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Transition-metal Nitrosyl Compounds. PartVL! Mononitrosyltrichloro-
molybdenum, Mononitrosyltrichlorotungsten, and Some Related Deriva-
tives

By R. Davis, B. F. G. Johnson,” and K. H. Al-Obaidi, University Chemical Laboratory, Lensfield Road,
Cambridge CB2 1EW

Nitrosyl chloride reacts with Mo,(CO)Cly and W,(CO)sCly to give the new mononitrosyl derivatives tentatively
formulated as [Mo(NO) Cly],, and [W(NO)Cl,], together with small amounts of [Mo(NO),Cl,],, and [W(NO),Cl,],..
[Mo(NO)Cl,], reacts with triphenylphosphine, triphenylphosphine oxide, 2,2'-bipyridyl, or NaS,CNR, to give the
mononitrosyl derivatives Mo(NO)Cl;(Ph;PO),, Mo(NO)Cls(bipy). or Mo{NO)(S,CNR,); which have been fully

characterised.

REPORTS have appeared recently on the preparation of
molybdenum complexes containing a basic Mo(NO)3*
unit. King has reported the cyclopentadienyl (cp)
complexes (cp)Mo(NO)I,,2 (cp),Mo(NO)I 2 and some of
their derivatives and Cotton and Legzdins ¢ have pre-
pared (cp);Mo(NO).

The nitrosyl halides, XNO (X = Cl or Br), are
suitable reagents for the preparation of transition-metal
nitrosyl compounds.® It has been shown that CINO or
BrNO readily react withMo(CO)s and W(CO), to produce,
in good yields, [Mo(NO), X, (1) and [W(NO),X,],» (2)
(X =Cl or Br).5% We now report that CINO reacts
with Mo,(CO)4Cl,7 and W,(CO),CL® to give new
mononitrosyl-derivatives tentatively formulated as
[Mo(NO)Cl;], (3) and [W(NO)Cll, (4) together with
varying amounts of [Mo(NO),Cl], and [W(NO),Cly]n.
The mononitrosyl compounds are convenient starting
materials for a range of complexes containing the
M(NO)3* system, some of which are reported here.

t We estimate, on the basis of N and Cl analysis, that the
black-green reaction product consists of [Mo(NO)Cl,l, (95%)
and [Mo(NO),Cl,] (6%).

1 Part IV, B. F. G. Johnson and G. R. Crooks, J. Chem. Soc.
(4), 1970, 1662.

% R. B. King, Inorg. Chem., 1968, 7, 90.

3 R. B. King, Inorg. Ckem., 1967, 8, 30.

RESULTS AND DISCUSSION

On addition of nitrosyl chloride to Mo,(CO)sCl, at
—40° carbon monoxide is evolved and a green-black
solid is produced. In the i.r. spectrum of this solid
three bands are observed in the region 1590—1805 cm™,
Two of these (1690 and 1805 cm™) are weak and may be
assigned to vyo of the previously reported [Mo(NO),Cl,y],,
(1),5 whereas the third band (1590 ¢cm™) is very strong
and is assigned to a new mononitrosyl compound which
is presumed to be {Mo(NO)Cl;], (3). We have been
unable to isolate (3) as a pure sample. The reaction
always produces samples contaminated with small
amounts of [Mo(NO),Cl,],» and separation has not been
achieved since the properties of [Mo(NO)Cl], and
[Mo(NO),Cl,],, are very similar.t Thus, they both
dissolve only in solvents with which they react and they
are involatile. The tentative formulation of the new
compound as a mononitrosyl trichloride is based mainly

4 F. A. Cotton and P. Legzdins, J. Amer. Chem. Soc., 1968,
90, 6232.

5 F. A. Cotton and B. F. G. Johnson, Inorg. Chem., 1964, 3,
16069'3. F. G. Johnson, J. Chem. Soc. (4), 1967, 475.

114"3 R. Colton and I. B. Tomkins, Austral. J. Chem., 1966, 19,

8 M. W. Anker, R. Colton, and I. B. Tomkins, Austral. J.
Chem., 1967, 20, 9.
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on i.r. data and on its reactions with triphenylphosphine,
triphenylphosphine oxide, 2,2’-bipyridyl, or sodium NN'-
dialkyldithiocarbamates to give the mononitrosyl de-
rivatives, Mo(NO)Cl,(PhyPO), (5), Mo(NO)Cl,(bipy) (6),
or Mo(NO)(S,CNRy); ¢ which have been fully character-
ised.

