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I. INTRODUCTION

A. Historical and General Considerations

Since tetracarbonylnickel was discovered in 1890 by Mond, Langer, and
Quincke, the field of metal carbonyls has become extremely fertile and
carbonyls of a large number of transition metals have been prepared.
Those of manganese, Mny(CO),,, vanadium, V(CO)s, and technetium,
Tcz(CO), 0, were the last to be discovered in 1949, 1959, and 1961, respec-
tively. A good knowledge of carbonyls of the first row transition elements
has been achieved and their x-ray structures have been fully established.

A large part of the material contained in the following sections deals
with carbonyls of the first row transition metals, because these have been
studied considerably more than the carbonyls of the second and third row
elements. Care has been taken, however, to include material dealing with
carbonyls of the second and third row elements also, since this is an area
of increasing expansion. Apparently one of the main reasons for the
smaller interest in carbonyls of the second and third row has been the
high cost of the metals, especially for the group VIII elements. One can
readily predict that the amount of work aimed at a deeper knowledge of
ruthenium, iridium, and osmium carbonyls, for example, will gradually
increase in the near future.

Most of the group VIII carbonyls of the second and third row elements
are inadequately known. Even the existence of the reported Rh,(CO), and
Ir,(CO)g seems doubtful. Other substances, such as Ru(CO)s and Os(CO);
have been reported before the use of infrared spectrometry as a common
laboratory technique. These two pentacarbonyls have been reported to be
unstable at room temperature, with rapid conversion to the trimers
Rus(CO),; and Os,3(CO), 4 especially in the presence of light. It would be
very interesting to establish the existence of the pentacarbonyls by infrared
investigation of the freshly prepared products. The two pentacarbonyls
should be easily characterized by their infrared spectra because only two
structures are possible (Cy, and Dyg;,). If Dy, is the correct structure, the
spectrum should be practically identical with that of Fe(CO);, apart from
a slight wavenumbers shift. (See Note 1 on page 271.)
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Mononuclear carbonyls of the second and third row metals of group
VIII are usually unstable with respect to their polynuclear analogs. This is
shown by the previously mentioned behavior of ruthenium and osmium
pentacarbonyls converting to the corresponding trinuclear compounds and
also by the high stability of the polynuclear rhodium and iridium car-
bonyls, Rh,(CO),;, Rhg(CO),6, and Iry(CO),,. Interestingly, bridging CO
groups in polynuclear carbonyls of group VIII tend to disappear with
increasing atomic number of the central metal atom. This is probably due
to the larger size of the metal orbitals which favors the formation of
direct metal-metal bonds, as discussed by Coffey, Lewis, and Nyholm (1).
This great tendency to metal-metal bond formation is probably also
responsible for the nonexistence of the mononuclear nickel analogs,
Pd(CO), and Pt(CO),. This view is substantiated by the recent isolation of
a polymeric carbonyl of platinum, Pt,(CO),, by Chatt and co-workers (2).

This chapter also contains several sections dealing with some special
subjects, as hydrido metal carbonyls, nitrosyl metal carbonyls, halogeno
metal carbonyls, etc. This subdivision has been required by the fact that
each one of these classes of compounds has its own properties sometimes
largely different from those of the main type.

Metal carbonyls are very important as catalysts for several organic
syntheses. Perhaps the best known example is the hydroformylation of
olefins (the oxo process), catalyzed by octacarbonyldicobalt:

RCH,CH,CHO
RCH=CH, + CO + Hz{ m
RCH—CH,

&ro

The same reaction, conducted with alcohols instead of hydrogen, yields
esters; whereas with water, carboxylic acids are obtained. Acetylene can
be converted into succinic acid by the reaction of water and carbon mon-
oxide in the presence of Co,(CO)g in the proper solvent. Acetylene can also
be converted into acrylates with carbon monoxide and alcohols in the
presence of tetracarbonylnickel. When pentacarbonyliron is used as a
catalyst, hydroquinone is also obtained in addition to acrylates. Trimeriza-
tions of acetylenes to aromatic compounds take place in the presence of
metal carbonyls and their derivatives.

All these reactions and others will be reviewed in the following chapters,
some appearing in this volume and others in a later volume. It
appeared, therefore, essential to have an introductory chapter on metal
carbonyls, since the investigation of their properties is an essential
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prerequisite to the understanding of the mechanism of these catalytic
reactions.

In this connection, one of the most interesting features of metal car-
bonyls is that of stabilizing organic systems which are unstable under
normal conditions. This is the case, for example, of metal carbonyl deriva-
tives containing substituted cyclobutadienes as organic ligands. Several
compounds of this type have been prepared and fully established. Recently,
the unsubstituted cyclobutadienetricarbonyliron, C,H,Fe(CO),, has been
isolated (3). Carbene systems can also be trapped in stable combinations
with metal carbonyls; for example, the complexes M(CO);C(OCH;)(CsH5)
(M = Cr or W) have been isolated as orange-red crystalline solids (4).
Finally, ¢ bonds between alkyl groups and transition metals, which are
usually unstable, become stable when carbon monoxide groups are also
bonded to the central metal atom. This made possible the isolation of
compounds such as CH3Co(CO), and CH;Mn(CO);. Alkylcobalttetra-
carbonyls are probably intermediates in the hydroformylation reaction
(Eq. 1).

In conclusion, the catalytic properties of metal carbonyls can be cor-
related with their capacify of stabilizing usually highly energetic organic
systems. The synthesis of complex organic systems from simple ones has to
be related to the possibility of the catalyst forming intermediates of rela-
tively low energy and kinetically labile with respect to the end products.

The present chapter covers what the authors have considered to be im-
portant developments in the field of metal carbonyls up to December 1965.
Regular publications such as Chemical Abstracts and Current Chemical
Papers as well as the systematic personal reading of the chemical journals
were used for this purpose. New relevant material was also added in the
course of 1966 and 1967 during the correction of galley proofs and page
proofs. Within the limits of the permitted length, this chapter has been
made as complete as possible by the use of the tables containing lists of
compounds according to classes and lower divisions. The reader should,
however, be aware of the fact that this chapter has been conceived to be
instructive rather than encyclopedic.

B. List of Abbreviations

Throughout the text and the tables the following abbreviations have
been used.
CH,—CH==CH,

Allylphos o-Allylphenyldiphenylphosphine
: PPh,

Bu
Cp
Den

Diars

Diglyme
Diphos
Dipy
Dithian
DMF
En

Et

Me

Ph
Phen

Pr

Py
QAS

Terpy
THF
v-Triars

Introduction
n-Butyl
Cyclopentadienyl CsH;
Diethylenetriamine
o-Phenylenebis(dimethylarsine) Q
As As
N, AN

Me Me Me Me

2,2’-Dimethoxydiethyl ether MeO(CH_.).O(CH;).OMe
1,2-Bis(diphenylphosphino)ethane Ph,PCH,CH,PPh,
2,2’-Dipyridyl

1,4-Dithian

Dimethylformamide

Ethylenediamine

Ethyl

Methyl

Pheny!

1,10-Phenanthroline

n-Propyl

Pyridine

Tris(o-diphenylarsinophenyl)arsine

Ph Ph
N/
As

As

/ N\
Ph Ph

2,2',2"-Terpyridyl
Tetrahydrofuran
Tris-1,1,1-(dimethylarsinomethyl)ethane

/CH,AsMez
CH,C—CH;AsMe,
CH,AsMe,

-
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TTAS Bis(o-dimethylarsinophenyl)methylarsine
Me Me
N/
As
Me—As
As
VAN
Me Me
REFERENCES
1. C. E. Coffey, J. Lewis, and R. S. Nyholm, J. Chem. Soc., 1964, 1741.
2. G. Booth, J. Chatt, and P. Chini, Chem. Commun. (British), 1965, 639.
3. G. F. Emerson, L. Watts, and R. Pettit, J. Am. Chem. Soc., 87, 131 (1965).
4. E. O. Fischer and A. Maasbdl, Angew. Chem., 76, 645 (1964); O. S. Mills and

A. D. Redhouse, Angew. Chem., 77, 1142 (1965).

II. PREPARATION OF METAL CARBONYLS

A. Introduction

Since tetracarbonylnickel was isolated in 1890 by Mond, Langer, and
Quincke (1) from nickel metal and carbon monoxide at atmospheric pres-
sure, many other metal carbonyls have been prepared but not always in
such a simple way. Nickel and iron are the only metals easily converted
into the corresponding carbonyls. Small amounts of Fe(CO)s can be
detected in carbon monoxide kept in iron cylinders at.high pressure even
at room temperature. Most other transition metals, even as finely divided
powders, are unreactive, or practically so, toward carbon monoxide.

The next step was to use compounds of the metals as starting materials;
the main problem being, therefore, reduction of the metal to the zero-
valent state. From this point of view, all carbonylations of metal com-
pounds to form the corresponding metal carbonyls have always been
reductions because the oxidation number of the central metal atom in
metal carbonyls is lower than in any of the readily available metal com-
pounds. This prevailed even before the term *reductive carbonylation”

Preparation of Metal Carbonyls 9

was introduced (2) to denote a certain type of reaction in the presence of
carbon monoxide aimed at preparing Mn,(CO),, and the hexacarbonyls of
group V1. A reducing system is obviously necessary to produce carbonyla-
tion of the metal if it is in a higher valence state. It would be, however,
erroneous to think that the function of the reducing agent is that of forming
some highly active metal, which then would react in the nascent state with
carbon monoxide. Simple energetic considerations rule out this possibility.
Although mechanistic studies on the formation of metal carbonyls are
lacking, it seems reasonable to regard a carbonylation process as one occur-
ring through gradual reduction of the oxidation number of the metal with
simultaneous coordination of carbon monoxide groups.

The main difficulty in planning new carbonylation methods is the choice
of the reducing agent. The simplest one is carbon monoxide itself; this
compound is converted into carbon dioxide or phosgene analogs, COX,,
depending on whether the starting material is a metal oxide or a metal
halide.

