,'G.]O;
W, 2,27, | |
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Mo,C1g(CaHg0),

M04C]8(CH3CH2CN)4 (0.50 g, 0.56 mmol) was extracted in vacuo with
tetrahydrofuran'for four days. The collection f]ask of the extraction
apparatus was then coo]éd to 0°C for one day in order to distill excess
solvent from the residue left undissolved by the tetrahydrofuran.
Soluble material which had been transferred to the collection flask was
discarded. The insoluble residue was rapidly weighed for analysis to
minimize loss of tetrahydrofuran from the sample. Anal. Calcd. for

‘M04C]8(C4H80)4: Mo, 40.15} Cl, 29.67. Found: Mo, 41.30; C1, 30.56.

Mo,C1g[P(Cehs) 51,

M04C18(CH3CH2CN)4 (0.80 g,‘0.90 mho1) was stirred under nitrogen
with a solution of triphenylphosphine (2.00‘g, 7.62.mmol) in 25 mL
tetréhydrofuran. The product wés filtered from the solution after .
24 hours, and an IR spectrum was obtained 1ﬁ order to monitor.the loss
of prdpionitri]e from the'cohpound.> When'propionifrile coﬁ]d no longer
be detected (genera]iy 3 to 4 days were required), the orange-yellow
product was filtered, washéd with THF, and dried under vacﬁﬁm. The -
yield was 60%. Anal. Ca]cd} for M04C18[P(C6H5)3]4:‘:Mo, 22.36;
C1, 16.52; C, 50.38; H, 3.33. Found: Mo, 22.45; C1, 16.50; C, 50.26;
H, 3.39. "

Moz(OZCCH3)4 (1.00'9, 2.33 mmol), aluminum chloride (1.30 g,

9.75 mmol), and triphenylphosphine (6.10 g, 23.0 mmol) were refluxed in
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15 mL tetrahydrofuran under nitrogen. After two days, a bright pink
compound was filtered from the solution and washed with THF and .
methanol. The product was dried under vacuum at 25°C. The yield was .
80%. Anal. Calcd. for M02C12(02CCH3)2[P(C6H5)3]2: Q], 7.83; C, 53.06;
H; 4.01. Found: C1, 7.84; C, 53.00; H, 3.99. o

M04C18(PR3)4

A number of different syntheses have been developed. Product
identification was established in some cases by comparison of infrared
and uv-visible spectra with authentic samples (1).

o (a) The tetramer may be obtained from either Mo4C]8(CH3OH)4 or

Mo C18(CH CHZCN)4 by 11gand substitution react1ons In a typical

| preparation, M04C18(CH3CH2CN)4 (1.06 g, 1.19 mmo]) and triethy]phosphine
(0.80 g,‘6.77 mmo1) wefe stirred at 25°C for six hours in 30 mL cyclo-
hexane. The ye]]ow préduct was‘fi]tered from the blue solution and |
washed with cyclohexane. The yield was 89%. Anal. Calcd. for
M04C18[P(CZH5)3]4 Mo, 33.65; C1, 24, 87 C, 25.28; H, 5.30. ?ound:

Mo, 33.45; C1, 24.19; C, 24. 74; H, 5.10.

(b) KgMo,Clg (2.00 g, 3.17 mmol) and tri-n-buty]phosphiné
(1.28 g, 6.33 mmol) were refluxed in 15 mL methanol for one day to
produce an orange solid which was filtered ahd washed with methanol.
This Qas‘then dissolved in toluene and filtered to separate fhe.so]Uble :
c1uster from unreacted K4M02C18 and KC1. THe toluene solution was
evaporated to dryness under vacuum at 25°C. to produce a ye]]ow-brown

solid which was washed w1th diethyl ether until the wash was pale
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yellow. The yield of dry Mo4C18[P(C4H9)3]4 wés 70%. Anal, Calcd. for
Mo,Clg[P(CqHg) 31yt C» 39.04; H, 7.37. Found: 'C, 38.31; H, 7.10.

Substitution of triethylphosphine for tri—n-buty]phbsphine v
brovided a less soluble product which could nbt'easi1y be separated
from potassium salts left in the reaction., The KC]-K4M02C]8 mixture
was, therefore, removed by washing the crude product with a 50% |
methanol-water solution. The product was then washed with methanol and
diethyl ether. The yield was 60%. Anal, Found: C, 25.05; H, 5.20.

A.prepafation of Mo4C]8[P(n-C4H9)3]4 from (NH4)5M02C19-H20 and
tri-n-buty]phosphine was achieved by reaction in methanol at 25°C. The
yié]d was 50% for tri-n-butylphosphine, but the triethy]phosphine
tetramer could not be isolated under theée conditions.

© (c) Moy{0,CCH,), (3.00 g, 7.01 mmol), tri-n-butylphosphine

(2.84 g, i4.0 mmo]); and aluminum chloride (1.87 g, 14.0 mmol) were
refluxed in 20 mL tetrahydrofuran for one day. VThe,solution was
cooled and 70 mL méthano] was added to precipitate a yellow product.
After washing well with methanol and diethyl ether, the product was
dried under vacuum at 25°C. The yleld was 41%. ,

Substitufioﬁ of triethylphosphine for tri-n-butylphosphine
provided Mo4C18[P(C2H5)3]4 in 51% yield (9).

(d) Mo (OZCCH3)4 (1.00 g, 2.33 mmol), triethylphosphine (0.56 g,

2.
4.74 mmol), and (CHq)3SiC1 (2.03 g, 18.6 mmo1) were reacted in 15 mL
refluxing tetrahydrofuran for one day. The yellow product obtained in

40% yield was filtered and washed with diethyl ether.
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(e) Mo,C1,[P(n-C4Hg) 3], (0.53 g, 0.46 mmol) and Mo(CO)g (0.12 g,
0.45 mmo1) were dissolved in 10 mL chlorobenzene. Heating the solution
rapidly to reflux caused the blue so]ufion to quickly turn brown. After
one hour, the chlorobenzene was removed by vacuum distillation at
approximately 100°C, and the brown residue was extnacted in vacuo with
hexane to produce brown cryéta]line Mo4_C]8[P(n-C4H9)3]4 in the
collection flask. The yield was 44%, but the IR spectrum.of the
product showed that a trace of Mo(C0)4[P(n-C4H9)3]2 contaminated this

sampTe.

Mo,Br [P(n c 9)3]4'

(a) (NH4)4MozBr (4.00 g, 4.43 mmol) and tri-n-butylphosphine

8
(1.79 g, 8.85 mmol) were mixed together in 25 mL methano] at 0°C, and
after six(heurs the methanoT was removed by vacQUm‘disti]]ationewhi1e
keeping the solution cool.’ The residue Was‘sfirred with 15 mL benzene
and f11tered to remove (NH4)4M02 8 and NH4Br from the so]ub]e product.
The benzene was then removed by vacuum distillation, and the dark green
solid remaining was redissolved in a minimum of benzene (approx1mate1y
4.mL). Twenty mL methanol were added to precipitate a brown solid
which was filtered and washed with acetone. Tne resulting rust—co]oredA
product was ontained in 40% yield. Anal. Caled. for_Mo4Br8[P(c4H9)3]4:
Mo, 20.94; Br, 34.89; C, 31.46; H, 5.94. Found:. Mo. 20.82; Br, 34.61;
C, 31.56; H, 6.01. B

(b) Moz(OZCCH3)4 (1 00 g, 2.33 mmol), tri-n- buty]phosph1ne
(0.94 g, 4.66 mmol), and (CH3)3S1Br (1.62 g, 10.6 mmo1) were stirred

together in 15 mL methy]ene»cn1orideAfor one day. The solvent was then
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reduced by vacuum distillation to about 5 mL and 20 mL of methanol was
added to precipitate the rust-colored proddct. The yield was
approximately 20%. The uv-visible and infrared spectra of this compound
were identica] to the Spectra obtéinéd fbr the compound isolatedAin

Part (a).

Mo, IgLP(n-CgHg) 31y

.Moz(OZCCH3)4 (1.00 g, 2.33 mmol) and trf-n-buty]phosphine (0.94 g,
4.66 mmol) were stirred in 15 mL methylene chloride which Had‘been
cooled to 0°C. - After addition of (CHy),Sil (3.66 g, 18.3 mmol), the
mixture was étirred under nitrogen for one day at'OAC. RemoQal of |
So]vent,by vacuum'distiilatiob produced a dark green residue which was
extracted in vacuo with diethyl'ether fbf one day. A dark greén
crysta]lihé product dgvé]oped in the collection flask and was isolated
fn‘21% y1e1d.' Aggl,'Calcd. for Mo418[P(C4H9)3]4: I; 45.97; c, 26.11;
H, 4.93. Found: I, 46,51; C, 25.58; H, 4.53. '
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RESULTS

Dissociation of coordinated methanol from M02C14[P(C6H5)3]2(CH30H)2

has led to the formation of the tetrameric clusters described earlier

PR3

benzene .
2M02§14[P(C6H5)3]2(CH_30H)2 > > M04C18(PR3)4 + 4CH30H

(1). Loss of triphenylphosphine from this same dimer has produced .the

new cluster, M04C18(CH30H)4. Dissociation of the phosphine was

2M02C14[P(C6H5)3]2(CH30H)2 —_ M04C18(CH30H)4 + 4P(C6H5)3

promoted by carrying out the reaction in a two phase solvent system of
methanol-cyclohexane. As the triphenylphosphine was liberated from the
dimer, it was removed from the reaction by extraction into the cyclo-
hexane phase while the dimer remained in the methanol phase. The
Fesu1ting product was found to contain no triphenylphosphine, but
solvolysis was a problem, as was shown by the appearance of methoxide
bands in the infrared spectrum. Insolubility of the pfoduct made
purification by recrystallization impossible, but fortunately, it was
found that addition of HC1 to the reaction effectively inhibited the
methoxide formation. The concentration of the HC1 was kept in a Eange
that prevented solvolysis, yet did not give triphenylphosphonium salts
in the product. | |

The yellow, microcrysta]Iihe product, M04C18(CH30H)4, had the same
stoichiometry (Mo4C18L4) as fhe previously isolated tetramers. An
infrared spectrum of the compound showed bands arising from coordinated

1 1

methanol (10), v(OH) 3360 cm ', 1112 cm'], y(C0) 990 c¢cm ', and the far
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1 to 200 cm'1) displayed a number of bands due

infrared spectrum (400 cm
to Mo-C1 vibrations (Table II-1). It is noteworthy that the tétrameric
§1usters, Mo4C18(PR3)4, also exhibited similarly complex spectra in the
far infrared.

The C1 2p XPS of Mo4018(CH30H)4 was foundAto be complicated by the
-apparent decomposition of the compound in the spectrometer. Loss of
methano] from the sample was evidencéd by an increase in the pressure in
thé sample chamber when the sample was irradiated with the x-ray beém.
Re]iab]e spectra could not be obtéined for this compound. This
lability of the methand] was also demonstrated by the loss of methanol
from the solid when heated in vacuo at 150-200°C. The residue
remaining contéined no methanol (shown by its infréred spectfum), and

the Debye-Scherrer x-ray powder pattern was identical to the diffuse

pattern known for 8-MoCl, (11).

