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During recent vears mixed isonitrile carbonvl complexes of the Group VIA
metals have been obtained either directly, by reaction of isonitriles with the metal
hexacarbonyls'-® or indirectly, by reaction of amine® or olefin® complexes of the metal
carbonvls with isonitriles. These methods have certain limitations. The direct method
is limited to certain arvl isonitriles, because of the instability of the alkyl and some
arv! isonitriles at temperatures necessary to eftect reaction®.=. The indirect method
has been emploved almost exclusively with tris-amine-, or trienetricarbonvimetals,
to obtain tris(isonitrile}tricarbonyimetals3. 3.

The present work describes a further indirect route to mixed isonitrile carbonyl
derivatives of the Group VIA metals, which enables the mono-, bis-, and tris-isonitrile
derivatives of both alkyvl and arvl isonitriies to be prepared. Reaction of the tetra-
ethvlammonium salts of the halopentacarbonyvimetal anions (I, M = Cr, Mo, or W;
X = [, Br, or I} at 20-45° with either alkyl or arv! 1sonitriles gives mixtures of the
monofisonitrilelpentacarbonvimetals {11}, the bis{isonitrilejtetracarbonyvimetals (I1I)
and the tris{isonitrilejiricarbonyvimetals (IV) the relative amounts of which can be
convenlently predetermined by choice of reactants and reaction conditions.

_ M{COl(isonitrile) (II)

Et,N[M{CO}X} — M(COi{isonitrile), (111}

I -
o ™ A(COY,(isenitrilel, (IV)

Most of the products obtained have not been previously reported. The mono-
{alkylisonitrile}pentacarbonvimetals and the bis{alkyl- or -aryvlisonitrile)tetra-
carbonyvimetals are the first complexes of their tyvpe to be isolated. Thev have been
characterised by analvtical, infrared and representative molecular weight data. They
can be separated by fractional crvstallisation and sublimation. Combined vields are
almost theoretical. All the products have sharp melting points.

The monofisonitrile}pentacarbonvimetals are pale vellow (phenyl) to colourless
(cyclohexyl) crystalline solids, which are extremely soluble in organic solvents and
which can be sublimed at t0-60°/0.1 mm. They are air stable both in the solid state
and in solution.

The bis(isonitrile)tetracarbonylmetals are normally slightly darker than the
corresponding mono-derivatives, being pale vellow crystalline solids also stable to air.
The possibility of cis- and Zrans-isomers arises, but in all the cases studied, the only
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product obtained was the cis-isomer as determined byv infrared spectroscopy (vide
1nfra).

An attempt to convert the cis- to frans- by heating in sclution resulted only in
disproportionation to give mono- and tris-products, but only under drastic conditions
(130-150°).

The tris-isonitrile complexes are yellow air-stable crystalline solids with
properties similar to analogous compounds previously reported3.=.

DISCUSSION

Meshanism of the reaction

In the direct thermal reaction of the metal hexacarbonvls with arylisonitriles
the bis{isonitrile)tetracarbonylmetals were obtained at temperatures over 100° (ref. 2).
Hence it was obvious that the bis- and tris-isonitrile derivatives found in the above
reactions were not formed by further reaction of the initially formed mono(isonitrile)-
pentacarbonyl metals, since the reactions iwere carried out at 20—40°. This was com-~
pletelv verified by allowing the mono-isonitrile complexes to stand in solution with a
large excess of isonitrile for several davs. No bis-isonitrile complex was formed.
Similarly the tris-complexes could not be obtained from the bis-derivatives. Hence the
products must be formed by different reaction mechanisms. The proposed reaction
scheme is outlined below:

A o _ . OC\C{OCO o . oc co
IM{COYX - ~——— intermediate > P g ————— intermediate ——— - P o
ocC .:\ L : ocC .l\
¥ A A A
L. -X- Li*.\:— LE__\;-
v v v
oc (Q:OCO R CE ocC (i:OCO ) ocC ?OL
i g — >N
0C 5L oc { L oc 11, L
(I} (111} (IV)

That this is essentially correct was demonstrated in part by the isolation of the orange
crvstalline intermediates (V, M = W, X = Cl, L = cyclohexyl and phenylisonitrile).
The corresponding complexes with M = Mo or Cr could not be isolated the reaction
proceeding too rapidly to completion. However, an intermediate orange coloration
was observed In these reactions.