The syntheses - of Os(CO);, Tcy(CO)s0, and Rey(CO), o from the cor-
responding low-melting and volatile oxides OsO, (mp ~ 40°C), Te,O4
(mp 290°C), and Re, O, (mp 220°C) exemplify this type of reaction. When
the starting material is a metal halide the addition of a halogen acceptor
(usually copper) is necessary to drive the reaction toward the formation of
the metal carbonyl and to avoid contamination with intermediate halo-
geno metal carbonyls.

The 1:1 mixture of carbon monoxide and hydrogen is a very con-
venient source of both the reducing agent and the ligand. Unfortunately,
only a few of the metals of group VIII (cobalt and ruthenium in particular)
can be converted into the corresponding carbonyls simply by treatment
of a metal salt with carbon monoxide and hydrogen in the proper solvent.
The salts of the manganese, chromium, and vanadium subgroups are
unaffected by such a carbonylation system. The metals of these three
subgroups have required the use of sophisticated systems to make the
synthesis of the carbonyls possible.

Strongly electropositive metals (Na, Mg) have been used as reducing
agents to prepare Mny(CO), o, Cr(CO)g, and V(CO)q. However, with the ex-
ception of Cr(CO)g, the final products of the reaction are not the carbonyls
themselves, but their reduced forms, namely [Mn(CO);]~ and[V(CO) ¢]~.
Carbonylations of metal compounds in the presence of strongly electro-
positive metals as reducing agents can be divided into two main categories:
(1) those in which the reducing system consists of the metal suspended in a
liquid medium, usually an ether; and (2) those in which a third component



10 Metal Carbonyls: Preparation, Structure, and Properties

(pyridine, naphthalene, benzophenone) is present in addition to the electro-
positive metal and the solvent. In the former case the electron transfer
process from the electropositive metal to the transition element probably
occurs because of the solubility (3), although very small, of some group IA
and ITA metals in different ethers. The well-known capability of certain
ethers, such as tetrahydrofuran, of facilitating reductions of some organo-
metallic compounds by alkali metals probably can be correlated with the
ability of these solvents to transport electrons to the substance to be re-
duced. This amounts to saying that, kinetically, the first act of the reduc-
tion is an attack on the substance to be reduced by the solvent. The second
group of reducing systems mentioned above contains substances which are
known or are likely to give radical anions in the presence of alkali metals or
electropositive metals in general. In this case the radical anion, or a solvated
form of it, should be regarded as directly responsible for the reduction. In
other words, electron transfer occurs between the radical anion and the
transition metal.

For example, sodium benzophenone ketyl has been employed for the
synthesis of both Cr(CO)s and Mn,(CO),, (see Sec. II-E, F for references).
An important difference exists, however, between the chromium and the
manganese syntheses. Hexacarbonylchromium as such is apparently
obtained at the end of the reaction, whereas manganese is present in the
final reaction mixture as the [Mn(CO);]~ anion. Since the reduced form
of chromium, [Cr(CO);s])?", is known (obtained by sodium reduction of
Cr(CO)¢ in liquid ammonia) the question arises as to why the sodium
benzophenone system gives only the zerovalent species. Both thermo-
dynamic and kinetic factors are probably involved in explaining the differ-
ence, the former being connected with the reduction potentials of the car-
bonyl, and the latter with the mechanism of reduction of the carbonyl by
the sodium benzophenone system.

If the description of the electron transfer processes given above is correct,
a carbon monoxide replacement by the benzophenone radical anion or by
the solvent is the first step in the further reduction of the hexacarbonyl:

Cr(CO)s + Solvent —— [Cr(CO)sSolvent] + CO (€))

Dissolved carbon monoxide would presumably counteract the reaction (1)
by inhibiting the reduction processes.

The situation is different with Mny(CO),,. The corresponding anion has
the same number of carbon monoxide groups as each of the two units
constituting the dimer and the only limiting factor here is the metal-metal
bond dissociation energy. ’

Preparation of Metal Carbonyls 11

The material presented in the following sections is divided into sub-
groups of metals, starting from nickel down to the metals of the titanium
.subgroup. No experimental details for preparing metal carbonyls are given
in the following sections. The reader can obtain this information from
specialized publications (4—6). The authors hope that the following sections
will provide information and guidance for improving the known methods
of synthesis.

A final remark concerns the way the subject matter is divided in the
sections that follow. Methods of preparing metal carbonyls have been
divided essentially into two main classes: (Z) dry methods: reactions
occurring in the absence of added liquid, and (2) wet methods: reactions in
the presence of liquids. Nothing, however, is implied about how the sub-
stances come into contact. Although most of the heterogeneous reactions

- are found among the dry methods, this is not always the case. Examples of

dry method reactions that are almost certainly homogeneous are the syn-
theses of Os(CO);, Tcy(CO),o, and Rey(CO)yo from OsO,, Tc,O,, and
Re, 0y, respectively, and carbon monoxide. Owing to the low melting point
and high volatility of the oxides, these carbonylations take place, at least

_ initially, in the gas phase and this partially explains the smoothness of the

reaction.s and the high conversions obtained. It is interesting to note in this
connection that a volatile carbonyl oxide of osmium, Os,0,(CO),,, has

~ recently been isolated from the reaction of OsO, with carbon monoxide

(6'a). On the other hand, in some of the wet methods, reactions take place
with at least one of the reagents insoluble in the reaction medium.

B. Tetracarbonylnickel

In this subgroup the only neutral carbonyl known is tetracarbonylnickel,
Ni(CO),. It was discovered in 1890 by Mond, Langer, and Quincke (D).
A dicarbonyl of platinum of unknown structure, Pt,(CO),,, has been
described by Booth, Chatt, and Chini (6b).

1. Dry Methods from the Metal

Although some finely divided metals (e.g., Fe, Co, Re) are known to be
slowly converted into the corresponding metal carbonyls under drastic
conditions, active nickel is unique in its ability to be easily transformed into
the carbonyl by simple contact with carbon monoxide at room temperature
and atmospheric pressure. Mond and others prepared Ni(CO), by passing
carbon monoxide at 30°C over nickel that was obtained by reducing nickel
oxide with hydrogen at 400°C.
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Since then, the contact method has been the basis of the well-known
Mond process for producing pure nickel and many patents on the pre-
paration of this metal carbonyl have appeared. A technical publication
issued in 1955 by the International Nickel Company (7) lists 55 patents
on the production of Ni(CO),, most of them dealing with dry contact
methods. The reduction of ores, oxides, or salts, followed by reaction with
carbon monoxide under a variety of conditions (temperature below 150°C
and pressures of 1-130 atm) is the most common procedure.

Several papers also have appeared on the synthesis of Ni(CO),. Most of
them deal with various methods for preparing highly active nickel, since it
seems to be the crucial point of the synthesis.

Tassilly, Pénau, and Roux (8) obtained Ni(CO), in 247, yield by reduc-
ing a mixture of NiO and vulcanic ash with hydrogen at 400°C and by

treating the resulting material with carbon monoxide at 30 mm Hg at
45°C. Good yields of Ni(CO), were reported by Laird (9) and by Van
" Duin (10), who used nickel obtained by hydrogenative reduction of either
ignited NiCOj; at 250°C or the oxalate at 290°C. The carbonylation was
carried out at about 90°C with carbon monoxide at atmospheric pressure.

Mayer and Wibaut (11) reduced nickel oxalate supported on infusorial
earth with a stream of carbon monoxide at 450°C. Carbonylation was then
obtained by rapidly lowering the temperature to 100°C.

Gilliland and Blanchard (12) reported that good yields of Ni(CO), were
obtained when nickel formate was pyrolyzed, some mercury was added to
the resultant nickel metal, and carbon monoxide was passed over this
mixture at room temperature.

2. Dry Methods from Nickel Salts

During the preparation of halogenocarbonyls of rhenium, ReX(CO)s,
from active rhenium metal and NiX,, Hieber and co-workers (13) observed
the formation of Ni(CO), from nickel halides by the following reaction:

2Re + NiX; + 14CO —> 2Re(CO):X + Ni(CO)q @)

With X = Cl, Br, and I, and reaction conditions of 250°C and 220 atm
for 16 hr under the yields of Ni(CO), were 60, 95, and 987, respectively.

A systematic study (14) showed that under the standard conditions used
(Cu or Ag as reducing agents, 10 hr at 250°C and 200 atm) the conversion
of NiX, into the carbonyl was 2, 1, and 100%, when X was Cl, Br, and I,
respectively.

Preparation of Metal Carbonyls 13

3. Wet Methods in Aqueous Solutions

The reaction of carbon monoxide at atmospheric pressure with aqueous
alkaline nickel sulfate in the presence of ethyl mercaptan gives Ni(CO),
in good yields (15). ’

Later, Windsor and Blanchard (16) investigated the synthesis of Ni(CO),
from NiS formed in situ from NiSO, and Na,S in aqueous alkaline solu-
tions. The best yields were obtained by using an approximately 1N
solution of NaOH. If Na,S is replaced by Na,Se, the yields are consider-
ably reduced.

Synthesis at atmospheric pressure has been studied by Hieber and Briick
(17), who observed that formation of Ni(CO), in the presence of sodium
hydrogen sulfide from nickel(II) dithiobenzoate is accompanied by the
formation of compounds of type 1. The maximum yield of Ni(CO), ob-
served was 50%,. The yield could be increased beyond this limit only if

2 WA N AN
C\ Ni /Nl /C
s s s7
2 2
I

complex 1 were unstable and could be converted again into the original

- Ni(Il) salt by the action of carbon monoxide in alkaline medium. Accord-

ing to these authors the synthesis of Ni(CO), is prevented if conditions
suitable for the formation of 1 are absent. .