A

The methanol tetramer Qas easily converted back to quadruply bonded
dimers by reaction with dbnof 1igands. When stirred with pyridine for
12 hour§ at 25°C, a red precipitate was- produced which was identified
by 1hfrared and uv-visible spectrqséopy as the quadruply bonded dimer

»M02C14(C5H5N)4.(12). Reactions of M04C]8(CH30H)4 with donor ligands

Mo > 2 Mo, Cl

2 4(C5H5N)4 + 4 CH30H

4C18(CH30H)4‘+-'8 CgHeN

could also be lTimited to simple ligand substitutions. When the amount
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Table II-1. Infrared spectra (cm'j) of tetrameric clusters 200 em!

to 400 cm”) (s = strong, m = medium, w = weak,
sh = shoulder) ‘

Mo,Clg(CH,0H), N Mo4C1g(CHyCH,CN) - Mo,Clg(Cyhigd),
1392 (m) | 360 (s) 361 (m)
371 (s) . 327 (w) 339 (s)
333 (m) - 2095 (s) 319 (m)
296 (s) | 245 (w) 271 (s)

275 (sh) | | : ‘ 240 (m)

Mo4p18tP(CGHs)3]4 | | (MoC1,[P(CgHg )13,
366 (m) . , 364 (m)

343 (m) : | 340 (m)

318 (W) . 321 (s)

304 (w) - | : 299 (sh)
270 (m) | 278 (s)
235 (W) . 252 (w)

Mo, C1gLP(CoHe) 5], o | | Mo, C1gIP (n-Cyhg)3l,

361 (s) | 356 (s)
335 (m) | 332 (m)
320 (m) - | 315 (m)
292 (m) R . 280 (s)

257 (s)
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M04C18(CH30H)4 + 4L > M04C] L, + 4 CH3OH

874

of trialkylphosphine was limited to four'equiyalents of phosphine per
equiVa]ent of tetramer, there was neaf]y duantitative conversion to .
M04C18(PR3)4. Similarly, reactions of the methanol tetramer with weakly
coordinating nitriles, RCN, at 25°C also produced tetrameric clusters,
Mo,C1 (RCN)4 In the case of acetonitrile, incomplete substitution of
CH3CN for methanol prevented isolation of thelpure Mo4618(CH3CN)4
compound.

| The M04C18(CH3CH2CN)4 cluster was found to possess many of the
same properties as Mo4C18(CH30H)4. This yellow, microcrystalline
- compound was also insq]ub]e in most solvents and only s]ight]y air
sensitive; While the compound was found to be soluble to some extent
in tetrahydrofuran, substitution of THF for CH,CH,CN occurred readily
to produce complexes with mixed ligands (vide infra). The infrared
spectrum of M04C18(CH3CH2CN)4 exhibited the bands for coordinated
propionitrile, v(CN)A2280 cm'], and sévera] Mo-C1 vibrations between

"1 and 200 em™! (Table II-1). The XPS data were plagued by the

400 cm
same decomposition'prob]ems as observed for M04C18(CH OH)4

Because the n1tr11e ligands were weakly coordinated,
M04C18(CH3CH2CN)4 was espec1a11y useful for prepar1ng Mo4C18L4 der1va-
tives where L = tr1g1ky1phosph1ne, tr1pheny1phosph1ne or tetrahydro-

furan. As was the case for the‘methanol tetramer, trialkylphosphine

'M04C18(CH3CHZCN)4 + 4L > M04C18L4 + 4 CH3CH2CN

derivatives wefe‘obta1ned in nearly quantitalive yields.
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The tetrahydrofuran complex was synthesized by 1ong'extractidn of
M04C18(CH3CH2CN)4 with THF whiéh caused slow leaching of propionitrile
from the compound and eventually produced a material in which THF héd
replaced the.nitfile.as the coordinated Tigand. Coordinated THF in this
complex was very 1ab11e, and the compouﬁd could not be vacuum dried at
25°C without complete loss of tetrahydrqfufan from the compound. The'~
Aresidue remaining after drying in vacuo was identified as B-MoC12 by.}
its Debye-Scherrer poWder pattern. Because of fhe volatility of THF
in Mo4018(C4H80)4, analysis of this}materia] was somewhat imprecise.
By storing the compound in vacuum over 1liquid tetrahydrofuran at 0°C
(vaporzpréssure of THF was approximately 65‘mm), a dry.sample was
produced whose composition was close to the Stoichiometry expected fof
a tetrameric é)uster, M04C18(C4H80)4."The formu]ation as a tetramer .
was based‘mainly on the ana]ytica] data, _ o _

The THF derivativé was dark brown in color and was siight]y
sb]ub]e'in tetrahydfofufan.}’No trace ofypropionitri]e femaining from
“the preparative feaction was found in.the infrared spectrum, but there

were strong bands due to THF at 1025 em™)

and 860 cn” . The far
infrared‘data are giVen in Table II-1, and agéin a comp]éx series of -
Mo-C1 bands typica1‘of thesé:tetrameric clusters is evideﬁt.

- The tripheny]phosphine derivative, Mo,Clg[P(CcHc) 21y, cou]d:only
be prepared via-Mo4C]8(CH3CHéCN)4. In contrast to the rapid Tigand
substitution shown-by triaTky]phosphines, tripheny1pho§bhine Was s]qw
. to replace propionitri]e froh the complex. This difficu];y in forming

‘the tripheny]phbsphine derivative can probab]y be attributed to the 
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lower‘basicity and increased steric hindrance of fribheny]phosphine as
compared to trialkylphosphines.

The triphenylphosphine complex was insoluble in noncoordinating
solvents such as hexane or benzene. The‘infrared spectrum cénfirmed the
abSence of residual propionitrile in the compound, and only bands due to
‘triphenylphosphine were observed above 400 cm—] while the‘far infrared
spectral data again showed a compiex pattern (Table II—])i

The syntheses of the trialkylphosphine clusters, M64C18(PR3)4, from
the quadruply bonded dimer, MoZCJ4[P(C6H5)3]2(CH30H)2, by reaction with
benzene_was the first method by which the‘tetrameric.c]qsters were
isolated. Unfortunately, this preparation gave Iow yields of the.tri—
a]ky]phoﬁphine derivatives (e.g., 20-25%). Since the ]oss of two 1abi1e
methanol 1igands initiated the condensation reaction, the removal of any
two strongly bonded neutral ligands from other quadruply bonded dimers
also seemed a feasible route td_the tetramers.‘ To test this assumption,
MQ2014[P(C2H5)3]4 was reacted with Mo(CO)G. In this reaction, the
production of Mq(C0)4[P(C2H5)3]2 and carbon monoxide gas were presumed

(13), although no product identification was attempted. When a
2'M02C]4[P(C2H5)3]4 + 2 Mo(_CO)6 — _MQ4C18[P(Q2H5)3]4 + 4 CO
+ 2 Mq(CO)4[P(C2H5)3]2
stoichiometric amount of Mo(co)6 was used for the elimination of two
equivalents of triethylphosphine per dimer, the product isolated was

indeed identifieq as M04C18[P(CZH5)3]4 by infrared and uv-visible

spectroscopy.



62

Another route to~the desired phosphine clusters from.

Mo Cl [P(c6H5)3] (CH3OH)2 1nvo1ved the syntheses of Mo4C18L4 clusters
where L = methanol or propionitrile. Subsequent reaction with tri- -
a]ky]phosphines gave high yields of M04C18(PR3)4'clusters-(SO% from
Mo,C1 4[?(C6H5)3]2(CH30H)2), but this method was rather indirect.

In an effort to shorten the syntheses of the phosphine tetramers,
an attempt was made to prepare’M02C14(PR3)2(CH30H)2 dimers where
R = alkyl. These could then be_convenientiy converted to Mo4018(PR3)4
by a reaction analogous to the one known for M02C14[P(C6H5)3]2(CH3OH)2.

+ 4 CH,OH

w> MO C1 (PR3)4 3

2 M02C14(PR3)2(CH30H)2
The attempted method of preparation of‘M02014(PR3)2(CH3OH)2 was the same
as the synthesis of M02C]4[P(C6H5)3]2(CH30H)2 where a M02C184' salt was
reacted w1th two equ1va1ents of phosphine in methanol. However, the

m1xed ]1gand d1mers were never isolated. Instead the react1on produced

‘the M04C18(PR3)4 c]usters directly. Wh11e the yields of the cluster
4-
2 MOZC]8 + 4‘PR3 —> Mo C'|8(PR3)4 + 8 C1°

compounds were not except1ona11y high, the use of read11y ava11ab1e
octach]orod1mo1ybdate salts made this a major improvement in the
syntheses of Mo4C18(PR3)4 comp]exes. '- | ) _

The react1on of tr1a1ky1phosph1nes w1th M02C]84' saTts empToyed
v1rtua11y the same cond1t1ons used for the preparat1on of M02014(PR3)4
dimers: from octach]orod1mo]ybdate an1ons ‘except in the d1mer syntheses

an excess of phosphine had been used (]4,15). Lowering the react1on
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ratio to two equivalents of phosphine per equivalent M02C184' produced
quite a dramatic difference in the products isolated. This reduction
of thevphosphine to dimer ratio has been applied to other reactions
which were previously used for the syntheses of tetrakistria]ky]-
phosphine dimers with the same results.

The most direct syntheses of Mo4C18(PR3)4 tetramers used
qu(_OZCCH3)4 as the starting material (16). Here, chlorinating agents
such as A1C13 or (CH3)351C1 were used to displace acetate from the dimer
and provide a source of halide. In the presence of excess trialkyl-

phosphine, the M02614(PR3)4 dimers were isolated in high yields.

MOZ(OZCCH3)4 + 4(CH3)3SiC] + 4 PR3 —_— M02014(PR3)4

+ 4(CH

3)351(02CCH3)

Reduction of the reaction ratio to two equivalents trialkyliphosphine
per equivalent M02(02CCH3)4 again produced the desired Mo4C18(PR3)4

clusters.
2 MoZ(UZCH3)4'-+ 8(CH3)351C1 + 4 PR3- —_— M04C18(PR3)4‘.
+ 8(CH3)3Si(OZCCH3)
Use of triphenylphosphine in this reaction did not result in
complete replacement of the acetate groups. Even with excess

triphenylphosphine and long reaction times, only the mixed ch]oridé—

acetate dimer was produced. - The infrared spectrum of the product
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MOZC] (OZCCH )2[P(C6H )3]2 + -2 A1C1 (OZCCH3) + 2 A]C13

-+ 8P(C )3

showed the presence of bridging acetate ligands (17), v(COz) 1480 cm;],

1

1435 cm” ', as well as bands due to triphenylphosphine. The visible

-absorption spectrum in methylene chloride displayed a strong band at

525 nm (e = 2.2 x 10°

M- cm'1) which was in agreement with the strong
absorption at 524 nm known for the similar compound,
M02C12(02CC6H5)2[P(C4H9)3]2‘(18). |
The M04C18(PR3)4, R = alkyl, clusters were on]yzslightly air

seﬁsitive and were soluble in a number of organic so]Vents including
tetrahydrofuran, benzene, hexane, and methylene chloride. It appears
that the strongly coqrdinated phosphines have provided these clusters
with enhanced thermal stability. for examp}e, the M04C18[P(C2H5)3]4
Eomp]ex was stable in}ref]uxiﬁg xylene (140°C), and a sample sealed in
an evacuated tubé was ;tab]e to 200°C;- According1y,.the broblems
associated with the XPS of Mo,Clgl,, L = CHy0H, CH,CH.CN, were not
important for fhis compound, and the C1 2p XPS was obtained without .
significént decomposition of the sample, The triethyl- and tri-n-
‘bqty]phoéphine‘derivatives present comp]ex far infrared specfra

-1

(400 cm to 200 cm ]), which are consistent with the many Mo C] and

Mo P stretch1ng v1brat1ons that are IR-active for these mo]ecu]es

(C2h. :4 Au, 4 Bu; 2:1 4 By, 4 BZ’ 4.B3).
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Some initial invesfigafions-into the reactivity of the phosphine4 |
tetramers were undertaken. Reactions with donor ligands resulted in the
cleavage of the tetramers back to quadrup]y-bonded dimers. When
M04C18[P(CZH5)334 was refluxed with excess triéthy]phosphine in benzéne,
there was rapid formation of the blue M02C14[P(C2H5)3]4 dimer which Was

easily identified by its infrared and uv-visible spectra (12).
Mo C]8(PR3)4 + 4 PR3 —> 2 Mo C14(PR3)4

