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Oxidation of Diamagnetic Octa-p;-chloro-octahedro-hexamolybdenum-
(n) and -tungsten(it) Clusters to Paramagnetic Dodeca-p.,-chloro-octa-
hedro-hexamolybdenum(3-+) and -tungsten(ii) Clusters

By David L. Kepert,” Ross E. Marshall, and Donald Taylor, Department of Physical and Inorganic Chemistry,
University of Western Australia, Nedlands 6009, Western Australia

Oxidation of tungsten dichloride, [WgClg]lCly, with octachlorocyclopentene at 270 °C yields tungsten trichloride,
[WgCl,1Clg.  This complex is paramagnetic, containing two unpaired electrons.  Similar oxidation of molybdenum
dichloride, {MogClg]Cl,. vields [MogCly,]Cls in which the average oxidation state of molybdenum is +2-5. The

salt (EtyN)3[(MogCly,) Clg] is also readily obtained.

OCTAHEDRAL M, clusters of metal atoms occur in the
halogeno-complexes [M¢Xg]#*, in which one halogen atom
X is situated above each of the eight octahedral faces,
and in [MgX,,]#*, in which one halogen atom is situated
above each of the twelve octahedral edges.! The
[MgXgl®t clusters contain a relatively large number of
electrons available for metal-metal bonding, and rela-
tively short metal-metal bond lengths. For example
metal-metal distances of 2:62 A are found in [MoClg]**
clusters in which there are 24 electrons available for
metal-metal bonding.? The strength of the metal-
metal bonding in these clusters appears relatively
insensitive to the metal atom (Mo or W), to the number
of electrons available for metal-metal bonding, and to
the nature of the ligand (L) in [(MgXg)(L)e]°* complexes.?
Known [M¢X,,]#* clusters contain fewer electrons avail-
able for metal-metal bonding, e.g. 14, 15, and 16 elec-

1 D. L. Kepert, ‘ The Early Transition Metals,” Academic
Press, London, 1972.

2 P. C. Healy, D. L. Kepert, D. Taylor, and A. H. White,
J.C.S. Dalton, 1973, 646 and references therein.

trons in [NbgCly,]4+, [NbgCl;,]%*, and [NbgCly,]2* respec-
tively. These complexes have relatively long metal-
metal distances which depend on both the metal atom
and the number of electrons available for bonding (e.g.
291 A in [NbgCl,,]2*, 3-02 A in [NbeCly,]4*, and 2-96 A in
[TagCly,]4%),3 and moreover the metal-metal bonding is
sensitive to the nature of the ligand in [(MgX,,)(L)el**
complexes.?

The nature of the metal-metal bonding in these
clusters has been considered in some detail ® although
the ordering of the molecular orbitals has not yet been
unambiguously determined. An important prediction
from these theories % is that the next most stable mole-
cular orbital over the 16-electron configuration of the
cluster [NbgCl,]%* is triply degenerate, suggesting
that it may be possible to prepare paramagnetic

3 R. A. Field, D. L. Kepert, B. W. Robinson, and A. H. White,
J.C.S. Dalton, 1973, 1858, and references therein.

4 R. A. Field, D. L Kepert, and D. Taylor, Inorg. Chim. Acta,
1970, 4, 113.

5 F. A. Cotton and T. E. Haas, Inorg. Chem., 1964, 8, 10;
D. J. Robbins and A. J. Thomson, J.C.S. Daltor, 1972, 2350.
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clusters containing more than one unpaired electron.
A preliminary note® has reported the preparation of
the ion [W¢Cl;,18+ from [W,Clg}** and liquid chlorine at
100 °C.

RESULTS

A new synthesis of tungsten trichloride, [W,Cl,]Clg, from
tungsten dichloride, [W4Clg]Cl,, has been devised using
refluxing octachlorocyclopentene as an oxidising and chlorin-
ating agent.?” This technique avoids the necessity of heat-
ing liquid chlorine to 100 °C. Every line on a Guinier X-ray
powder photograph was indexed on a rhombohedral hexa-
gonal unit cell (Table 1) [a = 14-916(5), ¢ = 8-454(2) A,