However, Behrens and Eisenmann (18) later showed that, in absence of
oxygen and when conditions are provided for the removal of soluble
nickel and cobalt products, the sulfides of these metals are quantitatively
transformed into Ni(CO), and [Co(CO),] ", according to the equations:

NiS + 5CO + 4OH- —— Ni(CO), + CO%~ + S2- + 2H,0 3

2CoS + 1ICO + 120H~ —— 2[Co(CO),]~ + 3CO%- + 282~ + 6H,0 “4)
These authors assumed that the formation of Ni(CQO), is due to an equili-
brium involving carbon monoxide, the metal sulfide, and sulfur

NiS + 4CO —= Ni(CO), + S (5)
which is continuously shifted to the right by the reaction
S+ CO +40H- —— 82~ + CO%- + 2H,0 (6)

Hieber and co-workers (19-21) also showed that, by using sodium
dithionite or formamidinesulfinic acid as reducing agents, practically
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quantitative yields of Ni(CO), could be obtained from nickel(Il) salts in
aqueous solution at atmospheric pressure. _(S.ee Note 2 on page 272) .

A patent (22) describes the use of metall.lc iron as the reduc.:lng_ ager.lt in
the synthesis of Ni(CO), in aqueous solution. Alm(?st quantitative y1_elds
of Ni(CO), are reported (22) to be obtained by treating aqueous SOluthI'lS
of NiCl, with carbon monoxide at room temperature and atmospheric
pressure. Iron powder is used as the reducing agent and small arnou‘nts of
Na,S and Na,S,0; are added as promoters. The conc.urren.t forx.natlon cl)f
Fe(CO)s was reported to be negligible. The re?.ctlon time is greatly
reduced if carbon monoxide is used at a slightly hlgher pressure 15 atm).

Reppe (23) reported the preparation of Ni(CO), in practically quant{ta-
tive yields from nickel chloride in strongly ammoniacal aqueous solution
at 120°C and with carbon monoxide at 50 atm.

4. Wet Methods in Nonaqueous Solvents o
The reaction between finely divided nickel and carbon monoxide in the
presence of a liquid capable of dissolving the formefl c.arbonyl does no.t
appear to have been reported as yet, althqugh there is little .doubt that it
should give satisfactory results, at least at high carbon mqnox1de pressures.
Nickel salts of organic acids such as the acetate, prop.lonat'e, anc‘i naph-
thenate, dissolved or suspended in organic solvents, give high yields 0of
Ni(CO), by treatment with carbon monoxide and hydrogen at 100-300°C

and 50-300 atm (24). '

C. Cobalt, Rhodium, and Iridium Carbonyls
1. Historical '
The first detailed report on Coy(CO)s and Co(CO),, ap.p.eared in
1910 (25). Cog(CO);6 has been reported just recently (P. Chini, Chem.
un.( British), 1967, 440).
CO'I’T;I'Z ’:érbonyl)s of rhodium, Rhy(CO); and [RW(CO),},, were first
reported by Lagally (26) in 1943. He also reported a tetranuclear Rl.14(CO) 11»
which was later correctly reformulated as Rhg(CO);4 (27). The trlc?rl?onyl
of rhodium has been reported to be tetrameric according to a preliminary
-ray investigation (27a). .
g r’;ﬂe?ridiu%n carb(onyls [Ir(CO)4]. and [Ir(CO);)], were first prepared in
1940 by Hieber and Lagally (28). The tricarbonyl is a tetramer, Ir,(CO); 2,
according to preliminary x-ray data (27a).

2. Dry Methods from the Metals
Co,(CO)g. The reaction of carbon monoxide at 30—40 atm and. 150°C
with finely divided cobalt was first used to prepare octacarbonyldicobalt
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(25). The cobalt metal was prepared by reduction of cobalt oxalate with
hydrogen (5 atm) at 300°C. ’

Since then, several patents have appeared dealing with the synthesis of
Co4(CO); from cobalt metal and carbon monoxide under pressure at high
temperatures. Thus, I. G. Farbenindustrie (29,30) claims that 99%, of the
cobalt is converted into Co,(CO)s with carbon monoxide free of oxygen,
carbon dioxide, and other impurities. Formation of the carbonyl is strongly
inhibited by oxygen; with an oxygen content of 0.3, the conversion falls
to 2%,.

Cobalt may also be used on supports; thus (31), a sulfur-containing
cobalt carbonate supported on infusorial earth was reduced at 400°C
with hydrogen and then heated at 120°C with carbon monoxide at 100 atm
for 2 hr. Yields as high as 92%, have been claimed.

A systematic study of the influence of operating conditions such as
temperature and pressure apparently has not been made. However, very
high pressures of carbon monoxide are sometimes recommended. For
example, a pelleted, reduced cobalt oxide (32) was converted into Coy(CO)q
in high yields by operating at 170°C and 700~1000 atm of carbon monoxide.
Others state that addition of iodine (14) or sulfur (33) results in better
yields of Coy(CO)g from finely divided cobalt.

When zinc, cadmium, tin, indium, or thallium powders are added to

finely divided cobalt (34), the corresponding mixed cobalt carbonyls are
obtained:

M + nCo + 4rCO —> M[Co(CO),I, Q)
rd

with n = 1, 2, or 3 depending on the metal employed (see Sec. XI).
Co,(CO); can be recovered from these compounds by oxidation with the
stoichiometric amount of jodine in benzene.

Rhy(CO)g. Lagally (26) reported the isolation of Rh4(CO),, with the
dry synthesis from the metal being the preferred method of preparation.
The rhodium metal was obtained by reducing Na;RhCl,; with hydrogen
at temperatures below 150°C and then it was reacted at 200°C with carbon
- monoxide (450 atm) for 15 hr. The carbonyl was claimed to be isolated
from the resulting material by crystallization from hydrocarbons. It is
worth mentioning here that no other significant reports about this carbonyl
have appeared in the literature.

3. Dry Methods from Metal Salts
Coy(CO)s. The dry synthesis from cobalt halides and sulfides in the
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" presence of reducing metals has been extensively studied by Hieber and
co-workers (35). The reactions

2C0S + 8CO + 4Cu —> Cog(CO)s + 2CuzS ®)
2Col, + 8CO + 4Cu —> Cox(CO)s + 4Cul )

give quantitative yields of the carbonyl when carried out at 160-190°C and
150-250 atm of carbon monoxide for 12 hr. ‘

Systematic work (36) on the reactivity of the four cobalt halides showed
that 100%, of Col, is transformed into Co,(CO)g at 150°C, whereas CoF,,
CoCl,, and CoBr, respectively give, at 200°C, yields of 0, 2.5, and 4.5%,.
In the case of Col,, an intermediate iodocarbonyl, Col,(CO), was isolated
from the reaction mixture. With reducing metals, the yields decrease in
the order: Cu > Ag > Pt > Au.

With Zn or Cd powders, formation of mixed cobalt carbonyls,
M[Co(CO).]s, occurs (M = Zn, Cd) (see Sec. XI). .

Rh,(CO),, and Rhe(CO),6. Both these carbonyls can be obtamed' from
anhydrous RhCl; (26) and carbon monoxide at 200 atm for 15 hr in .the
presence of copper (or Ag, Cd, Zn). Temperature appears to have an im-
portant effect on the nature of the final products. At 50-80°C the brick-red
tetramer is formed, whereas in the range 80-230°C the reaction products
contain only Rhg(CO),;6. Under these conditions, no Rhy(CO)g was
obtained. Small amounts of impure Rh,(CO);s were reported, together with
the main products, [RhX(CO),],, when anhydrous rhodium halides Rt}Xa
(X = Cl, Br, I) were reacted with carbon monoxide at about 18Q°C, with-
out any added reducing metal. Rhy(CO)s was apparently obtained only
when finely divided rhodium metal (prepared from Na;RhClg z?nd hydro-
gen at temperatures not higher than 150°C) was react_ed with carbon
monoxide at 280 atm and 200°C (see above). There is doubt about the
existence of Rhy(CO)s. _

Ir (CO)yp and [Ir(CO),),. These carbonyls were first reported by Hieber
and Lagally (28), who prepared them from the halides IrX; or from the
haloiridiates M,IrXs or M3IlrXs (M = NH,, Na, K; X = Cl, Br, I). The
halides were carbonylated for 24 to 48 hr with carbon monoxide at ?’50
atm. Temperatures of 140, 120 and 100°C were required for the chloride,
the bromide, and the iodide. The copper lining of the autoclave acted as a
halogen acceptor. The haloiridiates required a temperature of 170-200°C
and the addition of an excess of copper or silver for carbonylation.

A mixture of the two carbonyls was always obtained. Separation was
based on the relatively significant solubility of [Ir(CO),], in ether and
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. carbon tetrachloride compared with the very limited solubility of the

tricarbonyl in these solvents.

Some Ir,(CO),, is also formed (37a) when a stream of carbon monoxide
at atmospheric pressure is reacted with IrX,-H;O at 150°C. The main
products of this reaction are the halogenocarbonyls IrX(CO); and
IrX,(CO)s,.

It is worth mentioning that, after the original paper by Hieber and
Lagally (28), no other reports have appeared on the preparation and
properties of the tetracarbonyl of iridium [Ir(CO),},. Noack (37b), in an
attempt to study its infrared spectrum, found no definite evidence for its
formation under various operating conditions.

C0y(CO), 5 from Coy(CO)s. When Coy(CO)g is heated to 60°C in an
inert atmosphere (25) carbon monoxide is evolved slowly with formation of
the tetramer Co,(CO),,. After 20 hr the reaction is complete.

2C05(CO)s —> Co4(CO);, + 4CO 10)

The carbonyl is recovered by crystallization from benzene.

4. Wet Methods in Aqueous Solutions

Co,(CO)s. Among the metal carbonyls of this subgroup, only Co,(CO),
has been prepared in aqueous solution. Actually the synthesis in aqueous
medium leads to the formation of the tetracarbonylcobaltate anion
[Co(CO),]~ or of the hydridocarbonyl CoH(CO),, which require further
oxidation for transformation into Co,(CO)s.

Manchot and co-workers (15,38,39) and Reihlen and co-workers (40)
were the first to observe that alkaline solutions of Fe(1I), Co(Il), and Ni(ID),
in the presence of sulfur-containing promoters, are capable of absorbing
carbon monoxide at room temperature and atmospheric pressure. Schu-
bert (41) then studied the reaction between cobalt(IT) cysteinate and carbon
monoxide in alkaline solutions. He succeeded in preparing the tetracar-
bonylcobaltate anion by this method. Since cobalt(III) cysteinate was found
in the reaction mixtures, Schubert explained his results by the dispropor-
tionation, 4Co(II) — 3Co(III) + Co(I—), followed by reduction of co-
balt (III) by carbon monoxide, the latter being oxidized to carbonate.