Attempted dxidative cleavage with molecular hydrogen prqved,unsUccess-
ful. Here, a THF or benzene solution of Mo4C18[P(C2H5)3]4 was reacted
with hydrogen gas at 600 psi in a high pressure bomb at 60°C for
24 hours. - No reaction was observed, and the tetramer was recovefed
near]y quantitatively. The attempted reduction of Mo4C18[P(62H5)3]44
with foﬁr eﬁuiva]ents of sodium-mercury amalgam resulted in pyrophoric,
amorphous products with nonstoichiometric Mo/Cl rétics. These materials
were not investigated furthér. | ' |

The preparation of M04C18(PR3)4 c]uster§ from M02C184' salts
immediately suggested that a simple route to-the bromide .analogs might
| be achieved by using M028r84 . The bromide tetramer, | .
Mo4Br8[P(n -C,H )3]4, was isolated from a react1on modeled after the
' 4-

synfheses of tetramers from M02C18 ‘A maJor difference, however, was

4'—. L .
2 MOZBV‘8 + 4 PR3

———> Mo, Brg(PRy), + 8 Br
the need to cool the bromide‘preparation in order to prevent the

formation of molybdenum methoxide species. Isolated yields of
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Mo4Br8[P(n—C4H9)3]4 were much smaller than‘for the chloride analog. The
availability of (CH;),SiBr also made direct synthesis of |

Mo4Br8[P(n—C4H9)3]4 from M°2(OZCCH3)4 possible, Again, yields were

478
+ 8(CH3)3Si(02CCH3)

2 MoZ(OZCCH3)4 + 8(CH3)3SiBr + 4’PR3 ———> Mo,Br (PR3)4

quite Tow, but the convenience of this one step synthesis from readily
available MoZ(OZCCH3)4 made this thé most useful route to the cluster.

As expected, Mo4Br8[E(n-C4H9)3]4 was very similar to the chloride
analog in many of its physical propgrties. The cqmpound was so]ub]e in
the'same organic solvents, and was only s]ight]y‘more air sensitive than
M04C18[P(n—C4H9)3]4.‘ The uv-visib]e'spectrum (Figure II1-1, Table II-2)
was comparable to that of M04C18[P(n-C4H9)3]4, except for a red shift of
about 20 nm. Shoulders at 370 mm and 490 mm in the bromide tetramer
have corresponding weak absorptions in-the chloride derivative which are
morerprominentvjn the single crystal (19) and diffuse ref]ectance
spectra (Figure II-3). There wene~many bénds in the infrared-spectrum
above 400 cm’] due to the tri-n-butylphosphine, but in the region

1 1 only one band was observed at 270 en V.

400 cm™" to 200 cm” This
confirmed the'aséumption that for_Mo4C18(PR3)4 most of the bandslin
this region were attributable to Mo-Cl1 vibrations. A Br 3p XPS Qf'the
tetramer was obtained, but overlapping of broaq peaks did not allow a
definitive spectral analysis. The Debye;Scherrer X-ray powder pattérn

of the bromide complex showed it to be isomorphous with
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Figure II-1. Electronic absorption spectra of M04C18[P(n-C4H9)3]4
(—) and Mo48r‘8[P(n-C4H9)3]4 (---) 1in hexane solution
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Table II-2. Electronic abﬁorption spectra‘of Mo,C1,[P(n-C,H,),], and
Mo BrglP(n-CyHg) 3142 4rerT A

MQ4C18[P(n-C4H9)3]4 - ' Mo4Br8[P(n-C4H9)3]4
32 (2.8 xw0whH 338 (1.8 x 10%)
435 (3.5 x 10°) 458 (3.3 x 10%)
685 (~100) | 613 (360)

| 685 (~100)

4 " %atues are given in nm fo]]owed by molar absorptivity,
> (M'.l cm_]).
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Mo,C1g[P(n-C,Hg) 51, and thus was probably the best evidence of its
tetrameric structure.

Since a compound containing the Mozlga' anion has not been
isolated, the mpst feasible rou;e to the Mo418[P(n-C4H9)3]4 cluster was
by reaction of Mo,(0,CCH;), with (CHy)4Sil. A compound with the

2 Moz(OZCCH3)4 + 8(CH3)3SiI +-4 PR3 _ Mo418(PR3)4
+ 8(CH3)3Si(OZCCH3)

correct formulation was prepared,'}et its physical characteristics were
markedly different from the chloride and bromide tetramers. The
compound was dark greeﬁ while the other tetramers were without
exception ye116W'to brown in color. The.difference inAthe'cojoré was
due to a fairly strong absorption ét 643‘nm which was nﬁt present in
the ch]oridé or bromide tetramers (Figures Ii-] and 2). in.addjtion. a
Debye-Scherrer powder patte}n'showed that the ijodide derivative was not
isomorbhous wfth'Mo4C18[P(n-C4H9)3]4.  The infrared spectrum,exhibited

T to 200 cm™!

no bands in ‘the 400 cm™ region.

The.Mo418[P(n-C4H9)3]4 complex was found to be‘more air sensitive
than either Mo4C]8[P(n-C4H9)3J4vor Mo4Br8[P(n-C4H9)3]4, and the compound
was handled under an inert atmosphere or on a vacuum line at all times.
As in the case of Mo4C18[P(n-C4H9)3]4, the iodide cluster produced a

quadruply bonded dimer, MOZI4[P(n-C4H9)3]4, when reacted with excess

tri-n-butylphosphine, The dimer was formed much more rapidly than in
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Figure II-2. Electronic absorption spectra of Mo418[P(n-C4H9)3]4 and
‘ ' M0214[P(n—C4H§)334 in cyclohexane solution
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" the chloride case with complete conversion requiring only a few seconds
at 25°C. The dimeric product was identified by its uv-visible spectrum

(20).



72
DISCUSSION

The preparation of tetrameric clusters from quadruply bonded
dimers requires the initial loss of coordinated ligands from the dimer.
The resulting species of low coordination number are unstable and
readily condense to form‘the cluster compounds. It appears that the
manner by which the dimer loses the 11gands is not an 1mportant factor,
as shown by the variety of procedures used for the c]uster syntheses

It was the spontaneous loss of methano] from
M02C14[P(C6H5)3]2(CH3OH)2 which first led to formatioh of M04C18(PR3)4
clusters (1). Likewise, the preparation of Mo4C18(CH30H)4 seems to
depend upon the loss of tripheny]phosphine from the same dimer.
However,: since the Mo4018(CH3OH)4 prepafationvuses methanol as a
solvent, simple ligand substitution of methanol fof triphenylphdsphine
could produce a different dimer, Mo,C1,(CH30H),, as a reactive
intermediate. This dimer would actually be the reactive species, and
again,lthe loss Qf weakly coordinated methanol would be.respensible for
the cycloaddition. | | .

Coordinated methanol in M04C18(CH30H)4 also seems to be weakly
‘bonded, eﬁd ligand substitutions haveljedhto,a,number Qf Mo4C]8L4
comp]exes.where L = propionitrile, tetrahydrofuran, tria]ky]phoéphine,
and tripheny]phosphine. The M04C18[P(C6H5)3]4 cluster is espetia]]y
interesting because of the similarity to {M0C12[P(C6 5)3]}n, which is
initially formed when M02C14[P(C6H5)3] (CH30H)2 is d1sso]ved in benzene.
Unfortunately, {MQC12[P(C6H5)3]}n is always slightly contaminated with
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methanol so as to make an unambiguous comparison impossible., For

1

examp]e; the infrared spectra (400 cm ' to 200 cm“]) of the two

compounds'are_very,simi]ar except for é band at 323 cm'] in '
{MoCIZ[P(C6H5)3]}n (Table II-1). .ﬁespite these problems, the conversion
of {MoC1,[P(CeHg)31}, to Mo,Clg(PRy), suggests that n = 4, and this
compound is probably an impure form of the Mo C]S[P(C6H5)3]4 obta1ned
by ligand subst1tut1on

The preparation of Mo4C18['P(CGH5)3]4 is much more difficult than
the cqrreéponding tria]ky]phosphine tetramers. Complete replacement of
propionitri]e from Mo4C18[CH3CH2CN)4 requires several days while the
trialkylphosphine derfvatives are obtained in a few hours. Steric
problems and lower basicity of fripheny]phosphine séem to inhibit the
formation of Mo4C18[P(C H )3]4, and th1s may be why a methano] so]ut1on
of M02C14[P(C5H5)3]2(CH30H)2 does not spontaneous]y give ‘
Mo4C18[P(C6 5)3]4. The fact that the attempted pfeparat1ons of
Mo,C14(PR3),(CH30H) -, R = alkyl, produce the tetrameric clusters from
methanol §o]utions is consistent with this view. Since the.tetrameric
clusters are easily converted'back'to quédrqp]y bpnded dimers, one can

envision the following equilibrium in methanol.

2 Mo C1 (PR ) (CH3OH)2 <f==¥> ‘Mo C] (PR )4 + 4 CH,OH

3

In the case of tr1pheny1phosph1ne, the equ111br1um lies to the left
because of the difficulty in form1ng the tetramers. In the case of
trialkylphosphine, the equilibrium lies far enoUgh tQ the right to

_cause,prfcipitation Qf_the cluster from methanol.
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In all the synthesés described so far, the cycio-addition reaction
is initiated by the dissociation of weakly bonded 1igands, but this is
not the only means by which condensation can occur, In the reaction of
M02C14[P(C4H9)é]4 with.Mo(CO)s, the metal ;grbony] abstraﬁts strongly
bound phosphine ligands with subsequent formation of Mo(CO)4[P(C4H9)3]2
and Mo4018[P(C4H9)3]4; This suggests that the cycTo-addition may be
generally applicable to almost any quadruply bonded dimer, provided
some means is found to remove two cootdinated 1igands.

In the syntheses involving the use of halogenating agents, the
abstraction oancetaté ligands is the driving force for cluster '
formation, but in these reactions there is concurrent rep]acemeﬁt of
the acetate by halide. Aluminum chloride reacts much more rapidly with
M02(02C0H3)4 than trimethylchlorosilane, perhaps reflecting the sfrong
acidity of A1C13. Since the reactions are run in tetrahydrofuran;'it
is possible that there is formation of~A1C12(QC4H8C1), (21), and this
may actually be the active halogenating agent.
| Proof of the tetrameric structure of Mo,Cl1,5(PR3), was available
| through an x-ray structure determination. While no direct structural
evidence is available for'Mo4C]8L4 (L = tripheny]phosphine, methand],
propionitrile), the same structure is assumed for these complexes.

This is based on several observations. The ana]yses'show that all the
compounds héve the same stoichiometry, Mo4C18L4; In addition, when
L.= CH30H or CH3CH2CN, reaction with trialkylphosphines gives almost
quantitative conversion to M04C18(PR3)4. The insolubility of many of

the compounds does not allow comparison of solution uv-visible Spectra,
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but refleetance spectra on powders are avai]abie (Figure'II-3), and as
expected, the spectrum of MQ4C]8[P(n-C4H9)3]4 agrees well with the
other spectra especiallyAin the longer wavelengths., It is not sur-

| prising that some differences between the spectra exist in the uv region
sinee these high energy transitions are more likely to involve the
ligands. The 1ow energy absorptions 1isted in Table II-3 show a blue
shift for the more weakly bound ligands. A similar blue shift in the
low energy transitions of a variety of quadruply bonded molybdenum
dimers is attributed to the decreaeed m-acceptor character of the
ligands and'subsequent decreased nephelauxetic effect on the metal
orbitals (12). Such reasoningvmay also be applied to the tetramers, .
“and therefore, the genera]ﬁsimilarity of the reflectance data for.these
compounds is taken as further proof of their tetrameric struetures.