Dichlorotetracarbonyltungsten dimer is considerably
less stable than the molybdenum analogue *# and in its
reaction with CINO a mixture of products was obtained.
On the basis of i.r. data two of these are thought to be
[W(NO),Cly]n and [W(NO)Cly], but the other com-
ponents of the mixture which do not contain NO groups
were not identified. Again it was not possible to
separate the components of this mixture but the mixture
may be employed as a convenient source of the W{NO)3*
unit, reacting with triphenylphosphine, for example, to
give W(NO)Cl;(PhyPO), (7) and W(NO),Cl,(PhsPO), (8)
which may be readily separated as pure products.

In contrast to the behaviour of CINO with Mo,(CO)4Cl,
and W,(CO)gCl, the corresponding reactions of BrNO
with Mo,(CO)gBr, 1 and W,(CO)gBr, gave [Mo(NO)yBry],s
and [W(NO),Br,], as the sole products and the bromo-
compounds [M(NO)Br,], have not been observed.

Mononitrosyltrichloro-molybdenum and -tungsten are
hygroscopic, oxygen sensitive, black-green powders.
They are soluble in oxygen-free donor solvents such as
alcohols, acetone, or acetonitrile without loss of nitric
oxide but are completely insoluble in all non-donor
solvents. Their thermal stability is high (>150 °C)
and they are involatile.

The derivatives M(NO)Cl;(PhyPO), (M = Mo or W)
have been prepared from the reaction of the parent
compound with triphenylphosphine. Although these
reactions were carried out in deoxygenated solvents and
under an oxygen-free nitrogen atmosphere, oxidation of
the phosphine occurred in each case. It is significant
that triphenylphosphine is oxidised by nitric oxide
under similar conditions and, in the reactions described
above, yields of M(NO)Cl3(PhgPO), are comparatively
low (ca. 70%,) suggesting that some decomposition of the
parent compound occurs during the reaction. In air,
complex (5) rapidly decomposes to give large yellow-
green crystals of MoOCl,(PhsPO),. Complex (5) has
also been prepared from the reaction of (3) with tri-
phenylphosphine oxide. In this case the yields are
relatively high (ca. 70%). The same mononitrosyl
derivatives, (5) and (7), have also been prepared from the
reactions of CINO with M(CO),(PhsP),, M(CO)sCl,-
(PhgP), (M = Mo or W), or Mo(CO)3(PhyP);. They are
non-electrolytes and diamagnetic. [Mo(NO)Cl;], reacts
with 2,2"-bipyridyl to give Mo(NO)Cl;(bipy) (6) as a
yellow-green solid. Complex (6) is unstable in air,
rapidly oxidising to green MoOCl,(bipy).

In the ir. spectra of the mononitrosyl complexes

? B. F. G. Johnson, J. A. McCleverty, and K. H. Al-Obaidi,
J. Chem. Soc. (A), 1969, 1668.

10 R. Colton and I. B. Tomkins, Austral. J. Chem., 1966, 19,
1519.

11 H. Behrens and J. Rosendorfer, Z. anorg. Chem., 1967, 352,
61.
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(Table 1) a single strong NO band is observed in the
range 1800—1590 cm™; this is close to the values found
for the related compounds (cp)Mo(NO)I,L' [L'=
Ph,P, (PhO),P, or py],2 (cp)eMo(NO)1,2 (cp),Mo(NO)CH,
and (cp)sMo(NO) 4 and we therefore consider that in the
new compounds the NO group may be regarded as a

TaBLE 1

Infrared spectra (vxo) and (vpg) of the mononitrosyl
derivatives; in cm™; Nujol mulls

Oompound VNO VPO
(3) [Mo(NO)Clg], 1590
(4) [(W(NO)Cly], 1590
(5) Mo(NO)Cly(Ph,PO), 1710 1180  1130—1140
(6) Mo(NO)Cly(bipy) 1705
n W(NO)Cl,(PhyPO), 1650 1170 1140

three-electron donor. The phosphine oxide and bi-
pyridyl derivatives are only slightly soluble in organic
solvents and for this reason molecular weight values
have not been obtained. However on the basis of the
effective atomic number rule a dimeric formulation
involving two halogen bridges is reasonable.