Later, Blanchard and co-workers (42,43) recognized that in strong
alkaline solution the formation of [Co(CO),]~ may be represented by the
equation:

2CoCl; + 12KOH + 11CO —> 2KCo(CO), + 3K,CO; + 4KCl + 6H.O (11)

Blanchard and Gilmont (44) also reported that equimolecular quantities
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of CoCl, and KCN in 4N KOH absorbed more than 4 moles of carbon
monoxide per atom of cobalt, suggesting that carbon monoxide was also
consumed to form carbonate.

More recently, carbonylation in the presence of KCN was accurately
investigated by Hieber and Bartenstein (45). They showed that when the
ratio CN~/Co?* is between 1 and 2, cobalt is quantitatively transformed
into [Co(CO),]". For a ratio of 5, [Co(CO}CN);}*~ is formed and for a
value of 6 no carbon monoxide is absorbed. Moreover, they excluded the
disproportionation to cobalt(IIl) in this system. They proposed the
occurrence of the following reactions:

6Co?%* + 3CO + 120H- —— 6Co* + 3CO3~ + 6H,0 12)
6Co* + 12CO + 12CN- —> 6[Co(CN)x(CO).]1~ a3
6[Co(CN)(CO)z]- —— 2[C0(CO_)4]' + 4Co%* + 12CN- + 4CO (14
According to this scheme, cobalt(II). would be reduced to cobalt(I),

followed by disproportionation to cobalt(II) and cobalt(I—). In-con-
clusion, although it is difficult to propose a unified mechanism for these

carbonylations of cobalt in aqueous alkaline solutions, they do appear to

depend on the reducing properties of carbon monoxide.

The function of promoters (sulfur-containing compounds, cysteine,
cyanide ion) probably is to form complexes with the cobalt ion, the net
result being a modification of the oxidation-reduction potential of cobalt.

For preparative purposes, better results were obtained when reducing
agents were deliberately added to the system. Thus, some methods have
been described (20,21) in which NayS,;0, or formamidinesulfinic acid were
employed for the reduction. With the former reducing agent, the yield of
[Co(CO),]~ is practically quantitative. From the solution, 907, of
Hg[Co(CO),]; can be isolated by addition of HgCly, or 407, of Co,(CO)s
can be obtained by oxidation with silver(l).

At high carbon monoxide pressures, aqueous solution of cobalt salts are
easily carbonylated. By treating CoSO, or CoCl, in aqueous ammonia
solution with carbon monoxide (95-110 atm) at 120-140°C for 16-18 hr,
Reppe (23) obtained 66 and 56%, of Coy(CO)s. The carbonyl could be
isolated from the reaction mixtures by acidification with HCI or H,PQO,,
and subsequent spontaneous loss of hydrogen from the intermediate
CoH(CO),.

5. Wet Methods in Nonaqueous Solvents

The carbonyls of cobalt are more frequently prepared in non-aqueous
solvents.
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Co,(CO)g. In some instances the dry methods of synthesis described
above may be carried out in the presence of anhydrous solvents. Thus
Adkins and Krsek (46) prepared solutions of Co,(CO)g by reacting Raney
cobalt suspended in diethyl ether with carbon monoxide at about 250 atm
and 150°C. In the experience of the authors of this chapter, analogous
results can be obtained by using hydrocarbons as solvents and Raney
cobalt or cobalt supported on Al,05-SiO,, but the yields are erratic and
frequently poor. '

According to a Japanese patent (47), Co,O4 suspended in benzene is
transformed into the carbonyl by reaction with carbon monoxide and
hydrogen at 200 atm and 110°C in the presence of some pyridine and
preformed Coy(CO)s.

The best way to synthesize octacarbonyldicobalt is to use the high
pressure method with anhydrous cobalt salts of organic or inorganic acids
dissolved or suspended in nonaqueous media. Hydrogen is used as the
reducing agent. The one-step synthesis from cobalt salts in the presence of
hydrogen was first reported in some American patents issued in 1949
(24,48). Salts such as the carbonate, butyrate, 2-ethylhexanoate and
naphthenate in solvents such as alcohols, ketones, or hydrocarbons were
carbonylated at 140-300°C under 100-200 atm with carbon monoxide and
hydrogen. The reactions may be regarded as:

2(RC0O0),Co + 2H, + 8CO —— Co02(CO)s + 4RCOOH as
Co02(CO)s + H; —— 2CoH(CO), 16)

It was soon realized (49,50) that the reaction is accelerated by preformed
Coz{(CO)s. In this case the reaction temperature can be lowered to 80°C.

Wender and co-workers reported the synthesis of Coy(CO)g in 539,
yield from cobalt carbonate (51,52). A preparative procedure which does
not require the predrying of the cobalt(Il) salt was given by Szabd,
Marké, and Bor (53). Commercially available cobalt acetate (the tetra-
hydrate) suspended in acetic anhydride was treated with carbon monoxide
and hydrogen at 160-180°C. A detailed description of this method of
preparation is given by King (5). Szab6 and Marko (54) have reported also
that hexane solutions of cobalt stearate are converted into Coy(CO)g
(together with Co,(CO),; and tetracarbonylacylcobalt derivatives) when
treated with triethylaluminum at room temperature and 1 atm of carbon
monoxide.

A systematic investigation of the synthesis of Co,(CO)g from cobalt salts
in organic solvents using hydrogen as the reducing agent was reported by
Chini (55,56). At 95°C, with cobalt 2-ethylhexanoate dissolved in toluene,
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in the presence of preformed Coy(CO); and at superatmospheric pressure
of carbon monoxide and hydrogen, the reaction is first order with respect
to both dissolved hydrogen and Co,(CO)s. As the amount of the latter
increases with time, the reaction shows a very characteristic autocatalytic
behavior. Above 15 atm, carbon monoxide has a retarding effect on the
formation of Coy(CO)s. Finally, the cobalt(II) concentration appears to
have no kinetic effect.

When organic Lewis bases are employed as solvents, a very smooth
reaction is frequently observed and 80-95%, yields of Co,(CO)s are ob-
tained at 30°C with 100 atm hydrogen and 80 atm carbon monoxide. The
Lewis bases used were: Cg—C, aliphatic ketones, 1-butanol, tetrahydro-
furan, diethylene glycol diethyl ether, ethyl and cyclohexyl acetate, and
methyl benzoate. The reaction time varies from 2 to 48 hr, depending on the
base employed. Under the same conditions, acetone, fert-butanol, diethyl
ether, and dimethylaniline give Co4(CO);g and large amounts of the car-
bonylcobaltate, [CoBgl[Co(CO),],, whereas no reaction takes place with
benzophenone, C¢—Cjg aliphatic ethers, diphenyl ether, dioxane, triethyla-
mine, and dimethylformamide. The occurrence of the carbonylation at such
a low temperature (30°C) was explained by the ability of the Lewis base to
create conditions for the simultaneous presence in the system of Coy(CO)q
and [Co(Be)][Co(CO)4]z.

Co,(CO);5. A method for a direct synthesis of Co,(CO);,, from cobalt
salts and carbon monoxide has not yet been developed. The previously
mentioned Mond’s method (25) has been improved by the use of hydro-
carbons as solvents (57,58).

Ercoli and co-workers (59) have reported a method for the preparation
of Co,(CO),, from cobalt(II) ethylhexanoate or cobalt(I) and cobalt(III)
acetylacetonates. These are reacted with hydrogen at 30-50 atm, and with
Co,(CO); in amounts corresponding to the following stoichiometry:

2(RCO0);Co + 3C02(CO)s + 2H; —> 2C04(CO);2 + 4RCOOH (¢¥))

The yields are better than 90%,. It is noteworthy that a transfer of carbon
monoxide from Co,(CO); to cobalt(Il) is involved in this reaction.

ﬁ. Iron, Ruthenium, and Osmium Carbonyls

1. Historical

Pentacarbonyliron, Fe(CO);, was discovered independently by Berthe-
lot (60) and by Mond and Quincke (61) in 1891.
Enneacarbonyldiiron, Fe,(CO),, was described by Dewar and Jones in

Preparation of Metal Carbonyls 21

1905 (62) and they reported dodecacarbonyltriiron (as polymeric Fe(CO),)
in 1907 (63).

The ruthenium carbonyls Ru(CO); and [Ru(CO),], were discovered by
Manchot and Manchot (64), who also described an enneacarbonyldi-
ruthenium that was later reformulated by Corey and Dahl (65) as dodeca-
carbonyltriruthenium, Rug(CO);,.

Pentacarbonylosmium, Os(CQO);, was first described and characterized
by Hieber and Stallmann in 1943 (66); they isolated also an enneacarbonyl-
diosmium, later reformulated by Corey and Dahl (65) as dodecacarbonyl-
triosmium, Osg(CO),,.

2. Dry Methods from the Metals

Fe(CO)s. In the original preparations by Berthelot (60) and by Mond
and Quincke (61), Fe(CO); was obtained by reacting carbon monoxide at
atmospheric pressure with active iron metal prepared from oxides or
salts.

Mittasch (67) reported that good yields of Fe(CO); are obtained at about
200°C and 50-200 atm, especially if oxygen is completely absent from the
gas. Small amounts of sulfur or selenium have a favorable effect. The effects
of S, Se, and Te have been investigated in a systematic way (68). Finely
divided iron with an average particle diameter of 10~* cm was submitted

" to a carbon monoxide pressure of 200 atm and then heated for 15 hr at

200°C. The conversion was 26.4%,, whereas when 0.3 at. %, of sulfur was
added, 94.5%, of Fe(CO)s was obtained. Selenium and tellurium in
amounts of 0.9 and 1 at. %, gave a conversion of 93.0 and 88.6%,. With
larger amounts of these elements a progressive drop in conversion was
observed. It was suggested that these elements act as catalysts via inter-
mediate formation of complexes, e.g., Fe;S,(CO)s, which would then be
split by carbon monoxide into Fe(CO); and sulfur.