‘A comparison of the.CI 2p XPS spectra of these clusters is
desirable in that relative populations of bridgihg and téfminal_'
chloride ean be obtained. Such a ratio would help to confirm the
structure of the vafiousvtetrameric clusters sinceethe'expected ratio
is 4:4, Since each type of ch]orine.produces a pair of peaks in fhe

3/2, 2p]/2), a complex spectrum

spectrum due to spin-orbit coupling (2p
results which requires deconvolution. ’Parametefs,used in the decon-
“volution of the speetra of M04C18[P(n—C4H9)3]4 and M04C18(__CH30H)4 are
shown in Table II-4, and Figures II-4 and 5 show the spectra resolved
into their components. The presence of more than one type of chlorine
in M04C]8[P(n¢C4H9)3]4 is onious from the:seape of the spectrum.

Deconvolution using the accepted order of bridging chloride at higher
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Figure II-3. Reflectdnce spectra of tetrameric clusters
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22.7

Low energy reflectance bands of Mo4(218L4
-3 _1) -
(vmax X ]0_ cm
P(n-C4H9)3 P(C6H5)3 CH3CH2CN CH30H
14,3 4.5 15.6 16.7
- 23,1 24.4 ' 26.7




Table II-4. -XPS parameters used in spectra deconvolution

Fraction " Peak Spin Orbit

. eak n Orbit Energy? (rel. int.)
Gaussian Width® = Splitting Terminal Bridging
Mo4C18[P(n—C4H9)3]4 ¢.4 1.2 1.6 198.3 (118.6) 199.6.(157.0)
199.9 (59.3). 201.4 (78.5)
Mo4C]8(CH3C':H)4 ~ 0.9 1.1 1.6 198.6 (382.5) 199.5 (909.0)

200.2 (191.3)

201.1 (454.5)

3yalues in eV,

8L
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Figure II-4. C1 2p x-ray photoelectron spectrum of Mo4C18[P(n-C4H9)3]4.
The sum of both components is given by the solid line
through the experimental data points, (+)
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~ binding énergy'and fermina1 chloride ét lower binding energy give§ a
bridging:terminal ratio of 4.5:3.5, While this is slightly higher than
the expected 4:4 ratio, it is'considerably befter than the ratio of ‘
_5.6:2.4 obtained fof Mo4c18(CH30H)4. In the latter compoqnd, a fit of
the data to one type of chlorine gives unreasonable values for the peak"
widths and intensity ratios of the spin-orbit coupled peaks. It
appears then, that the decomboSition of the methanol tetramer, as
discussed ear]iér, has caused a conversion 6f terminal chloride to a
bridging mode. During exposure of tﬁe sample to x-rays fn the high
' yacdum chamber, loss of methanol from Mo4C18(CH3OH)4, as well as loss
of some phosphine from M04C18[P(n-C4H9)3]4, is compensated by the
increase in coordination number of the chloride. Because of the
decomposition prob]emé, a confirmation of the structure of M04C18L4
_ compbunds by XPS is not possib]e.: | _ A

_The structure of Mo4Br8[P(h-C4H9)3]4 is undoubtedly the same as
the chloride analog as shown by x-ray powder patterns and electronic
spectra. However, Mo418[P(n-C4H9)3]4 does not appear to have the'same
é]ectronic structure as the other halogen clusters. The presence of a
strong absorption at 643 nm is very muchvlike the 645 nmAband of
_M0214[P(n-C4H9)3]4 (20) shown in Figure II-2 and strongly suggests the
existence of a § bond in the tetramer, The compound might therefore be
‘best considefed as a pair df independent'quadruply bqhded‘dimers 1inked
by bridging iodide atoms where the large radius of the iodﬁde may |
prevent the close approach of the dimer units. This is not unexpected

' siﬁée‘even in M04C18(PR3)4 there is severe crowding of the smaller
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'chlorine atoms, Two possible structures for the ijodide complex are
shown in Figure II-6, both of which have some precedence (22,23).

Some of the reactions of these tetrameric clusters include
complete loss of coordinéted neutral ligands as 1in Mo,Clgl, (L= CH3OH,
C4H80) and cleavage of the tetramer to quadruply bonded dimers by donor‘
ligands. The loss of ligands to produceﬁ-MoC]2 may . provide some |
insight into the structure of this material. AThe amorphdus to poorly
crystalline 8-M0C12 is usually synthesized by reaction of quadruply
bonded Moz(.OCCH3)4 with gaseous HC1 (15). Since trialkylphosphines
react with B-MoC]2 to give back a quadruply bonded dimér,_the structure
was presumed to contain dimeric units of metal atoms (15). bHowever,
the preparation of B-MoCl2 from a tetrameric ciuster may indicate that
the dimers are preseht in an arrangément related to the struéture of
the tetramer, and the B-phase may actually consist of tetrameric units
rather than dimers. In re&ctions of B-MoC]2 With phosphines,.the
formation of quadruply bonded dimers is ponsistent with the reactions
of tetramers with phoéphines in which quadrqp]y bonded dimers are also
produced, | A

The easy cleavage of tetramers by donor ligands suggests that an
oxidative c]eavageAmay be possible. Hydrogen was used in an effort to
prepare a multiply bonded dimer‘containing metal hydridg bonds, but
the tetramer was found to be unreactive under the conditions used.‘

| The availability 6f this variety of teframeric clusters will enable

investigations into their reactivity and physicaT properties to
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Figure II-6. Possible structures
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continue, There exist many possibilities for modifying the preparativé
reactidns to prepare higher clusters and for extending the syntheticl’

procedures to metals other than molybdenum.
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SECTION III. PREPARATION AND STRUCTURE OF A RECTANGULAR
TETRAMERIC TUNGSTEN CLUSTER |
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INTRODUCTION

One of the greatest obstacles to the study of metal cluster com-
pounds has been the lack of systematic methods for their preparation
(1,2). Because new clusters are almost always discovered by accident,
it is difficult to‘assembie a series of isoelectronic and/or
isostructural clusters for investigations into bonding and reactivity
trends. A notable exception is the well-studied class of dimers
containing quadruple metal-metal bonds. However, even these simple
Clusters provide an illustration of the frustrating stateiof‘affairs.
While the carboxylato dimers, Mz(OéCR)4, of chromium and molybdenum
have been known for many years, the tungsten analog has yet to be
isolated despite many attempts to do so (3,4). vIn'iight ofithis
situation, it was of particular interest to learn whether a stable
tungsten.énalog to the previbus]y synthesized Mo4018[P(n-C4H9)3j4
tetramer (5) could be prepared.

It was hoped that the synthetic principles used in the molybdenum
preparation would be directly applicable to the tungsten case. This
requiked the use of quadruply bonded tungsten dimers which coﬁ]d be
caused to undergo condensation to tetramers by méans of ligand
dissociation. The preparqtion of dimeric w2614[P(n-C4H9)3]4 (4) was
therefore modified to achieve this goal, and the desired tetramef,
w4C]8[P(n-C4H9)3]4, was isoiated‘and structura]]y characterized. This
synthesis was especially gratifying in that it represents one of the
few cases where a particuiar cluster was prepared by a rational and

systeMaLic method.
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* EXPERIMENTAL
. "Materials

'The handling of samples and so]vents.was as described earlier (5).
Analysis for tungsten was performed by digestion of samples in basic
“hydrogen peroxide solution followed by precipitation with nitric acid
and gravimetric determination of WO3 (6). Chlorine, carbon, and
hydrogen analyses were performed as described earlier (S), as were

spectral measurements,
- Syntheses

WC14

This compound was prepared by the reduction of WC16 with a
stoichiometri¢ amount of w(CO)6 in refluxing chlorobenzene (7). The

product was sﬁored in a nitrogen filled glove box until needed.

N4C]8[P(n-C4H9)3]4

HC1, (1.10 g, 3.38 mnol) was mixed with 25 nl tetrahydrofuran at
0°C, and 0.29% sodium amalgam (16.9 g, 3.58 mmb] Na) was added. Slow
warming to 25°C produced a yellow-green solution of w2C16(THF)4 (4) to
which tri-n-butylphosphine (0.65 g, 3.21 mmol) was added. After one
hour, the orange-brown reaction mixture was agaih coo]ed'to 0°C, and
sodium amalgam‘(16.3 g, 3.46 mmol Né) was added; A dark gréen solution

developed as the tempeféture.was'slow1yAraised to 25°C.
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The green tetrahydrofuran solution was filtered under nitrogen to
remove NaC] and mercury, and the solvent was removed in vacuo leaving
a dark green residue. Extraction (under vacuum) of this»gfeen solid
with n-hexane for a few minutes gave a yellow-green solid and a green
solution which was discarded. Further extraction of the yellow-green
solid with n-hexane produced dark brown crystals of w4C18[P(n C4 9)3]
in the collection flask. The air sensitive product was obtained in 18%

yield. Anal, Calcd., for W C18[P(n(C )3]4: W, 40.22; C1, 15.51;
-C, 31.53; H, 5.91. Found: W, 39.82; C1, 15,50; C, 31.47; H, 5.88.

X-ray Structure Determination

Co]]ect1on and reduct1on of x- ray data

‘ Crysta]s of w4018[P(n C4H9)3]4 were obta1ned directly from the
preparat1ve react1on.. The crystal chosen for x-ray studies measured
0.22 x'0.34 X 0(20 mm and was sealed in a glass capillary under a
nitrogen atmosphere. Data were collected using an automatic 4-circle
diffractometeradesigned at Ames Laboratory (8). Foufteen reflections
were chosen from w-oscillation photographs at various values of chi
and phi, and these were input into an automatic indexing program
ALICE (9). The indexing provided two possiblé sets of cell
parameters, one monoclinic and one orthorhombié. Oscillation photo-
graphs abouf the principal axes in each system showed the orthorhombic
cell to be correct. Fourteen intehse,.high—ang]e reflections were
measured on the previous]y}a]igned diffractometer and used in a-least

squares refinement to obtain Tattice constants at 25°C: a = 26.990(9),
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b = 36.302(9), ¢ = 14,293(6), V = 14,005(8). Mo Ka radiation was
| uﬁed,'x = 0.710023. |
Data were:collected to 26 = 50° using an w-scan technique.-

Standard ref]ections were monitored after every 75 measurements, and
the data were corrected for the 10% decay in intensify. The data were
also corrected for Lorentz-polarization effects,‘and an absorption
correction was made based on ¢-scans of a strong ref]éctionvat x = 90°
u = 73.3 cm']). Al ref]ectioné in one oétént of the reciprocal éei]
were read unti]Aitlbecame obvious that the cell waﬁ'at least C-centered,
affer which time only h+k = 2n reflections were sampled. Observation
of only ref]éctions of tﬁe type hke (h+k = 2n, k+% = 2n); Okg

(k+2 = 4n);. h0s. (h+2 = 4n); hkO (h¥k = 4n) uniqué]y determined the
space group as Fddd' Several apparent vio]atibns_of‘thé'eXtinction
‘conditions were found to be_dué to the ciose prqximity of very intense
ref]ectiong wﬁich happenedito ta11 into the areé sampled as a separate
data point. Thefe were 7,831 ref]ectfons collected in one octant of
which 4674 were symmetry extinct;‘and'an additional 1354 were
‘considered unobséfved (I < 301). After averaging, 1803 unique

reflections were used in the refinement.