The structure of [Mo(NO)Cl,], and [W(NO)Cl,], may
be discussed in terms of their chemical behaviour.
Since they are insoluble in non-co-ordinating solvents
and are involatile we conclude that they are polymeric.
A probable structure is one in which all the chlorine
atoms are bridging and the NO group occupies a
terminal position. In this manner each metal achieves
a noble-gas electronic configuration.

EXPERIMENTAL

Lr. spectra were recorded on a Perkin-Elmer 257 spectro-
photometer using NaCl plates. Analyses were determined
by the analytical department of University College,
London; the analytical department, University Chemical
Labs., Cambridge, and Herr A. Bernhardt, Max Planck
Institute, Mulheim, Germany, and reported in Table 2.

All solvents were degassed before use and all reactions
and manipulations carried out in an atmosphere of dry,
oxygen-free nitrogen. The molybdenum and tungsten
hexacarbonyls were freshly sublimed before use.

Nitrosyl chloride was obtained from K & K Chemical
Inc. and nitrosyl bromide was prepared by the literature
method.* Both were freshly distilled before use. Tetra-
carbonylbis(triphenylphosphine)metal complexes, M(CO),-
(PhsP)y; (M = Mo or W) were prepared as described in the
literature 13 by direct interaction of triphenylphosphine and
hexacarbonylmetal.

Halogenocarbonyls of Molybdenum and Tungsten.—
M,(CO)gX,; (M = Mo "or W,%; X = Cl or Br) were prepared
by the action of the halogens on the hexacarbonylmetal
at —78°C.

Preparation of Mononitrosyltrichloromolybdenum(i1).—
Hexacarbonylmolybdenum (1-0 g) was suspended in an
excess of liquid chlorine at —78°C for 5 h. The tem-
perature was then raised to —40°C and the excess of

12 H. L. Nigam, R. S. Nyholm, and M. H. B. Stiddard, J. Chem.
Soc., 1960, 1806.

13 J. Lewis and H. Whyman, J. Chem. Soc., 1965, 5486.

1¢ G. Brauer, ‘ Handbook of Preparative Inorganic Chemistry,’

Academic Press, New York, vol. 1, p. 573.
15 W. Hieber and R. Peterhams, Z. Naturforsch., 1959, 14b, 462.
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chlorine was allowed to evaporate. Nitrosyl chloride
(20 ml) was added to the residue and the mixture was
maintained at —40 °C for 1 h. The temperature was then
raised to 20 °C and the excess of nitrosyl chloride was
removed in a fast stream of nitrogen. The black solid
residue was found to be a mixture of [Mo(NO),Cl,],, and
[Mo(NO)Cl,], (identified by their i.r. spectra).
Bis(triphenylphosphine oxide)trichloromononitrosylmolyb-
denum(11).—This compound was prepared by the following
methods: (a) By the reaction of [Mo(NO)Cl,], with triphenyl-
phosphine. An excess of triphenylphosphine (2:5 g) was
dissolved in benzene (80 ml) and [Mo(NO)Cl], (1 g) was
added to the solution. The mixture was heated under
reflux for 15 min to give a yellow-green solution and an oily
layer (settled to the bottom of the flask). The solution was
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added. The resulting green solution was refluxed for 5
min during which time a crop of pale green crystals was
obtained. These were shown by ir. spectroscopy and
analysis to be a mixture of Mo(NO)Cl;(Ph;PO), and
Mo(NO)Cly(Ph;PO),. The remaining solution was cooled
for 1 h in ice and the resulting yellow-green crystals of (5)
were filtered off, washed with small portions of pentane,
and dried (yield 739,).
2,2’-Bipyridyltrichlovomononitrosylmolybdenum(i1).— An
excess of 2,2’-bipyridyl (0-65 g) was dissolved in benzene
(100 ml). The solution was cooled in ice and [Mo(NO)Cl;],
(0-88 g) was added. On stirring, the resulting yellow
solution for 30 min, a crop of yellow-green crystals was
obtained. These were shown by ir. spectroscopy and
analysis to be a mixture of Mo(NO)Cl,(bipy) and a small

TaBLE 2
Analytical and other data for complexes

Found Calc. Found Calc. Found Calec. Found Calc.