Ru(CO)s. Poor yields of this carbonyl were obtained (64) from
ruthenium powder and carbon monoxide under pressure. After 14 days of
reaction at 300°C and 400 atm the conversion was only 10%,. The strong
adsorption of Ru(CO); on the metal was regarded as preventing the reac-
tion from proceeding further.

Os(CO)s. Only traces of this carbonyl were observed (66) when os-

" mium powder was reacted with carbon monoxide (350 atm) for 15 hr at
250°C.

Polynuclear carbonyls. There are no reports on the preparation of
polynuclear carbonyls of the iron subgroup from the metals by dry methods.
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3. Dry Methods from Metal Salts and Oxides

Fe(CO)s. In a systematic study (14) of the formation of this carbonyl
from anhydrous FeX, (X = Cl, Br, 1) in copper-lined autoclaves, Hieber
and co-workers showed that, in 15 hr at 200°C and 200 atm of carbon
monoxide, no carbonyl was formed when X was Cl or Br, whereas a yield
of 50-75%, was obtained with the iodide. The iodocarbonyl Fel,(CO),
also is formed in 25-50%, yield. By addition of copper or silver powder the
yield from Fel, increased to 98%,. At 250°C with a large excess of Cu,
FeCl,, and FeBr, gave Fe(CO); in 1.3 and 19.5%, yields.

Ru(CO)s and Ruy(CO),,. Both these carbonyls were formed when

Rulj, mixed with a large excess of silver powder, was kept at 170°C for ,

24 hr under carbon monoxide at about 450 atm in a rotating autoclave (64).
The volatile Ru(CO); then was recovered from the vented gases by trapping
it at low temperature; Rug(CO),, was extracted from the residue with
benzene. Analogous results were obtained from the halogenocarbonyl,
Rul;(CO),. This compound gave Ru(CO); only, when warmed with
copper or silver powder at 170°C in a stream of carbon monoxide.

Os(CO)s and Osx(CO);,. As with Ru, these carbonyls were formed
when the halides (OsCl; and Os,Bry) and an “oxyiodide,” mixed with
powdered copper or silver, were reacted with carbon monoxide at high
pressure and temperature (200-300 atm, 150-300°C) (66). However, the
best method for preparing Os(CO), seems to be dry reduction of the tetra-
oxide by carbon monoxide itself:

050, + 9CO —— Os(CO); + 4CO, (18)

This reaction was carried out at 300°C and 300 atm and gave quantitative
yields of the carbonyl. Formation of the carbonyl was also observed under
less drastic conditions (100°C and 50 atm). The yields, however, were
erratic and seemed dependent on the amounts of starting materials
employed.

4. Wet Methods in Aqueous Solution

Fe(CO)s. Because of the very satisfactory results obtained by the dry
methods described above, limited efforts have been made to find new
synthetic methods.

Reppe (23) described the high pressure synthesis of iron, cobalt, and
nickel carbonyls. Pentacarbonyliron was obtained in 40-50%, yields by
treating an ammoniacal solution of Mohr’s salt with carbon monoxide
(115 atm) at 80°C for 16 hr.
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Fey(CO),5.  Although this carbonyl was first obtained by heating non-
aqueous solutions of Fe,(CO), (63), it is now prepared almost exclusively
by starting from alkaline solutions containing carbonylferrate anions.
This method is due to Freundlich and Cuy (69), who observed that Fe(CO);
reacted at room temperature with aqueous alkali to give brown solutions
which then were treated with (NH,),SO, and extracted with diethyl ether.
Oxidation of the ether layer with copper(II) sulfate gave crystals of dodeca-
carbonyltriiron. More directly, the carbonyl was obtained by air oxidation
of the alkaline solutions. It is worth mentioning that the freezing point
depression observed (63) during attempts to determine the molecular
weight of Feyg(CO),, was very small and it corresponded approximately to
a polymer [Fe(CO),Js0. Later attempts (70a) to determine the molecular
weight by different methods also failed and only tetrameric or perhaps
higher structures were indicated by those measurements. At a later date,
Hieber and Becker (70b) reported that the tetracarbonyl is a trimer accord-
ing to molecular weight determinations in pentacarbonyliron as solvent.

Methods for preparing Fe;(CO),, were later improved somewhat (71).
Hieber and Brendel (72) reported quantitative yields of this compound by
oxidizing alkaline solutions containing carbonylferrates with MnO,,
followed by removal of excess MnQ,, acidification, and extraction of the
carbonyl with petroleum ether.

A 907, yield of Fez(CO),, was reported in a patent (73) disclosing a
method for treating Fe(CO); with aqueous triethylamine to form a com-
pound formulated as NR;H,Fe3(CO),,, which was acidified with formic
acid. The resulting Fe;(CO),, was then extracted with petroleum ether.
The acidification with formic acid was reported to occur according to the
following stoichiometry:

4NR3H:Fea(CO)yy + 2HY —— LL Fe3(CO)y2 + Fe?* + 5H; + 4NRs  (19)

The compound NR;H,Fes(CO);;, reported in this patent (73) is the
alkylammonium salt [NRgH][Fe;H(CO),,]. Case and Whiting (74) re-
ported the absorption spectra in the visible region of the [Fe;H(CO);,]~
anion, prepared according to this patent.

5. Wet Methods in Nonaqueous Solvents

Syntheses in nonaqueous solvents are reported for Fe,(CO), and
Ruy(CO);».

Fey(CO)y. This carbonyl is obtained by the action of light on Fe(CO);.
An accurate description of the operations involved is given by Speyer
and Wolf (75). They obtained moderate yields of Fe,(CO), by exposing
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to sunlight concentrated solutions of Fe(CO); in glacial acetic acid or in
acetic anhydride. The reaction was carried out in vacuo or in a hydrogen
atmosphere, with periodic venting of the gases.

Eyber (76) showed that the quantum yield of this reaction is 2 and he
accordingly proposed the following mechanism:

Fe(CO)s —> *Fe(CO)s (20
Fe(CO)s + *Fe(CO); —> Fey(CO)s + CO @n

He also observed an inhibiting effect on the reaction by hydrogen whereas
carbon monoxide, argon, and carbon dioxide had no significant effect.

Ruy(C0O),,. This carbonyl is formed when solutions of Ru(CO); in
hydrocarbons or alcohols are warmed for a short time, more suitably in
the presence of light (64). Liquid Ru(CO);s loses carbon monoxide at
50°C to form some Rug(CO);,.

During the thermal and photochemical decompositions of Ru(CO)s,
Manchot and Manchot (64) observed the formation of a red-green
dichroic carbonyl, tentatively formulated as [Ru(CO);]..

Pino and co-workers (77,78) described a direct method for preparing
Ruy(CO),, from ruthenium(III) acetylacetonate, carbon monoxide, and
hydrogen (3:1) under pressure (150-200 atm) and at 140-160°C. Acetone,
benzene, and methanol were used as solvents for the reaction; yields as
high as 82%, were obtained in methanol. Interestingly, when an aliphatic or
aromatic alcohol is used as solvent, Rus(CO),, is obtained even in the
absence of hydrogen. Thus, in benzyl alcohol, a 35%, yield is obtained under
a carbon monoxide pressure of 160 atm. Subsequently a British patent (79)
described a similar method of preparing Rug(CO);; from ruthenium(III)
salts with carbon monoxide and hydrogen under pressure.

The possibility of carbonylating ruthenium in the absence of hydrogen
when an alcohol is present suggests that reduction of ruthenium(IlI) can
be carried out by the alcohol. Benzaldehyde, benzene, and toluene were
identified among the products of the carbonylation of ruthenium(II) in
benzyl alcohol (78).

E. Manganese, Technetium, and Rhenium Carbonyls

1. Historical

Decacarbonyldirhenium was first prepared in 1941 by Hieber and
Fuchs (80).

In 1949 a carbonyl of manganese was reported by Hurd and co-work-
ers (81), who isolated very small quantities of sublimed crystals. Although
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the amounts isolated were insufficient for characterization, its properties
seemed to correspond to those of Mny(CO),,.

Decacarbonyldimanganese was prepared and fully characterized in 1954
by Brimm and co-workers (82).

Decacarbonylditechnetium was described independently, in 1961, by
Hileman, Huggins, and Kaesz (83) and by Hieber and co-workers (84,85).

Polynuclear carbonyls [M(CO),]), of technetium (86) and rhenium (87)
also have been described. However, the alternative formulation of these
two compounds as hydridocarbonyls cannot yet be excluded, considering
the experimental data now available. On the other hand, the rhenium
compound is less likely to be a hydridocarbonyl since it is prepared in a
hydrogen-free system.

2. Dry Methods from Metal Oxides and Salts

None of the carbonyls of this group could be obtained by direct action of
carbon monoxide on the metals. Negative results were reported for
manganese (25) and for rhenium (80).

Tcx(CO)yo. This carbonyl was prepared (83-85) by the action of carbon
monoxide at 350-250 atm on the oxide, Tc,O, at 220-275°C for 20-12 hr.
99Tc is a B emitter, and certain precautions must be taken to avoid radio-
active contamination. Hieber and co-workers (85) have described equip-
ment in which the manipulations of the volatile technetium compounds
Tc,0; (mp 290°C) and Tcy(CO);o can be carried out safely. A detailed
description of the synthesis of Tcy(CO),, has been given by Hileman (88).

Rey(CO),0. Hieber and Fuchs (80) reported that no carbonyl could be
obtained from the interaction of rhenium halides and carbon monoxide in
the presence of metals as reducing agents. They found, however, that
Re,0, is reduced by carbon monoxide at high temperature and pressure
with simultaneous formation of the carbonyl:

Re;0; + 17CO —— Rex(CO)yo + 7CO, 22)

Quantitative yields were reported at 250°C for 16 hr at 350 atm. Good
results were obtained also from ReOj, ReO,, and Re,S,, but poor yields
were obtained from KReQ,.