Structure solution and refinement

| Debye-Scherrer powder p;tterns of Mo4C18[P(n-C4H9)3]4 and
w4C]8[P(n-C4H9)3]4 indicated that the two compuunds were probably
“isomorphous. Additionally, incorrect monoclinic cell parameters known
for the molybdenum tetramer closely matched those for the monoclinic

cell Seen'for w4C18[P(n-C4H9)3]4.' The heavy atom positions known for
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Mo4C18[P(n—C4H9)3]4 (10) were therefore transformed to orthorhombic
coordinates and found to give a sétisfactory refinement for
W4C18[P(n-C4H9)3]4. This produced a unit cell containing eight cluster
molecules. Light atoms were located from electron density maps
' obtainéd through successive least-squares refihements where the
minfmizing function wés z w(lFol-chl)z, and w = 1/0§.»~The scattering
factors were those of Hanson et al. (11), modified for the real and
imaginary parts of anomalous dispersion (12). Carbon atom positions
weré generally poorly defined, becoming more so for atoms at the ends
of éhe alkyl chains. This prob]em was aggravated by the disbrdering of
several of the carbon atoms. Siﬁce these 1ight atoms had 1ittie
bearing on the overall structure refinement énd Since the heavy.atoms
were. determined brecise]y, a low temperatureustrﬁcture determinétion
was deemed unneéessary. A final difference map revealed severa] areas
of residual electron density (2 e /R3) near the carbon atpmipositions
and in concentric rings abqut the.tungéten atoms, Neither of these
was unexpected nor considered a seribus flaw in the solution. Thé
final discrepancy factors were R = 0.063~and'Rw = 0.078.

. Positional and therma]'pargméters are given in Tables III-1 and 2,
and an ORTEP drawing of the molecule is shown in Figuré'III-l.. Bond

distances and angles are listed in Table III-3.
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. 1d a
Table III-1. Positional parameters (x10") for w4C18[P(n-C4H9)3]4

Atom : X y z
W 3732.9(3) 3359.1(2) 7943.1(5)
Ci(1) 4232(2) 2883(1) 7257(4)
c1(2) 3054(2) 3762(1) 7600(4)
P g 3038(2) : 2900(1) - I7(8)
c(11) 2432(9) 2993(7) 8416(16)
c(12) 2018(12) 3028(9) 7752(23)
c(13) 1507(12) | 3134(9) 8376(23)
c(14) 1092(19) 3237(12) 7733(34)
c(21) - 2876(10) - 2865(8) . ~ 6503(20)
C(22A) | 3252(20) 2866(15) 5916(39)
c(22B) . . 2975(19) 3135(15) 5839(39)
c(23) - 3014(16) 2970(13) - 4732(33)
C(248) - 2991(38) 3322(23) 4457(72)
C(24B) 3370(34) - 2887(27) 4257(69)
c(31) . 3190(7) 2421(5) 8055(14)
c(32) 2745(9) 2146(8) 7763(20)
C(33) 2961(13) - 1740(10) 8057(27)
C(34A) o 3023(18) 1702(12) - 8915(36)
. €(34B) 2596(27) - 1488(21) 7796(51)

%Estimated standard deviations are given in parentheses for the
1ast significant f1gures :
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' 4 a,b
Table III-2. Thermal parameters (x107) for‘w4C18[R(p-C4ﬂ9)3]4_i -

Atom By B2z B33 B12 813 B23
W 21.3(1) 8.76(6) 80.8(5) -0.40(8)  1.6(2)  -0.4(1)
c1(1) 29.1(9)  11.2(4) 105(4) 0.5(5)  10(2) -8(1)
C1(2) 22.1(7)  10.3(3) 110(4) -0.5(5)  -~10(1) -1(1)
P. 26.9(9)  10.3(4)  97(4) -2.4(6) -0.4(17)  -1(1)
A B¢ | |
c(11) 9.4(6)
c(12)  14.0(9)
c(13) 13.2(9)
C(14) 20.9(15)
c(21) 11.3(7)
C(22A)  12.4(14)
C(228) 8.6(12)
c(23) 17.2(12)
C(24R) - 24,7(36)
C(24B)  15.4(28)
c(31) 7.3(4)
S C(32)  11.3(7)
C(33) 14,7(10)
C(34A)  12.3(13)
C(34B)  11.9(18)

4Bij are defined by T =

2hzs]3'+ 2k£823)],,

2 2 2
exp[-(h B]] + k 822 + £ 833 + thB'lz +

bEstimated standard deviations are given in parentheses for the
last significant figures. ‘ »

chsotropic temperature factors, B. are given in 32.
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Figure III-1. Structure of the w4018[P(n-C4H9)3]4 molecule with
numbering scheme for atoms shown. Atoms are represented.
by thermal ellipsoids scaled to 50% of the electron
density except for C(24A) and C(14) which are shown at

B = 15.0. Atoms with letter designations A and B
indicate disordered positions with occupancy factors of

0.6 and 0.4, respectively.
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Table III-3. Bond distances (K) and angles (°) for w2C14[P(n—C4H9)3]4a
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Nt N M M N Nt Nas? s S S S

ooooooooooo
= e e e e p— - g - e o

)

g

P~ S T~ P

A — O LD LD LD A~~~
St e e e O D) QNI < LD
DO O WM O
O<TORNr— MWL MNO
MNAOTNHNTWONO T WO
NNNNNN———r—r—
—~—~

N

. —

. e g

NN —~em e~ O

— 0NN —~r——

e M e r— 0\l (") 7~

EEZEOOOLOOOM~r—

[l

| U T I I |
ZEEZEZEZETaNO0o0o

-

Angles (middle atom is vertex)

PN SN SN TN TN TN PN PN TN PN TN AN TN SN TN TN TN N

et et et et Nt et et i Nvast? saass? et it gt st it St St “ovvaat?
T NANNOUNTOOTON—Or—OM<T O
OO —mANOrrrr—O0M—Or—O

— e e e e e e e e e e p—p— — p— p—

P L T Lo
—~e s Tt LoD
o < ANANANANNN ™ <t <
—— — et P e e e St [saXeo Nea]
St~ OO O O O OO — e N’
e T Y P N & I & I ol '« R IR TR SN B B B ca N &5 I &5 Iy 35
e =N\l 1 QN QO e~~~ | 1 1
ANMNr—r—~ NN OM MMM eSS
et et et e NS D) e e O NN NN AN NSO MM M
QOOOrr—~ QO OQOAN NS O MM
] ] ] [l N | I Sserner () QO O QO § S
oA —~OQO—~A—OO ! I 1 1 —~000
[ B N ot L E st il ol L
—r— = O\ =~ O NN S — N
NN Orr—OQOQONNANANNNOMOMM
g T B A | I St et e e e | S e N
LLLUAVVLALOLOLOLOLOLLDOOLOLOO VOO
—~~ .
L) NI ATN SN TN TN TN SN TN SN SN TN SN TN TN TN N e
e andiandl andl aoll sl ol o NNANANANAN—NOYO
(e T e i S
AN NLROEO—NONOOMM OO
DNSTTNOATNDONNMNMN—NNMOONOOS-
D~ OO NMOVT OO r—r—
r—r— - — ——r— [ -
I~ e~
NN AN
e e
e
PN TN N N LO WO OO =~
—~r— NANNN [ L L Il ol
e M S S N 2EEEEE2RANM
e L8 b NS
2O OO 0O O LA A e O O O
P b e N~ N~

‘8Fstimated standard deviations are given in parentheses for the

last significant figures,
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- RESULTS
Syntheses and Charactérizations

In the synthesis of the tungsten tetramer. the reduction of WC14,
with sodium was carried out in two steps.. Initially, the W(III) dimer,
S WZC]G(THF)4, was formed, and this was reduced further to the W(II)

tetramer after the addition of tri-n-buty]phoéphine. Such a

THF
-2 WC14 + 2 Na/Hg —— W2C16(THF)4 + 2 NaCl

W2C16(THF)4 + 2 PR3 > WZC]G(THF)Z(PR3)2 + 2 THF

2 “szs(T“F)z(?R3)2 + 4 Na/Hg

>-W4C18(PR3)4 + 4 NaCl + 4 THF.

_stepewise reduction was not strictly necessary since the tetramer could
also be isolated by a one step reaction ofIWC14. tri-n-buty1bho$phine,

and sodium. This procedure, hoWever, produced only about one-half the

4 WC]4 +4 PR3 + 8 Na/Hg > W4C18(PR3)4 f.8 NaCl

~yield of the two step process, Regardless of the,method of prepération,
the yield of.the tetramer was quite Tow, The major proﬂucts of the
reactions were therefore unknown, but the intense greeh color of the
so]utipns suggested that tungsten dimersisuch as the blue-green
WZCj4(PR3)4 (4) were}major side‘products; Synthesis of the triethyl-
pho;phine derivative proceeded in much the same manner, but separatién
of ihe tetrameric product from the green contahinantlwas not achieved
because of the similar solubilities of the two materials in most

solvents,
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The W C18[P(n -C,H )3]4 cluster was much like: Mo4C18[P(n -C,H ) ]4
in many of its physical properties. The tungsten cluster was much more
reactive than the molybdenum analog, and both so]utions and solid
samples of W4C18[P(n -C,H )3]4 immediately decomposed upon exposure to
air. Like the molybdenum tetramer, the tungsten derivative was very
-soluble {n solvents such .as benzene, THF,Aand hexane. The far infrared -
spectrum (Table III-4) of the tungsten cluster also displayed many bands
due to metal-chloride vibrations just as seen for Mo4018(PR3)4
tetramers (5). | |

As shown earlier (5), Mo C1 (PR3)4 could be prepared directly from
M02C14(PR3)4 by reaction w1th»Mo(CO)6. Th1s procedure was also |
attempted with w2C14(PR3)4, but unfortunately, the tetramer was not
produced. Instead, only a material containing carbon'monoxide, v(CO0)

1935 cm'], 1

1840 cm™ ', was isolated, and this was not investigated
further. Because w2c184' and w-2(02CR)4 are unknown, the other estab-
lished méthods (5) of tetramer synthesis were impossible since they

require these compounds as starting materials.,
Crystal Structure

The structure of N4C18[P(n-C4H9)3]4 is essentially the same as the
one known for Mo4C18[P(n-C4H9)3]4 (10) and.shown'1nnF1gures.I;;—] and 2.
A pair of strongly bonded tungsten atoms 2.399(2)5 apart are bended to
an identical pair through Tong W-W bonds of 2.840())&. The nearly
planar cluster of metal atoms is bridged acrbss each of the long edges

of the rectangle by two chlorine atoms, Four terminal chlorine and
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Table 1II-4. Infrared spectra (cm'l) of tetrameric clusters 200 cm']

to 400 cm”! (s = strong, m = medium) -

M ClgIP(n-CyHg) 3], L MogCIgP(neCyl) ),
334 (s) - 356 (s).
305 (m) o » 332 (m)
288 (s) 315 (m)

270 (s) o 280 (s)

-
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Figure III-2. Structure of the W4C18[P(n-C4H9)3]4 molecule with
carbon atoms omitted. Atoms are represented by
thermal ellipsoids scaled to 50% of the electron
density
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phosphorus atoms are arranged so as to give the molecule 02 symmetry.
The molecule is crystallographically constrained to this 02 symmetry,
and although the'tungsten atoms are not required to be coplanar, no‘
metal atom lies more than 0.055 out of the best least-squares plane
through them. As is the case for Mo4018[P(n-C4H9)3]4, the molecule is
sterically crowded as shown by the close nonbondingﬁcontacts between -
C1 and P atoms listed in Table III-5,

The poor refinement obtained for the carbon atoms 15 attributed
to high 1ibration$1 movement of the alkyl chains. Given these circum- -
stances, the poor values for distances and angles invo]ying carbon
atoms are to be expected. Bénd distances and angleé‘for heavier atoms
are wg]] within the normal range of values observed in 6ther cpmpounds
(Table III-3) and compare we]}_withAvalues obtainedAin the molybdgnum

derivatives (10).
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. N a
Table I1II-5, Nonbonding contacts (R) in w4018[P(n-§4H9)3]4

c1(1)-pP 3.290(8)
c1(1)-p¢ 3.664(8)
c1(1)-c1(2) 3.195(5)
C1(2)-c1(2)°¢ - 3.289(8)
c1(2)-c1(2)®> - 3.758(8)
CI(2)-P . 3.134(5)

4 stimated standard deviations are given in parentheses for the
last significant figures,

bBoth atoms bonded to the same tungsten atom.