TasLe 1
X-Ray powder data for tungsten trichloride

104 sin® 0 10%4sin2 6

r k1 Obs. Calc. [ Obs. Calc.
11 0 1065 1067 3 4 2 16469 16477
1 0 1 1185 1186 3 3 3 1707-2
0 02 1 2245 2252 4 4 0} 1706-9 1706-7}
2 1 1 3306 3319 4 0 4 18956 18973
01 2 3670 3676 6 2 1 19281 19320
2 2 0 4249 4267 3 2 4 20053 20039
2 0 2 4752 4743 6 0 3} 5 0241 2027-2}
1 3 1 5430 5453 7 1 of 202 20267
1 2 2 5797 5810 1 2 5 .. 23245
4 0 1 6496 6519 2 4 4}232"'2 2324-0}
prg e b b Dam H

" - )
31 2 7920 7943 2 7 1 24649 24653
1 1 3 %340 853-9 3 1 5 25387 23378
3 3 0 9588 960:0 0 4 B oasr. 2 644-5
5 3 9 10071 10077 4 3 4f 26414 Sgagof
2 4 1 10755 10786 8 1 1 26763 26786
2 2 3 11741 11730 2 3 5 27503 27512
5 1 1 11is33 11853 9 0 0 28740 28801
5 0 2 12260 12210 0 0 6 2 988§
4 2 2 13268 13277 6 3 3}2985-1 2987-3
1 0 4 13644 13639 8 2 0 29867
4 3 1 193973 13986 4 2 5 30712
1 5 2 14326 14343 7 0 4530729 30706
0 2 4 14710 14706 3 5 4 20706
4 1 3 14925 14939

which is in excellent agreement with that obtained by
Siepmann et al. (@ = 14-91, ¢ = 8-45 A).9 Similar reaction
of molybdenum dichloride with octachlorocyclopentene
yielded [MogCly,]Cl;, from which the salt (Et,N);[(MogCly,)-
Clg] could readily be obtained. In these complexes the
average oxidation state of molybdenum is +2-5. It is
generally observed that oxidation of molybdenum com-
pounds leads to lower oxidation states compared with the
oxidation of analogous tungsten compounds.! This
[Mo4Cly,]3* cluster is readily reduced to [MogClgJ4*.

DISCUSSION

Removal of electrons involved in metal-metal bonding
on oxidation of the cluster [MgClg]** (M = Mo or W;
24 electrons available for metal-metal bonding) leads to
formation of [MCl,}** (M = Mo, x# = 3, 21 electrons
available for metal-metal bonding; M =W, x = 6, 18
electrons available for metal-metal bonding). This

8 R. Siepmann, H.-G. v. Schnering, and H. Schéfer, Angew.
Chem. Inteynat. Edn., 1967, 6, 637.

7 A. F. Bardawil, ¥. N. Collier, and S. Y. Tyree, J. Less-
common Metals, 1965, 9, 20.
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change in structure is characteristic of weakening of the

metal-metal bonding (see Introduction section).
Room-temperature effective magnetic moments of

[MogClyplCly and  (EtyN)3[(MogCli,)Clgl are 1-11 and

TABLE 2
Magnetic data
‘W,Cl,,|Cl

) [WiCalCle . (Et,N),[(MogCl,,)Cly)

T 108 yy et T 108yy et

K c.g.s.u. B.M. K c.g.s.u. B.M.
308-4 387 1-41 300-0 -172 117
2939 394 1-38 294-8 —137 1-20
265-8 407 1-32 269-7 —106 1-17
237-6 415 1-26 239-8 —34 1-17
225-3 416 1-22 219-8 34 1:17
220-7 418 1-21 199-6 131 118
217-6 418 1-20 179-4 206 1-17
2144 416 1-19 162-8 275 1-15
2017 414 1-16 139-3 461 1-16
186-2 409 1-11 119-6 599 1-13
165-3 392 1-03 100-0 756 1-10
142-4 358 0-94 83-5 1090 1-11
110-2 286 0-79

3-9 222 0-65

1:17 B.M. respectively. The latter is approximately
independent of temperature (Table 2), and is consistent
with the presence of one unpaired electron per cluster.
These figures increase to 1-:31 and 1-36 B.M. respectively
if an arbitrary value of 200 c.g.s. units is added to 108y
to correct for the diamagnetism of the Mog core. Tung-
sten trichloride exhibits antiferromagnetic behaviour
with a Néel temperature of ca. 218 K (Table 2). The
effective magnetic moment per WgClyg falls from 1-41
B.M. at 308 K to 0-65 B.M. at 84 K. These figures in-
crease to 1-57 and 0-75 B.M. respectively if an arbitrary
value of 200 c.g.s. units is added to 108yy to correct for
the diamagnetism of the Wy core. This antiferro-
magnetic behaviour appears qualitatively consistent
with an intramolecular spin-spin interaction between
the expected ® two unpaired electrons accommodated in
either the fy(dsy) or the fy(ds., dy.) molecular orbitals,
the latter being split by spin-orbit coupling.