Osborne and Stiddard (87) prepared a polynuclear tetracarbonyl-
rhenium. [Re(CO),}, by reacting Re,S, with carbon monoxide (85 atm) at
200°C in the presence of copper powder. This carbonyl is a colorless
crystalline compound which can be sublimed in vacuo (100°/0.1 mm Hg); it
is insoluble in common organic solvents and it shows two infrared bands
in the C—O stretching region at 2055 and 1995 cm 1.
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3. Wet Methods in Nonaqueous Solvents

Mny(CO)yo. Brimm and co-workers (82) obtained this carbonyl (1%,
yield) when carbon monoxide at 200 atm was reacted at room temperature
for 15-17 hr with a mixture of magnesium powder, manganese iodide,
copper, and copper iodide suspended in ether. The manganese iodide had
been prepared by heating manganese powder and cuprous iodide at
450°C. :

In a later patent (89) the action of phenylmagnesium bromide or
chloride and carbon monoxide at 30 atm on anhydrous MnCl, in ether,
preferably at temperatures between —20 and +30°C, is claimed to give
Mn,(CO),, in about 109, yield.

Closson and co-workers (90) later reported the use of sodium benzo-
phenone ketyl as the reducing agent for synthesis of Mny(CO),, from
manganese(Il) salts. The preparation of the carbonyl was carried out in
three steps:

(a) Reaction of anhydrous manganese(II) chloride with the ketyl in
tetrahydrofuran.

(b) Carbonylation of the resulting mixture with carbon monoxide at
200-700 atm and 65-200°C.

(c) Hydrolysis and steam distillation of the Mny(CO),, from the
resulting mixture.

The highest yield of Mny(CO),, obtained by this method was 32%,.

Step (c), hydrolysis and steam distillation, is necessary because the
manganese occurs in the final reaction mixture as [Mn(CO);]~. During
this operation [Mn(CO);]~ is hydrolyzed to MnH(CO),, which is then
oxidized to Mn,(CO),,.

Carbonylation in the presence of aluminum alkyls, first introduced by
Russian workers (91) for the synthesis of carbonyls of group VI, was
extended to manganese by Podall and co-workers (92). They obtained
decacarbonyldimanganese in about 60%, yield under their best conditions.
The method is based on reduction of an anhydrous manganese(II) salt
with a trialkylaluminum compound dissolved in an ether or in benzene,
in the presence of carbon monoxide under pressure.

In the systematic study of the reaction (92) a number of factors were
considered and the following conclusions were drawn.

(a) Yields depend on the manganese compound, increasing in the
order: chloride, iodide, formate, acetylacetonate, isopropoxide,
acetate = benzoate.
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(b) Yields depend on the solvent, increasing in the order: pyridine,
diethylene glycol dimethyl ether, tetrahydrofuran, benzene, diethyl
ether, anisole, and diisopropyl ether.

(c) Yields depend on the molar ratio AlR;/Mn(Il), increasing from
10%, for a ratio 0.9, to 55 and 79%,, for ratios of 7.2 and 9. For higher
ratios, the yields decrease.

The observed dependence of yields on the alkylaluminum compound, the
temperature, and pressure was as follows.

With benzene as reaction medium, the best results were obtained with
triisobutylaluminum, triethylaluminum, and sodium tetraethylaluminate.

. In ether, however, the latter gave poor yields. Over 170 atm, no variation

of yields with pressure was observed. The optimum temperature depended
on the nature of the solvent; 165°C with benzene and 145°C with anisole
or isopropyl ether.

The procedure reported by Podall and co-workers is, however, rather
tedious. They pretreated the manganese compound with a trialkyl-
aluminum at 0°C before reacting the resulting mixture with carbon mon-
oxide. At the end of the reaction, they added methanol to the contents of
the autoclave and the carbonyl was then steam distilled.

Calderazzo (93) has indicated a way to simplify Podall’s procedure.
Manganese(II) acetate, diisopropyl ether and triisobutylaluminum, in that
order, were dissolved in diisopropyl ether and placed in an autoclave; then
carbon monoxide was introduced at room temperature., The mixture then
was heated gradually to 60°C; at about this temperature, gas absorption
took-place. The temperature was raised to 140°C and maintained at this
level for 20 hr. At the end of the reaction, the contents of the autoclave
were cooled to room temperature and collected under nitrogen. After
cooling to about —50°C, the carbonyl separated out. After filtering, it was
sublimed at 50°C in high vacuum. Pure Mn,(CO),, was obtained in 487,
yield. This procedure does not require the use of large volumes of liquids,
and it permits the preparation of 20 g of Mn,(CO),, in a single run using
a one-liter autoclave.

Finally a method was described (94) for preparing Mny(CO),, from
anhydrous MnCl,, magnesium, and carbon monoxide in dimethylforma-
mide; yields of 14%, were reported. From the experience of the authors of
this chapter, this method gives unsatisfactory results.

Rey(CO)yo. Davison, McCleverty, and Wilkinson (95) have reported a
method for preparing Re;(CO);, from anhydrous ReClg or ReCl, by using
sodium in tetrahydrofuran as reducing agent. By operating at 130°C and
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compounds of the type CrPhs- [(C;Hs),0], are probably intermediates in
the formation of Cr(CO)s. Zeiss (107) proposed the following reaction
sequence:

Cco CO + —
CrPhy(ether)s; —— Cr(CO);Phy —— Cr(CO)sPh (23)
@
. - H0
Cr(CO)¢Ph — Cr(CO)s + +H, + PhOH 24)

This reaction scheme involving successive internal oxidation-reductions of
chromium(III) is reasonable, except for the last step in Eq. 23 in which the
cationic carbonyl species 1 is formed. Step 24, i.e., formation of phenol
from 1 is also not obvious. In our opinion, the cationic species 1 would not
be stable in the presence of carbon monoxide, or it would rearrange easily
to Cr(CO)g and biphenyl. Furthermore, it does not seem necessary that a
proposed mechanism has to account for the formation of both Cr(CO),
and phenol. Phenol was found to be present only in trace amounts and its
stoichiometry with respect to the formed Cr(CO)s was therefore not
established. Perhaps a more reasonable mechanism for the formation of
Cr(CO)g is that the replacement of phenyl groups by carbon monoxide
continues until Cr(CO); is formed. This would then react with the excess
PhMgBr present to form MgBr * [Cr(CO)s—C(=0)—Ph] - (2), which then
would revert to Cr(CO); in the presence of water. Compounds similar to 2
are now known.

Fischer and Maasbdl (111) reported the preparation of the anion
[W(C0);—C(=0)—Ph]~ (3) by treatment of W(CO)s with LiPh in
diethyl ether. Attempts to isolate the corresponding hydrido compound by
acidification of 3 yielded W(CO)g and benzaldehyde.

Nesmeyanov and co-workers (112) preferred to regard the Grignard
reagent in the Job-Cassal synthesis merely as a reducing agent. Probably
while searching for a more readily available reducing agent, they obtained
W(CO)s and Mo(CO)g in 14 and 109, yields when they used zinc or iron
powders. The reaction was carried out in ether-benzene with carbon
monoxide at atmospheric pressure and at 0-10°C. From a similar system
operating at about 100 atm (113), W(CO)s and Mo(CO), were obtained in
yields of 70 and 46%,.

Similar carbonylations of molybdenum and tungsten are reported in
some American patents (114,115) describing the preparation of Mo(CO),
and W(CO); in excellent yields (60-90%,). Halides or oxyhalides as the
starting materials were suspended in ether and reacted with aluminum
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or aluminum alloys and carbon monoxide at 70 atm and 20-100°C for
3-16 hr; sometimes Fe(CO); or Ni(CO), was used as a promoter.

An interesting reaction is that between MoCl; and Fe(CO); in the
presence of hydrogen chloride and carbon monoxide under pressure to give
Mo(CO)s in 28%, yield (116). The reaction of WClg with Fe(CO); in the
presence of hydrogen under pressure gave yields of W(CO)g as high as
85%, in diethyl ether (117).

Apparently molybdenum and tungsten undergo carbonylation quite
easily. Chromium salts, on the other hand, are less prone to be converted
into Cr(CO),; indeed until recently a practical method for preparing this
carbonyl in large quantities was unavailable. The Grignard method has the
disadvantage of requiring difficultly available materials as well as giving
poorly reproducible yields.

In 1957, Natta and co-workers (118) published a method for preparing
Cr(CO)¢ by using a metal-pyridine system as the reducing agent. An-
hydrous pyridine, magnesium powder, and small amounts of iodine or
organic halogenated compounds were used to carbonylate chromium(III)
and chromium(II) salts at 130-180°C and 100-300 atm for 4-12 hr.

Yields higher than 809, were obtained in the carbonylation of chrom-
ium(III) acetylacetonate, although anhydrous chromium(III) acetate,
chromium(III) 2-ethylhexanoate, and several other chromium(III) and
chromium(I) salts, could also be converted into Cr(CO)g (119).

The intermediacy of Cr(CO); (pyridine) during the synthesis was sug-
gested by the isolation of this compound from the reaction mixture. The
essential feature of this method is the reducing power of the metal-
pyridine system; indeed, no carbonylation of chromium(III) salts could be
obtained when pyridine was absent.

Magnesium and pyridine were shown to give blue solutions extremely
sensitive to air. These blue solutions probably contain the pyridine radical
anion C;H;N~, which is presumably the actual electron-transfer agent.

The metal-pyridine system for the synthesis of Cr(CO)g was later used
also by Nesmeyanov and co-workers (120). They obtained Cr(CO); in
379, yield by carbonylation of anhydrous CrCl; with lithium or sodium at
room temperature.

Other compounds known to give radical anions in the presence of alkali
metals are benzophenone and aromatic condensed hydrocarbons, such as
naphthalene. Interestingly, both these systems were later used in carbonyla-
tion reactions to synthesize Mn,(CO),, and Cr(CO)s. The manganese
carbonyl case has already been discussed. Shapiro and Podall (121) re-
ported the use of sodium naphthalene for preparing Cr(CO)¢ from an-
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hydrous CrCl; and carbon monoxide under pressure (250 atm) in tetra-
hydrofuran at 25°C. The yield, however, was rather poor (about 10%,).