“Atoms lie opposite each other across - the short dimension of the
w4 rectangle. :
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DISCUSSION |

Earlier work on tﬁe tetrameric molybdenum clusters, Mo4C18(PR3)4,
had revealed that the syntheses of dimeriq M02014(PR3)4 comp]exes.could
be modified to produce tetramers (5). This was accomplished by lowering
the PR;:Mo reaction ratio to that which was needed for the production

of tetramers. With the recent isolation of'w2C14(PR3)4 compounds

4- . _ . -
Mo,Clg™ + 4 PRy — .M02C14(PR3)4 + 4 Cl

4 .
M02C18 + 2 PR3 —> 1/2 M04C18(PR3)4 + 4 Cl

by Sharp and Schrock (4), an obbo}iunify arose to apply this same
technique. to thé tungsten tetramer synthesis, The preparation'of
w2C14(PR3)4 was somewhat different from the molybdenum dimer synthesis
in that w2C14(PR3)4 was brepared by reduction of a W(I11) dimer while
' M02014(PR3)4 was prepared by 1igand substitﬁtion of a Mo(I1) dimer.

Even so, lowering the PR3:w reaction ratio produced the desired result.

| WZCIG(THF)4 + 4 PR, + 2 Na(Hg) ——49' w2014(PR3)4‘+ 2 NaCl

3
w2c16(TH'F)4 + g PRy + 2 Na(Hg) — ‘1/2 W4C18(PR3)4 + 2 NaCl

As. ekpected, the tungsten'tetramer exhibited the same structdra]
features already observed in the analogous molybdenum tetramer. The
short w-w-distances,ofu2.309(2)ﬂ are appropriate for metal-metal triple
bonds,-which_can range. from 2.25 - 2.30 R inIW(III)‘dimers (13).  Even
tﬁough the long W-W distances of 2.840(])ﬂ suggest rather weak single

bonding interactions between the metal atoms, they are certainly
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shorter than the known W-W single bond Tengthbof 3.222(1)R found for
(CSHS)ZWZ(CO)G (14). Other indications of an attractive force between
the triply bonded dimers‘includé the acute W-C1-W bridge angle of 72.3°
andAthe displacement of the tungsten atoms toward the plane of the four
bridging atoms as seen in Figure 1II-3. Like the molybdenum derivative,
the w4C18[P(n-C4H9)3]4 molecule contains sohé very short nonbonding
contacts between chlorine and phosphorus atoms (TabTe II1I-5), and these
seem also to be a result of the bondingAintgraction along the long edge
. of the rectangle. |
~Some interesting structural comparisons can be made between

W,C1g[P(n-CyHg),], and M04C18[P(C2H5)3]4 (Table I1I-6). The most
obvious are the differences in the metal-metal distances in.the two
éompounds. While the short metal-metal bond is lengthened in the
~ tungsten derivatjves, the Tong bond appears to have strengthened and is
shorter than in the molybdenum tetrémer.' These changes in metal-metal
bond distances are responsible for several other differeﬁces in bonding
and nonbonding contacts in the molecules. The shortening of the long
metal-metal bond causes the tungsten atoms to lie 1.42R from the plane
of the four bridging chlorine atoms and 1.70R from the plane of the
terminal ligands, while in M04C18[P(C2H5)3]4 these distances are 1.45%
and 1.73k, respectively (Figure 111-3). Narrowing of the M-Cl-

bridge angle from 74° in the molybdenum tetramer to 72° in the tungstenA
compound is also consiﬁtent with the shorter Eond between the metal

afg)3ls-
the same in both compounds, but the metal-terminal chlorine distances

atoms in W4C18[P(n-c The metal-bridging chlorine distances are
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Figure III-3. Distances (K) of tungsten atoms from least-squares
planes in w4C]8[P(n-C4H9)3]4. Angle between
Plane 1 and Plane 2 is 0.0°
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Table III-6. Comparisons of molecular dimensions of w4C18[P(n-C4H9)3]4

and M04C18[P(C2H5)3]4 Distances in angstrpms (R), angles
“in degrees (°) :

Type bond or angle o w4C18P4 Mo4C18P4

short M-M 2.309(2) 2.211(3)

“long M-M 2.840(1) = 2.901(2)

M-C1(bridge) ~ 2.396(5) 2.381(6) 2.373(5)
2.417(5)  2.417(6) 2.422(6)

M-C1(terminal) 2.400(5) ‘ 2.425(5) 2.421(6)

M-P | - | 2.530(5) 2.558(6) 2.556(7)

M-C1, - | | 72.3(1) 75.2(2)  73.7(2)

C1,-M-C1y | 102.8(2) ~100.5(2) 100.4(2)

M-M-M. o 89.93(3) ~ 90.6(1) - . 89.4(1)
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have decreased slightly from 2.42R in the molybdenum tetramer to 2.40R
in the tungsfen compound. The metal-phosphorus bond lengths have also
decreased slightly in fhe_fﬁngsten compound, - It is difficult to éay
~ whether these changés in metal-terminal Tigand bonds are significant
since the molecular symmetry- and a]ky]phosphfne ligands are different
in the two compounds. |

An examination of the nature of the bonding in these tetrameric
clusters provides one bossib]e explanation for the observed changes in
the metal-metal distances on--going from molybdenum to tungsten. As |
discussed earlier (5), the long metal-metal interactions may be
attributed to the o-type overlap of orbitals formerly involved in
S-type overlap in the quadruply bonded dimers. These orbitals then
have both ¢ and 6'character, the 6 acting along the short edge of thé
tetramer and the o along the long edge (Figure III-4). Because of the
contraction of the W-W long bond, the o bbnd is presumed to Be stronger
in the tungsten derivative. Likewise, a strong o participation
- necessarily decreases the electron density avai]aB]e for'é bonding, and
the short W-W distance is seen to increase slightly in the tungsten
tetramer. Apparently, for as yet unknown reasons, 8 bonding is not as
imporﬁqnt for tungsten tetrémers as it is for molybdenum: tetramers, and
thekefore, very little & bonding between tungstén atoms occurs in this
compound. This same behavior also manifests itself in.the metel-metal
bond distances of mp]ybdenum and fungsten'dimefs. Unbridged dimers are
known for both molybdenum and tungsten in +2 and +3 oxidation states

(13,15). On going from a Mo(IIl) dimer, which does not have electrons
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Figure 111-4. Metal orbitals involved in § and o bonding in
tetrameric clusters
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to populate the 6-b6nding orbitals, to Mo(II) dimers containing a §
bond, there is a notfceab]e contraction in the metal-metal distance from
“about 2.20R to 2.143"(16).- A]thoﬁgh.data are somewhat limited for the
tungsten case, a similar contraction is not evident. The bond distances
in unbridged W(III) dimers (13) average 2.29R and contract only
slightly to about 2.28R in unbridged w(iI) dimers with a 6 bond (17).
The inability of tungsten to form strong & bonds in. these dimers is
therefore consistent with the strongek o boﬁding along the long edge‘of
the tungsten tetramers.
| Since the bonding in w4C18[P(n-C4H9)3]4'is similar to that of the
molybdenum derivative, the uv-visible spectra should also be similar..
The specfrum of w4C18[P(n-C4H9)3]4 shown in Figure III—5~résemb1es tha;
of M04C18[P(n-C4H9)3]4 except. for the absence of -the prominent band at
435 nm. In fhe tungsten compound there are; however, shou]ders at
315 nm, 410 nm, aﬁd 465 nm,-one<of which may correspohd to the 435 band.
'The changes in the spectra on going}from mo]ybdenuh to tungsten suggest
that the 435 nm band of the mo]ybdenum derivative is due to transitions
from the long o-bonding orbitals since these are the orbitals most
berturbed by the structural changes, The complete lack Qf a strong,
§-8% ﬁransition at 500-600 nm lends support #o the existence of the long
W-W bond; and the possibility of independent quadruply bonded dimers is
thus discredited. A | }

fhe preparation of this tungsten tetramer was especig]]y valuable
in that it was shown that techniques used for molybdenum cluster

syntheses could be applied to other metals. It now seems possible that
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' Mo,Clg[P(n-CyHg) 31, Solution concentrations not-
determined
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tetramers containing still other metals might be prepared by similar
techniques. Much work remains to be done on the reactivity of these
clusters, especially in regard to pbssib1e catalytic activity, which

would involve feactions at the multiple metal-metal bond centérs.
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SECTION IV. STRUCTURE OF A TUNGSTEN DIMER WITH ‘A BOND ORDER
OF 3 1/2 ‘
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INTRODUCTION

Since 1964 when it waS'récognized that ReZCIS?' possessed a
quadruple Re-Re bond (1), the study of compounds with triple and quad-
ruple mefa]-meta] bonds has increased considerably until today
hundreds of such comp]ekes of Cr, Mo, W, Tc, Re and Os are known (2-4).

~These multiply bonded dimers have electronic.configurations of 02n46x6*¥
where x and y vary from 0 to 2 to give bond orders of 3 to 4 (3,5).
Noninteéra] bond orders of 3 1/2 resu]t for Re25+ and Tc25+ dimers

which have 02n4626*] configurations (3). Molybdenum also forms dimers
with metal-metal bond orders of 3 1/2, but in these cases,»the loss of

a § bonding e]éctron produces the half-filled orbital (2). With the
synthesis of the new dimer described here, tungsten can be added to the
list of metals which form metal-metal bonds of order 3 1/2.

While tungsten is known to form comp]exéé with quadrub]e metalﬁ
metal bonds, thesg'dimers have'not been well studieq. The unbridged
w24+ dimers characteristically have w-w bond distances which are longer

than expected (6), and some, such as W,Clg_, (CH3) , are thermally
Qnstab]e as well (7). ~Other types of tungsten dimers which do possess
shorter meta]-meta] bond lengths utilize ligands of the fype shown in
Figure IV-1 (8). An example is the anion of 2-methyl-6-hydroxypyridine
(mhp) where the bidentate bridging ligands in Nz(mhp)4 (Figgré iV-Z)A
broduce a dimer with a W-W distance of only 2.161(1)R (9). The
stabi]ity‘of these bridged dimers is due in part to the blocking group

y}which protects the compound from axial attack.
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B | x=O,NH'
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27 X ~z=HC,N
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mhp carboxylates

Figure IV-1. Ligand ring systems which produce short W-W bonds"
compared to carboxylates
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Since the electronic strucfure of these tbngsten dimers is pre-
sumed to be similar to that of quadruply bonded molybdenum dimers, the
existence of the new w2C12(mhp)3 dimer with a'02n461 configuration is
not surprising. Indeed, tungsten was previously known'to‘participate
in such a bonding scheme with molybdenum in the heteronuclear dimer
MoN(OZCR)4I (10). It is perhaps sfgnificant that the tungsten compound
was derived from the more stable type of bridged tungsten dimers.
Whether the unbridged dimers can also sustain a strong metal-metal bond
upon one electron oxidation remains to be seen,’

The w2C12(mhp)3 dimer promises to have an interesting redox '
chemistry. Cyclic voltammetry studies have shown that a reversible
one-electron reduction is possible, and oxidation to a triply bonded
species might also be feasible. The cis disposition of thé chlorine
atoms in w2C1_2(mhp)3 is intriguing since disp]écement of C1 by other
119ands might enable chemical reactions to occur at two‘meta1 sites

simultaneously. Such a situation has very desirable implications

for catalytic processes.
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EXPERIMENTAL

Materials

Handling of samples and solvents as well as the methods used for

elemental analyses were described earlier (11).
Physical MeaSurements

UV-visible and infrared spectra were obtained in the same manner
~as set forth earlier (11).