Further, in the reaction with phenyl isonitrile, with the chloropentacarbonyl-
tungsten anion a second intermediate was isolated. This contained the tetraethyl-
ammonium cation and isonitrile, and the analytical figures and infrared data (vide
infra) are not inconsistent with its formulation as tetraethylammonium chlorobis-
(phenvlisonitrile)tricarbonyltungsten (VI, M = W, L = phenyl isonitrile, X = Cl).

The compound gave only tris(phenylisonitrile)tricarbonyltungsten on further
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reaction with isonitrile. In the absence of isonitrile, 2 disproportionation occurs,
especially In chlorinated solvents, and the tris(phenvlisonitrile)tricarbonyltungsten
and the intermediate tetraethylammonium chloro(phenylisonitrile)tetracarbonyl-
tungsten are formed as the major products together with tetraethylammonium
chloride. Small amounts of unidentified decomposition products are also formed.

It is believed that the mono-isonitrile pentacarbonyls (II} are formed by direct
attack of the isonitrile on the halopentacarbonyl metal anions by an Sy2 tvpe
displacement of halide. This view is substantiated by concentration and salt effects as
will be seen later. A\ consideration of the mechanism of formation of the intermediates
{V} and (VI} indicates a dissociative process by analogy with the reactions of the
pentacarbonyl manganese halides. For these compounds both isotopic exchange of
carbon monoxide® and displacement of carbon monoxide by isonitrile, phosphines,
etc.® proceed bv a dissociative elimination of the carbon monoxide.

Further, for the d®systems Fe!CO),X. and Mn(CO},X the exchange of CO
occurs by Sx2 and SyI mechanisms respectively. The change in mechanism is at-
tributed to the decreased positive charge on the central atom?. Hence it is probable
for the 4%system "MiCO3 N~ (M = Cr, Mo, W), in which the charge on the central
atom 15 even lower, that formation of {\'} from (I} will occur by a dissociative mech-
anism with elimination of a CO c¢is to the halogen as shown. The intermediate {V} can
then react further with elimination of halide ion to give the bis{isonitrilejtetracarbonyl-
metals JIII} or, by a further elimination of CO, give (VI). That CO climination will
again be a dissociative process follows from arguments similar to the above and is in
agreement with the dissociative displacement of CO from monosubstituted manganese
tetracarbonyl halides®. Elimination of halide from {VI} will give the tris(isonitrile)
tricarbonvimetals {IV}). It can be cxpected that the increasing negative charge from
(I} — (V} — {VI} introduced by replacing CO by isonitrile will enhance the possibility
of Sx1 type displacement of N~ for these complexes.

That these essentiallv- are the reaction mechanisms was substantiated by
variation of the reactants and reaction conditions as follows.

Llanges tiz anion. It has been shown® that the rate of CO replacement in
Mni€CO:;X is very dependent on X, being some 200 times more rapid for Cl than 1.
Hence assuming that the proposed reaction schemes are correct, it can be expected
that a change from iodo- to chloro-pentacarbonyvimetal anion should cause a large
increase In the rate of formation of bis- and tris-products. and a slight increase in the
rate of formation of monc-product®, the overall effect being to favour the former. This
is found experimentallv. For reactions carried out in tetrahyvdrofuran the iodopenta-
carbonylmetal anions give onlyv mono- and bis-derivatives, with the former pre-
dominating. However, the chloropentacarbonvlmetal anions give almost no mono-
prodact, the products being mainly the bis- and the tris-products. The differences in
ratios of reaction products from the different metals are small. In the limited number of
reactions of the bromopentacarbonvimetal anions studied, the reaction products were
intermadiate, the bis-product being formed in high vield together with traces onlyv

f tris-product.

Isoniirile conceniration. For an Syz tyvpe reaction the formation of the mono-
sonitrile derivatives from (I) should be dependent on the concentration of isonitrile,
the rate increasing for increasing concentration. The formation of bis- and tris-products
may also be influenced in the same direction, in the formation step from the inter-
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by

mediates {V} and (VI) respectively. However, the initial formation of these inter-
mediates should be independent of hgand concentration and hence the overall effect
should be an enhancement of mono‘isonitrile)pentacarbonylmetals with increasing
1sonitrile concentration. This is observed.