Compound Colour % C % C % H % H % N % N % Cl1 % Cl

Mo(NO)Cly(PhPO), Yellow-green 548 548 3-7 3-8 13 17 137 135

(5)<4 Mo(NO)CIy(PhPO), 2 Yellow-green 548 548 40 3-8 1-6 17 140 135

Mo(NO)Cl,(Ph,PO), ¢ Yellow-green 550 548 40 3-8 1-7 17 135 135

Mo(NO)Cl4(Ph,PO), ¢ Yellow-green 550 548 3-7 3-8 15 17 141 13:5

(6) Mo(NO)Cly(bipy) Yellow-green 306 30-8 19 201 112 108 271 267

(7)  W(NO)Cly(PhyPO), e Green 494 493 3-8 34 1-5 1-6 126 121
@ From M(CO),(Ph,P), and NOCI. ? From [Mo(NO)Cl;], and PhyP. ¢ From Mo(CO)4(PhgP),Cl; and NOCL. 4 From Mo(NO)Cl,

and Ph,PO.

decanted and the benzene removed i vacuo. Recrystallis-
ation of the yellow-green residue, from acetone, gave the
complex Mo(NO),Cl,(PhgP),.

The oily layer was washed with ether and dissolved in
acetone. On concentration of this solution, yellow crystals
of Mo(NO)Cly(Ph,PO), (5) separated. They were filtered
off, washed with small portions of acetone and pentane, and
dried (yield 309%,).

(b) By the reaction of Mo(CO),(Ph,P), with wnitrosyl
chloride. Mo(CO)4(PhyP), (0-5 g) was suspended in di-
chloromethane (90 ml) and nitrosyl chloride (1-0 ml) added
dropwise; the Mo(CO),(Ph,P), dissolved immediately with
an evolution of carbon monoxide. The solution was
stirred for 30 min and the dichloromethane was removed
under reduced pressure. The yellow-green residue was
dissolved in acetone. On concentration in vacuo yellow-
green crystals separated; these were filtered off, washed
with acetone and pentane, and dried (yield 609,).

(c) By the reaction of Mo(CO)s(Ph,P),Cl, with nitrosyl
chlovide. Mo(CO),(Ph,P),Cl, (0-7 g) was suspended in
degassed dichloromethane (50 ml). Nitrosyl chloride (1 ml)
in dichloromethane (4 ml) was added dropwise when the
solid dissolved immediately. Evaporation to dryness gave
a yellow-green solid which on recrystallisation, from acetone,
gave the required product.

(d) By the veaction of Mo(CO)4(PhyP); with nitrosyl
chloride. Mo(NO)Cl,;(Ph,PO), was prepared by a procedure
similar to that described above in (c); yellow-green crystals
obtained from acetone were filtered and dried. They were
identified by their i.r. spectra.

(e) By the reaction of [Mo(NO)Cl,], with triphenylphosphine
oxide. A slight excess of triphenylphosphine oxide (2-18 g)
was dissolved in benzene (100 ml) and [Mo(NO)Cl;], (0-88 g)

amount of Mo(NO),Cly(bipy). The remaining yellow
solution was set aside for 2 h; the yellow-green solid (6)
which was deposited was filtered off, washed with pentane
and dried in vacuo (yield 65%).

Bis(triphenylphosphine  oxide)trichlovomononitrosyltung-
sten(11).—This compound was best obtained by the two
following methods: (a) By the reaction of W(CO),(Ph,P),
with nitrosyl chloride. The procedure outlined in (b) above
was followed. Green W(NO)Cl;(Ph,PO), in 509, yield was
obtained.

(b) By the reaction of W(CO),Cl;(PhyP), and nitrosyl
chlovide. W(NO)Cl,(PhyPO), was prepared from
W(CO);Cl,(Ph;P), and NOCI by a procedure similar to that
described in (c) above for the analogous molybdenum
derivative. The compound was identified by its ir.
spectrum.

Reaction between Nitrosyl Bromide and Tetracarbonyldi-
bromomolybdenum(11).—Mo,(CO)yBr, was prepared as des-
cribed previously.l® The temperature of the reaction was
raised from —78°C to —40°C and distilled nitrosyl
bromide was admitted; after 1 h a green product was
precipitated. It was identified by its ir. spectrum as
[Mo(NO),Bry]m-

Reaction of Nitrosyl Bromide with Tetracarbonyldibromo-
tungsten(11).—A similar procedure to that described above
was followed. The compound [W(NO),Br,], was obtained
(as identified by its i.r. spectrum).
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