Electron paramagnetic resonance spectra were measured on a'
Bruker ER-220. X-band spectra (3800 G) were obtained at 25° for
powdered samples and refereﬁced agéinst a DPPH standard.

Cyclic voltammetry measurements were made usfng a PAR Model 175
Universal Programmer and a Model 173 Potentiostat/Galvanostat in
conjunction with a‘MOSeley Aufograph 2D-2 x-YArecorder. Voltages wefe
measured at a platinum disk electrode, and all reported values are in
reference to the saturated sodium chloride-calomel electrode (SSCE).
Voltammograms were obtained for dry. deaerated CH2C12 solutions which
had been made 0.2 M in the syppofting electrolyte, tetra-n-
buty]ammonium tetrafluoroborate.

" Conductivity measurements were made with a Léeds and Northrup
Model 4866-60 resistivity bridge connected ;o‘the po1ished platinum.
electrodes of the conductivity cell. Readings Qere obtained for aceto-
hitfi]e so]utioh§ of the dimer which were handled under a nitrogen

atmosphere at all times,
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Syntheses
W, (mhp),

This dimer was prepared according to pub]iéhed procedures, except

about 1/4 the amount of diglyme solvent waé used (9);

W,C1, (mhp)4+CH,CT,

A1613 (2.50 g, 18.7 mmol) was placed in a 100 mL flask under. a.
nitrogen atmosphere, énd 40 mL dig]yﬁe, which had been cooled to 0°C,
was slowly added, wz(mhp)4 (3.00 g, 3.75 mmol) was added to the
diglyme solution, and the mixture was stirred under nitrogen for 10
hours at 80°C. A rust-brown solid was fi]teredvfrom the reaction
mixture and washed with a few mL of cyc]oheiane. This crude product
- was eitracted in vacuo with mgthylené ch]oride to producé ofange-onQn
crystalline w2C12(mhp)é~CH2612'in 67% yiéId; Anal, Calcd. for
w2C12(C6H6N0)3-CH2C12: W, 43.37; C1, 8.36; C, 26.91; N, 4.96; H, 2.38.
Found: W, 43.33; C1, 8.76; C, 27.00; N, 4.96; H, 2.39, The_analysis
for chlorine includes only the chlorine contributed'by w2(mhp)3C12
since the CH2012 solvate was not retained when the sample was decom-
posed for ha]ide analysis.

A The oxidation state of tungsten in this compound was determined as
follows: A so]utfqn 0.05 M in (NH4)Fe(SO4)2 and 1,0 M in‘H2564'was
degassed, and the WZCIZ(mhp)3-CHZC12 was édded under A qitrogen
atmosphere, The so]ution_was‘warmed to about 80°C for 45 minutes,

- which resulted in oxidation of all tungsten to W(VI), and the Fe(II)
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formed was titrated with standard Ce(IV) solution. The net oxidation.

state for tungsten was found to be 2.55 + 0.10.
X-ray Structure Determination

Collection and reduction of x-ray data

A crystal of dimensions 0.24 x 0.26 x 0.11 mm was obtained:from the
preparative reaction, and this was mounted under nitrogen in a glass
capillary for the'structure determination. ‘Datavwere collected using
~an automatic 4-circle diffractometer designed at Ames Laboratory (12).
Initiq] w-oscillation photographs at variouﬁ}va]ues‘of'chi and phi were
used to input 12 reflections into an automatic indexing program,:

ALICE (13). The indexing indicated orthorhombic symmetry and gave
lattice parameters which were confirmed by w-oscillation photographs

~ about each axis. E]even intense, high angle ref]eétions were measured
on thé previous]yvaligned diffractometer,'and thésé were used in a
least squares refinement to aﬁcurate]y determine the iattice constants
at 25°C: a = 13.150(6), b = 21.24(1), c =8.738(4), V = 2,440(2).

Mo Ka radiation was used, A = 0.71002R. Flotation density measurements
provided a vaTue of z = 4. o |

Data were collected to 26 = 50°, Four standard reflections whiéh
were monifored after every 75 measurements shqwed negligible decay, and
no correctioﬁ of the data was needed, Many fef]ect{oné were found to
be quite broad, so a scan half width of 0.8? Q was used for data
collection fo,insure tﬁe whole peak was meaéured. 0f the 9,802

'reflections collected over four octants (hk2, hki, hkZ, hkZ), 1,922
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were considered unobserved (I < 361),‘and‘afterAaveraging, 2122 unique
reflections were used in the refinement. The data were corrected for
Lorentz-polarization effects, and an absorption correction was made

(u = 103.9 cm’]). Systematic extinctions in the data set for h0O,

h = 2n+l; 0kO, k = 2n+1; 002, R = 2n+1 defined the space group as

Structure solution and refinement

‘A Patterson function was used to locate the positions of two unique
tungsteﬁ atoms in the unit cell, The light atom positions were located
from electron density maps obtained through successive leaét—squares
refinements. The minimizing function was Z'w(1F0|-|Fc[)2 where
W= l/gg. The scattering factors were those of Hanson g&ugl; (14) modi-
fied fdr the real and imaginary parts qf anomalous dispersion (15).

A1l atoms were refinéd anisotropical]y except the CH2C12 solvate
whose large isotropic temperature factors were probably due to
librational motion of the occluded molecule. Refinement on the atom
multipiiers for these solvate molecules showed the site to be fully .
occupiéd. A fina]vdifferénce map produced areas of 3e'/ﬂ3 at the
sites of the tungsten atoms, but no other significantAfeatukes were
found. The dis;repaﬁcy factors were R = 0.066 and Ry = Q.OQQ.
_Inversion of the atom coordinates from (x,y,z) to (X,y,z) gave dis-
crepancy fgctors of R = 0,058 and R, = 0.080. Final full-matrix

refinement did not change these values.
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Positional and thermal parameters are given in Tables IV-1 and 2,
and an ORTEP drawing of the molecule is shown in Figure IV-3,

'Distances and angles are listed in Table IV-3,
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Table IV-1. Positional parameters (x104) for w2C12(mhp)3-CH2012a

last significant digits.

3stimated standard deviations are

: 743(16)

Atom X y -z
W(1) 8717.6(7) 8839.,2(5) 7692(1)
W(2) ' 244.3(8) 8423.5(4) 7341(1)
C1(1) 7619(6) 8083(4) 8807(8)
c1(2) 162(7) 7374(3) 8237(8)
0(1) 8240(16) ' 8597(9) 5542(20)
N(T) 9776(18) 8138(11) 5080(25)
c(11) 8798(20) 8295(13) 14591(29)
c(12) 9463(26) 8120(13) 3112(35)
C(13) 9177(24) 7814(13) 2193(32)

c(14) 170(20) 7684(15) ' 2633(34)
c(15) 453(22) 7857(13) 4093(32)
c(16) 1497(23) 7739(16) 4664(31)
0(2) 9084(14) 9193(10) 9812(20)
N(2) 706(16) 8795(10) 9496(23)
c(21) 9986 (22) 9099(13) - 377(31)
c(22) 257(25) 9336(16) 1858(30)
c(23) 1186(26) 9214(15) . 2386(41)
c(24) 1927(21) 9907(12) 1529(37)
c(25) 1662(21) 8704(13) - 130(28)
c(26) 2435(21) . 8387(14) 9076(38)
0(3) 834(14) 9209(11) 6388(23)
N(3) 9258(22). 9722(10) 6775(28)
c(31) 272(21) 9714(13) 6243(25) -
€(32) 625(25) 276(14) 5549(38)
€(33) ©00(32) 785(16) 5389(52)
C(34) 18968(31)

587}(38)

given in parentheses for the
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Atom X y z

C(35) 8691(25) 212(15) 6599(38)
c(36) 7579(22) 117(14) 7301(49)
c(1) 4550(49)  8794(29) 4721(82)
C1(3) 5581(17) 8977(11) 5740(29)
C1(4) 3505(16) 9220(10) 5113(25)
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a.b

Table IV-2. Thermal parameters (x10%) for W,C1,(mhp)4+CH,CT,

Atom By B2 B33 B2 Bz By
W(1) 41.6(6) -21.1(2)  97(1) 2.5(3)  -2.0(8)  -2.9(5)
W(2) . 43.5(6)  20.0(2) 90(1)  4.3(3) -5.0(9)  -3.9(5)
ci(1) 59(5) 31(2) 126(10) -10(3) 7(6) 6(4)
c1(2)  95(6) 21(2)  130(10) 3(3)  -4(7)  10(3)

- 0(1) 79(14)  31(6) 83(23) 3(8)  -28(17)  -4(9)
N(1) #1(12)  27(6)  120(32)  -3(8)  -27(19)  -4(11)
c(11)  39(15)  26(7)  107(35) 8(9) 12(21)  15(14)
c(12)  99(27)  18(6)  146(45)  -5(10) 5(30)  -2(14)
C(13) ° 79(21)  28(7)  105(39)  -20(10)  -6(26)  -19(15)

Cc(14) - 41(14)  41(9) - 113(39)  -3(10)  -23(26)  14(17)
©c(15)  60(20)  23(7)  123(39) 9(10)  25(24)  -17(18)
c(16)  65(22)  42(11)  85(36)  23(12)  20(23)  -1(16)

0(2) s52(12)  33(6)  82(24)-  6(7) 8(14)  -6(10)
N(2) 61(14)  16(4) ~  91(28) 1(7) -3(17)  6(10)
c(21) 71(24) 25(7) 88(35)  2(10) 25(23) 6(13)
c(22)  75(21)  35(8) 91(36)  -7(13)  -39(25)  -2(15)
c(23)  92(25)  30(8)  171(52) 6(12)  18(39)  -3(19)
c(2a)  51(17)  18(6)  205(50)  -10(9)  -42(25)  -7(15)
c(25)  52(16)  23(7) - 79(31)  -8(9) -8(20)  -3(12)
c(26) 46(17)  27(8) 203(52)  -15(10) 20(26)  -24(18)
0(3) - 44(11)  38(6) 136(30)  -9(7)  -22(16) 0(12)
N(3)  106(21)  15(5)  135(35) 2(9)  14(24) - -6(11)

%Estimated standard deviations are given in parentheses for the
last significant digits. . :

b , - -
Bij are defined by T = exp[-(h Brs + K2Bon + 2%Ban + 2hKB+, +
2haB, 5 + 2k2823)]. 1. 22 33 12 7.
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C1(4)

Atom By B22 B33 B12 B13 B23
C(31)  s54(16) . 26(7)  53(28)  10(10)  -11(21)  -4(11)
C(32)  77(22)  23(7)  161(48)  -12(11)  -24(29)  -5(16)
C(33)  120(39)  22(8)  277(80)  -19(15)  -12(46)  27(21)
C(34)  1I7(31)  26(8)  142(49)  10(14)  4(33)  8(17)
C(35)  75(23)  29(9)  157(49)  6(12)  -23(29)  26(18)
c(36)  50(17)  27(8)  29(74)  6(9) -3(36)  7(23)
c1)  11.7(18)
C1(3)  15.4(7)

13.8(6)

.-CIsotrbpic temperature factors, B,

are given in Rz.
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Figure III-3. Structure of the w2C12(mhp)3 molecule with numbering
scheme for atoms shown. Atoms are represented by
thermal ellipsoids scaled to 50% of the electron
density



128
Bond distances (R) and angles (°) for w2C12(mhp)3-CH2C12

Distances

Table IV-3.
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RESULTS -

Syntheses and Chéracterizations

Previous work (16) has deécribed methods by which halides may be
substituted for acetate groups in Mo,(0,CCH;),. These methods can be
used to prepare trialkylphosphine derivatives of quadruply bonded

molybdenum dimers as shown by the equatioh

' .+ 4 A1C12(02CCH4)

~Since NZ(OZCR)4vcompounds have not yet been isolated, app]icatiqn of
this type of synthesis to tungsten compounds is not possible. There
does exist, however, a class of compounds with ligands similar to
acetates in both electronic structure and chelating geometfy which are
§hown in Figure IV-1. Extension of the‘ﬁh]orine substitution reacfion;
to theseAcompounds.seehed an ideal method for the direcf'preparation of
w2C]4(PR3)4 dimers. Unfortunately, reaction of wz(mhp)4 with A1C1, in
the presence of trialkylphosphine did not produce the desired complex.
Instead; a product containing no trialkylphosphine was isolated.
Subsequent syntheses omitted the phosphiné from the reaction, and the

compoundAfina11y obtained was found to be a new dimer, w2C12(mhp)3.
w-z(mhp)4 +5 A1C13 — w2012(mhp)3 +?