Atmospheric conditions. It can be expected also that CO pressure will inhibit
the formation of (V) and hence favour mono-substitution. This has been verified.

Salt zffects. The effect of the presence of halide ion on the reactions was also
studied. Addition of iodide to the reaction of the iodopentacarbonyvimolybdenum
anion with cyclohexyl isonitrile produced a small but significant decrease in the ratio
of mono- to bis-substituted products formed. That the effect was small favours an
S~z elimination of halide as proposed, and that more bis- is found can be expected
since both the formation of the mono-product and the formation of the bis-product
from {\'} will be slightly slowed by the salt effect, while the formation of (V) from (I)
should be unaffected.

Solvent effect. The effect of solvent on the reactions has not been studied ex-
tensively. However, it was observed that, for the reaction of the tetraethvlammonium
iodopentacarbonvimolvbdenum with cvclohexvl isonitrile, the ratio of mono- to
bis-substitution products varies with solvent. Thus for tetrahydrofuran (¢ = 7.6) and
especially diglyme (¢ = 5.7) solvents which are known to facilitate the elimination of
CO from the hexacarbonyvimetals®, the ratio mono- to bis- is much smaller than for
chioroform {& = 1.8}, methvlene chloride (¢ = ¢}, or nitromethane (¢ == 34). The
similarity of the ratio for the three latter solvents in spite of very different dielectric
constants {in parenthesest would appear to indicate a specific solvent effect enhancing
formation of the bis-product for the former solvents. It was also neoted that the
reactions were markedly faster in methylene chloride, nitromethane and chloro-
form.

Clrange of mctal. As has been mentioned, the variation in the ratios of reaction
products vary very ltdde burt irregularly with change in the metal, and no attempts
were made to correlate the results.

fange of isonitrile. It was also noticed that for the reactions of the 1odopenta-
carbonyimetal anions, there is little difference in the product ratios for cyclohexyi and
phenyl isonitriles, but that in the reactions of the corresponding chloro complexes the
formation of the tris{isonitrile!tricarbonvimetals is favoured with the phenyvl iso-
nitrile.

The above effects are of value experimentally, in that mono-, bis-, or tris-
substitution can be made to predominate in the reaction mixture by variation of the
concentration and nature of the reactants.

Thus reaction of the tetraethviammonium iodopentacarbonyvimolyvbdenum in
methylene chloride, with a large excess of cyclohexyl isonitrile under CO pressure
gave virtually exclusively the monofcyclohexylisonitrile)pentacarbonvimolybdenum.
The effects for optimum vields of a specific substitution product are summarised in
Table 1.

The isolation of the intermediates {(V, M = W, X = Cl and L = pheny! or
cvclohexyl 1sonitrile! also offers a unique possibility of preparing mixed bis- and tris-
substituted derivatives of tungsten carbonyi of tvpes (VII) and (VIII} (ligand =
isonitrile, amine, phosphine, etc.). The complexes react at 457 with isonitrile to give
mixtures of bis- and tris-1sonitrile derivatives identical with those described.
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170
TABLE |
REACTIOXN CONDITIONS FOR SPECIFIC PRODUCT
Product Reactant Solrent Almospkere  Isonitrile
required concendration
Mono- M{CO),I CH.CL, CO press High
Bis- M(CORBri~  THF, diglyme  Vacuum Low
Tris- DM{CO)CI- THF, diglyme Vacuum Low
ocC COLig:md ocC (;:oLigand
Sw Wl
ocC éolsonitrﬂe OC | Ligand
Isonitrile
(VID (VIIL

Preliminary results indicate that the tetraethylammonium salts of the halo-
pentacarbonyvlmetal anions also react in a fashion similar to that described above

with amines, and phosphines.

Infrared specira
A detailed infrared study of these complexes will be reported later. Only those

points necessary to characterise the complexes will be discussed here.

The mono{isonitrile)pentacarbonvimetals and the tris{isonitrile)tricarbonyvl-
metals have spectra essentially similar to those reported by Cotton and Zingales for
analogcus complexes®, confirming the structures and affirming that the tris-compounds
have the ¢is-configuration {IV}.