Nesmeyanov and co-workers (122) reported a 65%, yield of Cr(CO),
from carbonylation at 65°C of CrCl; in ethyl ether with carbon monoxide
at 100 atm; lithium aluminum hydride was used as the reducing agent.

Finally, two additional methods of preparing Cr(CO); are the Al-AlCl,-
benzene system and reductive carbonylation with trialkylaluminum com-
pounds. By the former method, Fischer and co-workers (123) obtained
Cr(CO)¢ in 84%, yield by treating anhydrous CrCl; at 140-150°C with a
benzene suspension of AlCl; and aluminum powder and carbon monoxide
under pressure. The bis(benzene)chromium(I) cation, [Cr(CgHg),]*, was
regarded as a reaction intermediate. The main evidence for this view was
the inability to obtain Cr(CO)s when the reaction was carried out in hep-
tane.

The trialkylaluminum method has been used (92) to prepare Cr(CO)s,
Mo(CO)s, and W(CO), in yields of 92, 76, and 92%,. Several aspects of this
method of preparation have been discussed previously (see synthesis of
Mn,(CO); ). ;

Podall and co-workers (123a4) have also reported the preparation of
Group VI metal carbonyls. In particular they obtained Cr(CO); by treating
CrCl; or CrCl; or chromium(1II) acetylacetonate with sodium in diglyme as
solvent. The best yields (30%,) were obtained in 0-25°C. This reductive
carbonylation seems to give NayCr(CO); as the final reaction product,
from which Cr(CO), is obtained in a hydrolytic step.

G. Hexacarbonylvanadium, Hexacarbonylniobate(I--), and Hexacarbonyl-
tantalate(I—)

1. Historical

In this group only vanadium is known to give a neutral carbonyl,
V(CO)g, whereas niobium and tantalum form the corresponding carbonyl-
metallates [M(CO)¢s] ~. Hexacarbonylvanadium was discovered in 1959 by
Natta, Ercoli, Calderazzo, and co-workers (124). The existence of a dia-
magnetic dodecacarbonyldivanadium, later reported by Pruett and Wy-
man (125), was not confirmed (see Sec. 1V).

The carbonylmetallates of niobium and tantalum were described in 1961
by Werner and Podall (126), who isolated the sodium salts of the
[Nb(CO)¢]~ and [Ta(CO)g]~ anions.
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2. Methods of Preparation

No methods are known for preparing V(CO)g, [NDB(CO)g]-, or
[Ta(CO)g] ™ in dry or aqueous systems.

Hexacarbonylvanadium was prepared (127,128) by reduction and car-
bonylation of VClz, VOCI;, or vanadium(III) acetylacetonate with carbon
monoxide at 150-300 atm and 120-150°C. The reducing system consisted
of a mixture of magnesium and zinc powders suspended in anhydrous
pyridine. The reaction does not give hexacarbonylvanadium directly; the
[V(CO)¢]~ anion of the magnesium salt is the final product of the reaction.

After evaporation of the pyridine and addition of water to the crude
reaction mixture, a yellow-orange solution of magnesium hexacarbonyl-
vanadate is obtained.

To isolate hexacarbonylvanadium the following steps are necessary:
acidification, extraction with ethyl ether, evaporation of the ether solution,
drying of the crude solid V(CO),, followed by sublimation of the carbonyl.
The reactions occurring during these operations are:

HCl
[Me(py)H[V(CO)s] p [pyHI[V(CO)e)] + - - (25)

281572

HCl(excess)
[pyH][V(CO)s] o [(C2Hs5):OH)IV(CO)e] + - - - (26)

[(CaHo):OHIV(CO)] S 3 H, + V(CO)e + (C:H):O (27

The yields in the carbonylation step are above 90%,, but the sequence of
operations required for isolating the hexacarbonyl causes severe losses.
However, by careful manipulations, 50-60%, yields of V(CO), are normally
obtained.

Werner and Podall (126) achieved the reductive carbonylation of VCls,
NbCl;, and TaCl; with sodium dispersion and using diglyme as solvent at
90-120°C under 200-350 atm of carbon monoxide. The carbonylation step
by this method seems to give less satisfactory results. The reported yields
of the salts Na(diglyme),[M(CO)s] (1) (M = V, Ta) are 62 and 32%,. Acidi-
fication of 1 is also required to obtain V(CO)s. The yields in the acidifica-
tion step were reported to be quantitative, but no experimental details
have been given.

Two patents (129,130) report the reduction of VX; (X = CI, Br) with
sodium dispersion and aromatic polycyclic hydrocarbons as ‘““promoters,”
and the simultaneous carbonylation of these mixtures at 25-125°C by
carbon monoxide at 30-170 atm. ‘“‘Dodecarbonyldivanadium” was re-
ported to be obtained in 20-22%, yields.
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Bis(toluene)vanadium and other similar bis(arene)vanadium(0) com-
pounds can be converted into V(CO), by reacting their hydrocarbon solu-
tions with carbon monoxide at 35-70 atm and 70-80°C (125,131).- The
reported yields were low. In addition, it was not specified whether V(CO)g
or its reduced form, [V(CO)s]~, was present at the end of reaction. The
latter seems more probable. Calderazzo and Cini have shown (132) that
the reaction of bis(mesitylene)vanadium with carbon monoxide (100 atm)
at 35°C gives bis(mesitylene)vanadium(l)-hexacarbonylvanadate(I—),
[V(CsH3Mej,),[V(CO)g]. This was explained by the transitory formation
of V(CO)g, followed by a fast oxidation-reduction with the unreacted
V(CecH3zMe;), still present in solution.

H. Transition Metals of Group IV

Two American patents (133,134) dealing with a method for refining
titanium, zirconium, and hafnium, claim that carbonyls of formula
M(CO), (M = Ti, Zr, Hf) are produced during the process. According to
these patents, the raw metals were treated with carbon monoxide at 4-8 atm
and at 300-400°C, whereby conversion of the metals to the heptacarbonyls
was obtained. No carbonyls of these three metals have been reported in
the scientific literature.

A substituted carbonyl of titanium, however, has been isolated and fully
characterized. This is the cyclopentadienyl derivative, Ti(CsHj5)(CO),,
prepared by treating TiCl,(CsHs), with sodium cyclopentadienide and
carbon monoxide under pressure (135). The cyclopentadienylcarbonyl is a
red-brown solid melting with decomposition at about 90°C. It is volatile
and can be sublimed in vacuo with some decomposition.
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III. PHYSICAL AND THERMODYNAMIC DATA OF
METAL CARBONYLS

A. Introduction

Some physical properties of the metal carbonyls are presented in Table 1.
The vapor pressure values are also tabulated in Table 2, since a similar
compilation has never appeared before. Knowledge of the vapor pressures
of the metal carbonyls at different temperatures has important practical
utility for safety reasons and for operations involving distillation and
sublimation. Moreover, the vapor pressure measurements represent the
first step toward the determination of important thermodynamic
properties.
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TABLE 1
Selected Physical Data of Metal Carbonyls

Solubility at room

temperature

Compound Color Mp (°C) Hydrocarbons - THF
Ni(CO), Colorless -~19.3 Very good Very good

(bp 42.1)
Fe(CO)s Yellow —20.5 Very good Very good

(bp 103-104)°
Feo(CO), Orange 100 dec. Extremely low Reacts
Fes(CO);2 Black-green 140-150 dec. Moderate -
Ru(CO)s? Colorless —-22 Good —
Rus(CO);,  Orange-red 150 dec. (in air) Moderate —
[Ru(CO0),1,> Green — Extremely low —
Os(CO)s® Colorless —15 ~ —_ —
053(CO); 2 Yellow-orange 224 Good —
Co2(CO)s Orange 51-52 dec. Good Reacts
Co04(CO);2  Black — Very low Reacts
Cog(CO);6” Black 100-110 dec. Very low -—
Rhy(CO)s® Orange 76 dec. — —
Rhy(CO);s  Brick red 150 dec. — —
Rhe(CO)y6  Black > 220 dec. Low —
[Ir(CO)41.*  Yellow-green - — — —
Iry(CO). 5 Canary yellow 210 dec. Very poor Poor
Mny(CO), 0 . Golden yellow 154-155 Moderate Good
Tea(CO)o Colorless 159-160 > 59, —
Rex(CO)io Colorless 177 —_— —
[Re(CO),),® Colorless Subl. 100°/0.1 mm Very low Very low
Cr(CO)s Colorless 130 dec. Very low Low
Mo(CO)g Colorless L — Very low Low
W(CO)g Colorless — Very low Low
V(CO)s Black-green ~ 70 dec. ~ 2%, (w/v)* Reacts

¢ Extrapolated.
* No other reports known apart from that of the discoverers.
¢ Reacts very slowly with aromatic hydrocarbons.

B. Vapor Pressures and Heats of Vaporization

The vapor pressures in mm Hg at different temperatures were calculated
using the empirical equations numbered below.