The metal-chlorine modes observed in the ir. spec-
trum (>250 cm™) of the cluster [NbgCl;,]** (350 and 300
cm™) are shifted on reduction to [NbgCl;,]3* (340 and
290 cm™) and [NbgCly,]** (330 and 280 cm™),® which can
be attributed to weaker metal-chlorine bonding resulting
from stronger metal-metal bonding,»3 and/or to reduc-
tion of the positive charge on the cluster. These bands
appear at 320 and 255 cm™ in [MogCl,]?*, indicating
that the increase in metal-metal bonding resulting from
the extra electrons in the molybdenum complex com-
pared with [NbgCl,]3* is greater than the decrease in
metal-metal bonding for transition metals towards the
right-hand side of the Periodic Table.l.® Tungsten—
chlorine vibrations at 351 and 325 cm™ in the cluster
[WeCl;,]6% can be attributed to decreased metal-metal

8 P. B. Fleming, J. L. Meyer, W. K. Grindstaff, and R. E.
McCarley, Inorg. Chem., 1970, 9, 1769.

? D. L. Kepert and R. Mandyczewsky, Inorg. Chem., 1968,
7, 2091.
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bonding compared with [MogCl,,®* due to the loss of
electrons, but more probably to the large increase in
positive charge on the cluster.

The visible spectrum of the complex [W¢Cly,]Clg in
dimethylformamide showed major absorbances at 27 500
and ca. 12 500 cm™ with a long tail stretching to the i.r.
region. In view of the difficulty of assigning bands in
cluster complexes, the origin of these peaks remains
unknown. The spectrum of the ion [(MogCl,)Clg]3™ is
featureless except for the edge of a c.t. band above
22 000 cm™,

EXPERIMENTAL

Tungsten Trichloride.—Tungsten dichloride (2:0 g) and
octachlorocyclopentene (9-0 g, recrystallised from ethanol
<35 °C) were heated at 270 °C for 6 h in an evacuated
sealed tube. The organic material was distilled in the
sealed tube at 270 °C for 3 h into a liquid-air trap, leaving
the air-stable, black-brown product (Found: C, 35-0; W,
61-2; CI/W = 2-97. Calc. for CI;W: CI, 36-6; W, 63-4%,).
The far i.r. spectrum (500—250 cm™) showed strong absorp-
tion maxima at 351 and 325 cm™.

Pentadecachlovohexamolybdenum.—Molybdenum dichloride
and octachlorocyclopentene were treated in the same
manner as for the preparation of tungsten trichloride from
tungsten dichloride (Found: Cl, 47-5; Mo, 52-0. Calc. for
Cl;sMog: Cl, 48-0; Mo, 52:0%). Satisfactory products
(Cl/Mo = 2-45—2-50) were obtained if the heating was
carried out within the range 230—270°C. At higher
temperatures, the product contained small amounts of
carbon (Found: C, 1-5; H, 0-0; Cl, 47-2; Mo, 51-39%).
The freshly prepared solid was amorphous to X-rays. The
complex slowly decomposed in moist air to give a product
identified by its X-ray powder pattern as (H;O0),[(MogClg)-
Cls],6H,0. In contrast to MoyCl;,, Mo,Cl,y slowly liberates
iodine from aqueous iodide solution. The far i.r. spectrum
showed absorption maxima at 375, 340, 320, and 255 cm™.