For the bis{isonitrilejtetracarbonyvimetals, four infrared active CO stretching
vibrations are observed. This 15 in agreement with a cis-configuration (III) (C..)
for which four active bands can be predicted!®. The spectra are similar to those re-
ported® for cis-bis{phenvlisonitrilejtetracarbonyvimolvbdenum, and to those of cis-
bis{amine}-!! and cis-bis{phosphinc;tetracarbonyimetals'®13. That small amounts of
the frans-products are present would seem unlikely, since the spectra are similar for
each metal, and more important, are invarient with temperature. The spectra of
bisicyclohexylisonitrileitetracarbonyvimolybdenum and corresponding chromium com-
plex were run at various temperatures up to ;o without any noticeable change in
relative intensities.

The infrared spectra of the tetraethylammonium chloro(isonitrilejtetracarbonyl-
tungsten complexes (V, M = W, L = isonitrile, X = Cl} in the region of the CN and
CO stretching vibration are very similar to the cis-bis{isonitrile)tetracarbonyvimetal
complexes described above but with shifts in all the bands to lower frequencies. This
agrees with the cis-configuration as in (V). As expected only one CN stretching vibra-
tion Is observed. The bands are shown in table 2.

Because of the instability of the tetraethvlammonium chlorobis(phenylisonitrile)-
tricarbonyltungsten (VI, M = W, X = C], L = phenyl isonitrile) in solution, spectra
were recorded only in nujol mulls. Two 1soniirile bands were observed at 2120 and
2075 cm™! together with three CO stretching vibrations at 1912 (vs}, 1860 (m) and
1780 (s) cm™. The spectrum is reasonably consistent with the proposed formulation.

J- Organcmelal. Chem.., 5 (1g66) 166—-i75
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TABLE 2
INFRARED SPECTRA

Complex (1) CH.CL, THF
rex 1co rex rco

M =1\, X = Cl, L = phenyl isonitrile 2112 1696 s. dbt 2100 1978 m
1891 vs 1887 vs
1875 sh ~ 1878 sh
1837 s 1826 s

M = W, X = Cl, L = cyclohexyl isonitrile 2146 1999 m 2138 I9Q3 m
1885 vs 1879 vs
1864 sh ~ 1867 sh
1806 s 1837 s

EXPERIMENTAL

All reactions were carried out under an atmosphere of pure nitrogen unless
otherwise stated. Crystallisations were, however, effected in air. The infrared spectra
were recorded on grating-spectrometers Perkin-Elmer models 521 and 337. Micro-
analyses are by Dr. K. EpER, Ecole de Chimie, Geneva. All melting points are cor-
rected.

Since the procedure used was essentially the same for the preparation of all
products, general methods only will be described.

Mono- and bis-isonitriic complexes

To a solution of the tetraethylammonium iodopentacarbonylmetal’* (4 mMole)
in tetrahyvdrofuran (75 ml} was added the isonitrile (5.8 mMole) and the mixture was
stirred at room temperature {Cr, Mo) or at 457 (W) with I metre water vacuum until
reaction was complete (normally 3-3 h). This was ascertained by observing the dis-
appearance of the band of the starting complex in the carbonyl region of the infrared
at ~ zo6o cm~!. The mixture was then filtered, and the solvent removed under re-
duced pressure. The residual solid was triturated with a minimum of petroleum ether,
eliminating the mono-substituted product together with some of the bis-product. The
residue was crvstallised from methylene chloride-petroleum ether to give the bis-
(isonitrile}tetracarbonyvimetal. The petroleum ether fraction was evaporated to dryness
and the mono{isonitrile}jpentacarbonvimetal was then purified by sublimation at
60°/0.1 mm, (Mo, W) or 15%/0.x mm (Cr). Traces of hexacarbonylmetal were readily
eliminated from the sublimed mono(isonitrile)pentacarbonylmetals by dissolving the
mixture in petroleum ether and evaporating the solution at 12 mm. The hexacarbonyl-
metals are eliminated with the solvent. The residue of sublimation contained almost
pure bis-product which could be recevered and recrystallised as described above. In
all of the reactions carried out as above the ratio of mono- to bis- was approximately
2:1 with small variations from chromium to tungsten and cvclohexyl to phenyl
isonitrile. The above conditions will be referred to as standard.