No products other than the tungsten dimer were characterized.
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The crysta]]ine product is moderately air sensitive, darkening
after a few minutes exposure to - the Taboratory atmosphere.l This is in’
- contrast to the wz(mhp)4 dimer which is nearly air stable (9).
Solutions of WZC]Z(mhp)3 in tetrahydrofuran, acetonitrile, or methylene
chloride are even more air sensitive.

1

Except for an extra band at 321 c¢m ', the infrared spectrum of

] -

w2C12(mhp)3 is quite similar to wz(mhp)4 (Table IV-4). The 321 em”
band must arise from one of the two W-C1 stretching vibrations which
are IR active, and the strong band 289 cm"] suggests the other may lie
in this region. ’

The ekfreme]y low conductivity of acetonitrile solutions
(Am n 2 ohm™) en? mo1es"]) showed that w2C12(mhp)3 was not an ionic
compound, Therefore, the molecular formula requires that WZCTZ(mhp)3 .
be paramagnetic. Although no magnetic susceptibility data have been
obtained tb date. the EPR speétrum of the powdered solid did present a
strong'bahd with g = 1.842. The signal was a feature1e§§ band_abouf
800 G wide, which was only slightly asyhmetric. '

Cyc]ic voltammoyrams have been obtained for w2c12(mhp)3 in
| methy]éne Ch10rfde. A duasi-reversib]e reductipn occurs at
| > 60 mv, i_ /

<" pia p,c/'p.a
presumably involves addition of an electron to the half-filled § bonding

Byj2 = =0.7 V vs. SSCE (E, = 1). This wave
orbital of the dimer. Slow voltage sweep rates have shown that.the
reduced species is stable for at least 90 sec. Additionally, an

irreversible oxidation occurs at Epa = +0.3 V,
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1

Table IV-4. Infrared spectra (cm']) of tungsten dimers 200 cm ' to

400 cm”! (s = strong, m = medium, w = weak)

W,C1,(mhp) 5+CH,C1, | Wy (mhp) 4
400 (m) . ‘ 403 (m)
386 (m) | ) 388 (m)
321 (s) o 280 (m)

289 (s) 240 (w)
230 (w) |
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Crystal Structure

The structure of w2c12(mhp)3; shown in Figure IV-3, is like that
of wz(mhp)4 (9) (Figure IV-2) except that one of the bridgingl1igands
. has been replaced by two chlorine atoms, The disposition of the

rémaining three bidentate 1igands'is such that the methyl groups of

two mhp 1igands'are located off one end of the molecule and the third
is held over the opposite end, just as in the parent combound.

Although no symmetry is imposed upbn the molecule by its crystallo-
’graphic site, the compound has virtual CS symmetry. Solvate methy1ene
chloride molecules are trapped in pockets between the dimers and do not
interact with them,

Bond distances and aﬁg]es (Table IV-3) 1in the ]igand rings are
comparable to those found for w2(mhp)4A(9). The two W-C1 bond
distances are within one standard deviaiion of each‘other at 2.378. A
strong metal-metal boﬁd is present in this molecule as shown by the

W-W bond distance at 2'2]4(2)K',
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DISCUSSION

| There are two points of ihterest concerning the synthesis of
WZC12(mhp)3. The first is that while A1C14 reacts very rapidly with
M02(02C0H3)4 to give chloride substituted Mo(Ii) dimers, complete
replacement of mhp ligands is not achieved for the tungsten dimer. The
inert substitution behaVior of the compound gives an indication of the
affinity of the mhp ligands for the dimeric metal unit. In fact, the
only known.reactions which accompliish complete replacement of mhp-type
| ligands always result in oxidation of the tungsten dimer as well (17,18).
The suﬁstitution of one bridging 1fgand owaz(mhp)4 by two chlorine
atoms is also accompanied by oxidatijon. The second noteworthy aspect’.
of the synthesis is thét the nature pf the oxidizing agent is unknown.
Sincé all §ynthese§ havévproduced yields greater than 50%,:it seems
unlikely that a contaminant in the reagents.could“be at fault. A moke’
likely oxidanf is a chlorinated hydrocarboh species which may form When
A1C13'attacks the ether solvent (19). Nevertheless, the reproducibility
of the preparatioﬁ has been well established, and further investigation
into this question has not been deemed essential at this time. |

Proof that WZC'lz(lhhp)3 indeed possessed fhe w25+.unit'was of prime
importance, The oxidation_state determination as well as the non-
ionic nature of the compound both agree with'thié assessment. In
addition,. the apparent paramagnetism'as revealed by the.EPR measurements
2 4,1

is consistent with a o°n “configuration. Even further evidence is

available through cbmparisop of the metal-metal bond length with similar



134

compounds. Loss of one bonding electron from the & bpnding orbital
should result in some increase in the W-W distance. This is actually
the case as Wy(mhp), has a 2.161(1)R U-W separation (9), while in

WZCIZ(mhp)3 this has expanded to 2.214(2)R. In the related isoelectronic

5+

Mo(SO4)44”3"dimers, the Mo,”" separation is about 0.054% longer than

4+ species (20), which compares well with the 0.053% increase

2,450

in the Mo2
seen here. Tungsten(III) dimers with a ¢ configuration would be
expected to have an even larger metal-metal separation. and although
strict comparisons are difficult because known dimers with this electron
configuration do not have mhp-tybe ligands, thevmetalfmetal distances |
are longer at 2.25 - 2,30R (3).

The structural features of the 11gand ring systems are bas1ca11y
the same as’seen in the wz(mhp)4 compound, ‘Thg question of which
tautomeric.form the anionicAmhp ligand prefers in'these compounds has
been_éddressed previous]y by Cotton et al. (9). Of the two féutomeric
forms shown in Figure IV-4,‘it waé concluded from the bond distance .
data that an average of both types best described.the 1ligand charge 
distribution in wz(mhp)4. Sfmi]ar conclusions can be drawn from-
~ analysis of the structural data of W,C1,(mhp);. Unlike W,(mhp),,
however, w2C12(mhp)3 has the added possibiiity of charge separation in

3* w2t dimer.

the mo]ecu]e since the w25+ unit can be considered as aW
' Studigs‘of M02(SO4)43' (62n461) and Te,Clg 3- (02 452 *1)<have shown

that the odd electron resides equally oh’both meta]s, and W,C1,(mhp)
is expectéd to behave sfmilariy. Howevef, any tendency of the 1igands

;o prefer one tautomer over the other would also induce charge
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Figure IV-4. Anions of the tautomers of 2-hydroxy-6-methylpyridine
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separation in the w25+ dimer. None of the bond distances suggest that
any significant'charge separation occurs, although it is possible that
a partial transfer of charge may not caUSe observable structural |
changes. |

- The differences between the electronic structures of w2C12(mhp)3
and wz(mhp)4 are evident from a comparison of the uv-visible spectra of
the two compoundé in Figuhe IV-5. No‘band assignments. have been made'
for either‘w2C12(mhp)3 or wz(mhp)4, and considering the difficulties
encountered with the electronically similar metal carboxy]ates (2), it
would be pointless to attempt band assignmentsdwith the Timited data
avai]able here. | | _ "

There are many features of this dimer that warnant further study.
Electrochemical measurements indicate w2C1é(mhp)3 mfght serve as a redox
center where coordinated species could react without destroying'the -
strong metal-metal bond Th1s robust dimer may, therefore, prove to be
well-suited for catalyzing reactions at the metal sites. For this to
occur, the ch]or1ne.atoms must first be disp]aced in order for the
reactants to coordinate tovthe tungsten atoms' Subst1tut1on of -H -OR,
and -R groups for ch]orIne would provide the types of compounds known to
engage in reductive elimination and insertion reactions (21-23) which
are common in catalytic cycles. Additionally, chemical heduction of
NAC]Z(mhp)3, or substitution of ch]orine by a neutra1‘1igandtmay nrovide
compounds which exh1b1t unusua] react1v1ty Another 1nterest1ng aspect
of this dimer is the cis d1spos1t1on of the nonmhp 1lgands on each

tungsten. Mo]ecu]es coord1nated to the metal atoms in p]ace of the
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chlorine atoms would be held in close proximity to each other. . Thus,
reactions between adjacent groups should be faci1itated. A1l these
characteristics will make W C]z(mhp)3 an interesting subject for further

investigations,
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SUMMARY

The original goal of this project was to prepare a reactive
quadruply bonded molybdenum dimer. This was accomplished with the
synthesi; of M02C]4[P(CGH5)3]2(CH3OH)2, which by»se]f-addition across the
multiple metal-metal bond, produced a new type of tetrameric cluster.
.Exploitation of the saﬁe'synthetic principles with another quadruply
bonded dimer yielded the isostructural tungsten tetramer, thus showing
that these preparative techniques should be applicable to syntheses of
tetramers containing other metals or even the preparation of larger
clusters. .

The reaction of M02C14[P(C6H5)3]2(CH30H)2 to produce a new tetra-
meric cluster was apparently due fo the lability of its weakly boynd
neutral.jigands. A number of the M04C]8L4 clusters were'prepared.and
characterized. More importantly, new methods were found for the
syntheses of the tetrameric molybdenum clusters enabling Mo4X8(PR3)4,
X =Cl, Br, I, compounds to be easily prepared. A bonding scheme for
these c]usters was presented which accounts for the known structural
and eleclronic properties, |

The methods of the molybdenum cluster syntheses wére applied to
tungsten dimers with the expectation that tungsten tetramérs could also
be prépared. Such a tetrameric cluster compound was indeed iso]ated;
Structural‘differences between 'w4-C]8(PRé)4 and M°4C13(PB3)4 were
compared and rationalized in terms of the known behavior in dimeric

species.



142

An unsuccessful attempt to prepare the tetrameric tungsten cluster
by another route nevertheless 1ed to the preparation of a new and
interesting tungsten dimer with a metal-metal bond order of 3.5. The
structural and e]ectfonic features of this. compound were studied, and

suggestions were made for future work.
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