Tris(tetraethylammonium)  Octadecachlovohexamolybdate.
—Mo,Cl;; (0-3 g) was dissolved in dry, oxygen-free, ethanol
(10 cm?®) saturated with chlorine. Tetraethylammonium
chloride [0:3 g, in ethanol-light petroleum (1:3)] was
added, and the immediate precipitate filtered off, pumped
dry, and stored in wvacuo (Found: C, 17-6; H, 3-5; Cl,
39-5; Mo, 36-8. Calc. for C,HgCligMogNy: C, 18:0;
H, 3-8; Cl, 39-8; Mo, 35-99%,). The far ir. spectrum
(>255 cm™) showed a single strong band at 320 cm,
which is distinctly different to the 325 cn™ absorption found
in (Et,N),[(MogCls)Clg]. The X-ray powder pattern of the
salt (Et,N),[(MogCl,)Cl;] showed no evidence for any
(Et,N),[(MogClg)Cl;] (Table 3), which is readily prepared
from Et,NCl and [MosCl]Cl, under the same conditions
used to prepare (Et,N),[(Mo4Cl;,)Clg]. The electrical con-
ductivity of the salt (Et,N),[(MogCl;,)Clg] in dry aceto-
nitrile at 1-56 x 10™M was 359 Q' cm? mol™, compared
with that of (Et,N),[(MosCls)Clg] at 1-11 x 1073m of 237
Q1 cm? mol™}, confirming that these complexes are 3 : 1 and
2:1 electrolytes respectively.’® The magnetic suscepti-

10 W. J. Geary, Co-ordination Chem. Rev., 1971, 7, 81.

11 International Tables for X-Ray Crystallography,” Kynoch
Press, Birmingham, 1962, vol. III, p. 59.

12 C. P. Kempter and R. O. Elliott, J. Chem. Phys., 1959, 30,
1524.
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bility of the salt (Et,N);[(Mo,Cl;,)Clg] as a function of
temperature is given in Table 2; corresponding values for
(EtyN),[(MogClg)Clg] at 298 and 85 K were 108y = —370
and — 340 c.g.s. units respectively.

TaBLE 3

X-Ray powder data (10% sin? §) for the salts
(EtN)g[(MogCly2)Cle] and (EtyN),[(MogCl)Clg]

(EtyN)o[(Mo,Clg)Cle]  (EtyN)3[(M0gClyg)Clg]

44-76
53-58
56-25
77-44
89-68
104-0
120-3
122-5
138-1
153-0
165-6
193-8
2187
2319
258-9
307-6
3534
396-0
461-8
522-4
5607
625-5
647-7
703:3
742-0
753-0
857-9
894-0
907-2
1 040-7
1076-4
1 145-1
11696
12380
12759
1 296-0
15132
1 56870

A Phillips Debye-Scherrer camera, 114-8 mm in diameter,
was used to obtain X-ray powder photographs, using nickel-
filtered copper K, radiation. The X-ray powder photograph
of tungsten trichloride was obtained with a Higg-Guiner
camera with monochromatic copper radiation [A(Kg;) =
1-5406 A] 11 and calibrated using thoria as internal
standard.’? Molybdenum, tungsten, and chlorine were
determined by standard methods after decomposition of
the given complex with concentrated sulphuric or nitric
acid. Carbon, hydrogen, and nitrogen were determined by
C.S.I.R.O. Microanalytical Services, Melbourne. Magnetic
susceptibilities were measured by the Faraday method using
a Teflon bucket calibrated with high-purity silver shot.?
Standard diamagnetic corrections * were used, but no
correction was applied for metal-core diamagnetism or
temperature-independent paramagnetism unless otherwise
stated. I.r. spectra were measured as Nujol mulls between

13 M. Garber, W. G. Henry, and H. G. Hoeve, Canad. J. Phys.,
1960, 38, 1595.

14 B. N. Figgis and J. Lewis, * Modern Co-ordination Chemis-
try,” eds. J. Lewis and R. G. Wilkins, Interscience, New York,
1960, p. 400.
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Polythene plates using a Perkin-Elmer 521 spectrophoto- ‘We thank the Australian Research Grants Committee and
meter which was flushed continuously with dry air. Water Imperial Chemical Industries of Australia and New Zealand
vapour was used to calibrate the instrument below 450 Ltd. for support.

cm™.35  Conductivities were measured in dry oxygen-free [3/1800 Received, 29th August, 1973]
acetonitrile using bright platinum electrodes and a Phillips 15 K. N. Rao, R. V. de Vore, and E. K. Plyler, J. Res. Nat.
model GM 4246 resistance bridge. Buy. Stand., Sect. A, 1953, 87, 351.
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