Bis- and tris-tsonitrile complexes
A mixture of these complexes, together with very small amounts of the mono-

products are obtained when the corresponding chloropentacarbonyl anions'? (Mo or
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Cr only) are vsed in the above reaction. To a solution of the tetraethvlammonium
chloropentacarbonylmetal anion (Cr or Mo) (5 mMlol} in THF {150 ml} was added the
isonitrile (12 mMol) and the mixture stirred at room temperature until reaction was
complete as defined above. Filtration and evaporation of the solvent gave a solid
residue from which the traces of mono-product were removed by trituration with
pet. ether. The bis- and tris-products were then separated by fractional crystallisation
from methvlene chloride-pet. ether, the tris-product being less soluble for phenyl
1sonitrile derivatives, and more soluble for cyvclohexyl isonitrile derivatives. This
separation was more difficult than the corresponding separation of mono- and bis-
products, and was rarely quantitative. For the reactions with cyclohexyl isonitrile the
ratio of bis- to tris- was found of the order 1:1, while for phenvi isonitrile the ratio was
1:3 with small variations from chromium to melvbdenum using the above conditions.

An alternative method of preparing the bis{isonitrilejtetracarbonyls consists of
carrving out the above reaction using the bromopentacarbonyvimetal anions in the
same propoitions. In this case, the amount of bis- to tris-product in the mixture 1s
greatly enhanced. The separation is as above.

Reactions of Et N (COCI wiiiy isonttriles

Since these reactions differ from the general reaction described, a detailed
experimental is given.

Cvclohexyl tsontérile. The reaction was carried out with quantities as above.
However, on completion of the reaction, determined as described, the mixture was
filtered and a large volume of petroleum ether added. The precipitated solid was then
cristallised from tetrahvdrofuran-pet. ether giving tetraethiylammonium chloro-
{cyvclohexylisonitrileitetracarbonvitungsten as an orange solid, in 55-60 °; vield. The
mother liquors of the reaction could be shown to contain bis- and tris-isonitrile de-
rivatives but these were neglected.

If the Teaction was carried out at 457, instead of at room temperature, the
reaction proceeded smoothly, to the normal reaction mixture of mono-, bis- and
tris-products, which were separated as described for the corresponding chromium
and molybdenum reactions above.

Similariy, reaction of the isolated tetraethviammonium chloroicyelohexyvl-
isonitrile: tetracarbonyvltungsten with cvclohexy! isonitrile in tetrahvdrofuran at 45°
gave 2 mixture of bis- and tris-izonitrile derivatives {no mono- as expected!.

Pi:znvl isoritrile. Reaction as above at room temperature with phenyl 1sonitrile
resulted in immediate deepening of the colour of the reaction solution from vellow
to derk orange. During this reaction the tetraethyvlammonium chlorobis(phenyl-
isonitrilejtricarbonvitungsten was precipitated as a deep red-orange solid. This was
filtered off, washed with warer, and tetrahvdrofuran {minimum} and then dried.
Attempted recrystallisations were invariably unsuccessful because of disproportic-
nation of the material in solution {vide infra}. Further reaction of the material, with
phenvi isonitrile in nitromethane at 45° gave tetraethvlammonium chloride, and
tris phenvlisonitrile}tricarbonyltungsten as the sole products. \When the material
was dissoived in methviene chloride without Isonitrile, the colour gradually changed
from red to vellow, and tetraethylammonium chloride was precipitated. From the
solution the tetraethylammonium chloro{phenylisonitrile}tetracarbonyltungsten was
isolated by precipitation with petroleum ether and purified as below. The tris-
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{phenvlisonitrile)tricarbonyvltungsten could be isolated from the mother liquors.

The filtrate of the initial reaction was treated with pet. ether and after crystal-
lisation from tetrahydrofuran-pet. ether, the tetraethylammonium chloro(phenyl-
isonitrile)tetracarbonyltungsten was obtained as a dark yvellow solid in 509 yield.
Further reaction of this at 45° with phenyl isonitrile gave a mixture of bis- and tris-
(isonitrile} derivatives separated as previously described.

Repetition of the initial reaction at 45° again afforded the insoluble material
described above as a precipitate ; however, no trace of the tetraethylammonium chloro-
{phenvlisonitrileltetracarbonyltungsten was obtained the reaction proceeding to the
bis- and tris-isonitrile derivatives which were separated as indicated previously.

The physical data for all the products described are given in Table 3.

Attempied conversion of mono- fo bis-products

Mono(cyvclohexylisonitrile} pentacarbonylmolybdenum was allowed to stand in
tetrahydrofuran with a large excess of cyclohexylisonitrile. The infrared spectrum of
the mixture {2200-1800 cm~!) was unchanged after 48 h. No trace of the bis-product
was observed.

Attesnpted conversion of bis- to tris-products

In a reaction similar to the above, bis{cyvclohexylisonitrile)tetracarbonyl-
molyvbdenum was unreacted after 48 h in tetrahydrofuran with a large (10 molar)
excess of the isonitrile. This was again determined spectroscopically.

Attempted conversion of bis-producis

Solutions of bis(cyclohexvlisonitrileltetracarbonylmolybdenum and -chromium
in heptane were prepared and the infrared spectra in the region 2200-1800 cm™? were
recorded. The solutions were then heated in the infrared cell to 50° and after main-
taining this temperature for 1 h the spectra recorded at 50° were identical with those
at room temperature. The process was repeated at 60° and 70° with the same results.

The molyvbdenum product was then heated in decalin to 130-150°. After 1 h
there was evidence of the formation of both mono- and tris-products. The bands of
these products in the infrared {2200-1Soo cm™!) are easily distinguished from those
of the bis- and identified by reference to the pure materials. A control experiment run
concurrently showed evidence of decomposition.

Fuctors affecting product ratios

(@} Isonitrile concentrations. Tetraethvlammonium iodopentacarbonylmolyb-
denum was reacted with cvclohexyl isonitrile in tetrahydrofuran with an anion to
solvent ratio as standard but with a ten-fold increase in isonitrile. Comparison of the
infrared spectrum of this reaction with that of the corresponding standard reaction
showed an increase in the mono-isonitrile compound present. This was confirmed by
isolation of the mono-compound in 8o ¢, vield (¢f. ~ 65 %).

(8) Atmospheric conditions. The standard reactions were carried out with a slight
(1 metre water) vacuum. On repeating the reaction with a slight (again 1 metre water)
over-pressure of carbon monoxide, and controlling the reaction by infrared and also
isclation of the mono-complex, an enhancement of this complex of the same magnitude
as above {30 °; isolated) was observed.

J- Organometal. Chem., 5 (1966) 166—-175
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Salt effcct. Reaction of tetraethyvlammonium iodopentacarbonyl molybdenum
with cvclohexyl isonitrile in tetrahydrofuran with the standard quantities but in
presence of sufficient tetraethylammonium iodide to give a saturated solution, gavea
reaction mixture which by infrared analysis showed a slight but definite enhancement
of the bis-product over the standard reaction.

Solvsnt ¢fjects. The reaction of the tetraethvlammonium iodopentacarbonyl-
molvbdenum with cyvclohexyl isonitrile was carried out with standard quantities in a
variety of solvents. In methylene chloride and nitromethane, both infrared analysis
and isolation of the products shows a substantial increase iIn monc-product (> go %
isolated) over the standard reaction {65 °;) {in tetrahydrofuran). In diglyme the pro-
duct ratio determined as above was lower than the standard reaction (50 °; mono-).

Cosmbined effects. By reacting tetraethvlammonium iodopentacarbonyvimolyvb-
denum with cyclohexvl isonitrile (ro times standard) in methylene chloride under
carbon monoxide pressure, a vield of monoicvclohexylisonitrile)pentacarbonyl-

zolyvbdenum of g5 2, was obtained.
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SUMMARY

The reaction of the tetraethvlammonium salts of the halopentacarbonyl! anions
of the Group VIA metals, with arvl and alky! isonitriles affords mono-, bis-, and tris-
isonitrile derivatives of the metal carbonyls in ratios which can be predetermined by
suitable choice of reactants and reaction conditions. The mechanizm is discussed.
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