40 Metal Carbonyls: Preparation, Structure, and Properties Physical and Thermodynamic Data of Metal Carbonyls 41

For Ni(CO),, valid from —35 to 45°C (1):

o N ©
S o~ 0
a] < By log p = 7.690 — 1519/T )]
%o) NI I Another equation has been reported (2):
=z o al
- log p = 7.878 — 1574.49/T
o VAR
=3 oo 5 % & For Fe(CO);, the following equation has been found (3):
) e n oy log p = 8.3098 — 2050.7/T 2
& 00 — v O I~ .
§ EAE R The equation proposed by Dewar and Jones (4), logp = 7.349 — 1681/T,
o) “=oy oy gives too high values of the vapor pressures and too low values of the heat
5 "eSL& of vaporization. The most probable value of the heat of vaporization is
- 8.9 kcal/mole, as suggested in a publication of the U.S. Bureau of Stand-
2 PR S) o S8 000~ ards (5). Trautz and Badstiibner’s data (3) give a molar entropy of vapor-
_§ CHE= a meRE T ization of 23.7 eu compared with that of 20.4 eu given by Dewar and Jones.
5 e |~ . The accepted value (5) of the entropy of vaporization of Fe(CO); is
3 E 0 = § E § E 23.5 cal deg~* mole~!. These entropy change values suggest that Fe(CO)s
§ Ele =] behaves approximately as a Troutonian liquid.
~ T 8- .o The variation of vapor pressures with temperature for a number of other
Q5| 2o e e2d metal carbonyls is given below.
L2818 = For Mn,(CO);, between 102 and 146°C (6):
~ < > o
g 2 5 eS8 log p = 9.225 — 3262.6/T 3)
wv
3 s o For Rey(CO),, between 78 and 135.5°C (7):
A (3]
“,s* OS¢ SS S log p = 10.68 — 4152/T @
F o
& - For Cr(CO)s between 50 and 140°C (8):
l=2a ss3 log p = 11.832 — 3755.2/T 5)
: : n For Mo(CO)s between 55 and 145°C (8):
SRR RS %Z 3 log p = 11.174 — 3561.3/T (6)
OIGS § For W(CO)g between 55 and 145°C (8):
\D v
SRR log p = 11.523 — 3872.0/T (7
0 x
g i < The vapor pressures of the hexacarbonyls of the sixth group have also
§ been determined by Rezukhina and Shvyrev (9). The relations given by
E 2 . S these authors are:
w0 2w =5 = o =X © 8
é- 56§68 @8 58 a5 5 Cr(CO)g: logp = 11.475 — 3622.9/T; between 46.1 and 138.4°C
8 A1 S 2&“ 3% ‘25’&3’, " Mo(CO)s: log p = 11.727 — 3788.3/T; between 50.5 and 129.6°C
ZLEOOUEAMO

W(CO)s: logp

I

10.947 — 3640.4/T; between 65.6 and 137°C
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The three latter equations give vapor pressures normally lower than those
reported by Hieber and Romberg. The largest discrepancy between the two
sets of values is found for Mo(CO)g. The heats of sublimation (see Table 3)
increase in the order Mo(CO)s < Cr(CO)¢ < W(CO)g according to Hieber
and Romberg (8) and in the order Cr(CO)s < W(CO)s < Mo(CO)s
according to other workers (9).

TABLE 3
Heats of Vaporization of Some Metal Carbonyls

Heat of vaporization, AH,
Compound (kcal/mole) Reference

Ni(CO), 7.20
6.92
6.50
7.0
Fe(CO)s 8.9
9.38
- 7.71¢
Mn(CO)so 15.0
Rez(co)lo 19.0
Cr(CO)s 17.18
16.57
18.2
Mo(CO)e 16.29
17.33
17.39
16.66
W(CO)s 17.71
16.66

— N
o

Iullv(ll

(=)

[=3

O 00N BN =\ IO
—

8 Calculated from the vapor pressure data given in ref. 4.

Vapor pressures of Cr(CO)s between 27.6 and 42.3°C have been
measured by Cordes and Schneider (10) using the Knudsen effusion method.
The relation log p = 12.7 — 3980/T was found by these authors, who also
give a heat of vaporization of 18.2 kcal/mole. The vapor pressures of
Cr(CO)s at different temperatures given by Windsor and Blanchard (11)
are too high, and therefore probably not properly corrected for the carbon
monoxide pressure formed by the decomposition of the carbonyl; this
reaches 10 mm Hg at temperatures around 130°C (9).
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A redetermination of the vapor pressure of Cr(CO)s between O and
37.5°C has appeared (9a). The value of the heat of sublimation was found
to'be 17.09 kcal/mole, in good agreement with that reported by Hieber and
Romberg (8).

C. Heats of Combustion and Formation

In spite of the numerous experimental difficulties, the heats of formation
of some metal carbonyls have been determined.

Some selected values of heats of formation of metal carbonyls are given
by Skinner (12).

Some of the older values obtained for Ni(CO), and Fe(CO); have also
been critically reviewed (13,14).

For Ni(CO),, Fe(CO);, and the hexacarbonyls of group VI, the more
recent values of Cotton, Fischer, and Wilkinson are reported in Table 4.

TABLE 4

Heats of Combustion and Formation of Some Metal Carbbnyls
(Reference numbers in parentheses)

Mean dissociation

Heat of combustion Heat of formation® energies® of
Compound (kcal/mole) (kcal/mole) M—C bond
Ni(CO), —282.2 (13)° —-148.7 (29) 35.2 (14)
—151.6 (13)
—151.0 (25)
Fe(CO)s —386.9 (14)° —182.6 (14) 27.7 (14)
—187.8 (5)
Mng(CO)y0 —1777.0 (22)° —400.9 (22) 15.7
Cr(CO)s —443.1 (23)° —257.5 (23) 27.1 (14)
Mo(CO)s —507.5 (23)° —234.8 (23) 359 (19
W(CO)s —537.8 (23)° —227.2 (23) 42.1 (14)

@ Heats of formation of the metal carbonyl in the liquid state (Ni(CO)4 and Fe(CO);)
or the solid state (all the others) from the solid metal, graphite, and oxygen gas.

® For the equation M, + nCOy, = M(CO)n,. The value for Mny(CO),, was cal-
culated from the heat of formation in the literature, the heat of vaporization of the
metal, the heat of vaporization of the metal carbonyl, and the metal-metal bond
energy given in ref. 6 (34 + 13 kcal/mole). The metal-metal bond dissociation energy
was found to be 18.9 kcal/mole by mass spectrometric methods (26).

¢ For the combustion to metal oxides with oxygen.

4 For the reaction: Mng(CO):6 + 4HNO; (in 16H20) + 6044, = 2Mn(NOg); (in
10.309H,0) + 10CO,,, + 2H,0 (lig.).
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In order to get a rough estimate of the relative metal-carbon bond
strength in metal carbonyls the above-mentioned authors have calculated
the enthalpy change of the following processes:

1 1
n M(CO)y,y = 7 My, + COy, (AH) ®

which gives the values in the last column of Table 4. The latter are in good
agreement with the average bond dissociation energies obtained from the
results of electron impact measurements (27).

The mean metal-CO dissociation energies for Ni(CO),, Fe(CO);, and
Cr(CO)¢ (35.2, 27.7, and 27.1 kcal/mole, respectively) are, however, incon-
sistent with the usually higher reactivity of Ni(CO), and Fe(CO); compared
with Cr(CO)g and with the fact that Ni(CO), was found to exchange its
carbonyl groups (15) with *CO at a much faster rate than Fe(CO); (16)
and Cr(CO)g (17). It has been pointed out (14) that a more realistic evalua-
tion of bond energies is obtained by taking into account the promotion
energies of the metal and ligands to their corresponding valence states, i.e.,

1 1
— M(CO)uy = ; M, + CO%, (AH®) ©

This calculation has been carried out for Cr(CO)¢, Fe(CO)s, and Ni(CO),
and values for AH* of 87, 89, and 77 kcal/mole, respectively, have been
found.

It is interesting to note that although, according to the heats of forma-
tions calculated with Eq. 8, Fe(CO); appears to be less stable than
Ni(CO),, the opposite order of stability is found for the two metal car-
bonyls when the promotion energies as defined above are also taken into
account. From the data of Table 4, it would also appear that stability
increases regularly from Cr(CO)g to W(CO),.

The thermodynamic equilibrium constants for the reactions:

Ni + 4COq, = Ni(CO)y, (10)

Fey) + 5COq) = Fe(CO)s ) (1)

have been calculated by using the known standard heats of reaction and

the entropies deduced from spectroscopic data (18). The equations relating

equilibrium constants to temperature are, for Ni(CO), and Fe(CO)s,
-respectively:

log K = 8546/T — 21.64 (12)

log K = 8940/T — 30.09 (13)
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IV. STRUCTURE OF METAL CARBONYLS

A. Intreduction

The structures of several metal carbonyls have been elucidated in
recent years, especially by Dahl and his co-workers, by x-ray diffraction
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studies. In the course of the present discussion, reference will also be given
‘to other physical data (infrared measurements, dipole moments, M&ss-
bauer resonance spectra, nuclear magnetic resonance spectra, magnetic
susceptibility measurements, etc.) capable of giving useful information
about the various structures.

The subject will be divided into the two natural classes: mononuclear
metal carbonyls and polynuclear metal carbonyls.

It is worth mentioning that additional calculations in the course of the
determinations of the x-ray structures of Ni(CO), (1) and Fe(CQO); (2) have
established conclusively that carbon monoxide is bonded to the metal
through the carbon atom.

B. Mononuclear Metal Carbonyls

Of the known metal carbonyls, the structures of Ni(CO),, Fe(CO)s,
Cr(CO)e, Mo(CO)g, and W(CO), have been reported.

Ni(CO),. By an electron diffraction study in the vapor phase (3), the
carbonyl groups have been found to be tetrahedrally arranged around the
nickel. A later x-ray diffraction study (1) on the solid carbonyl at —55 + 5°
has shown the molecule to be a regular tetrahedron with the interatomic
distances reported in Table 5. Agreement between the two structure deter-
minations is excellent.

Fe(CO)s. An early electron diffraction study on the vapor by Ewens
and Lister (4) had shown Fe(CO); to be a trigonal bipyramid. A later
x-ray study (5) of this carbonyl in the solid state between —70 and —110°
has virtually confirmed these results, but the molecule was found to be
slightly distorted. More specifically the oxygen atoms have been reported
to be 0.12-0.13 A displaced from the positions of an ideal trigonal bi-
pyramid. However, a further refinement (2) of the structure has led to the
conclusion that “within the experimental error the molecule in the C2/c
space group is a trigonal bipyramid.” The previously reported deviations
from the theoretical positions have not been considered significant.

A further structural investigation by electron diffraction methods on the
vapor (6) has established a difference in lengths for the axial and trigonal
iron—carbon bonds. The axial iron—carbon bonds were found to be signi-
ficantly shorter than the trigonal ones, as shown in Fig. 1. Donohue and
Caron (6a) have, however, suggested that the x-ray results cannot be taken
to indicate any significant difference in lengths between axial and trigonal
iron—carbon bonds.

The M&ssbauer resonance spectra of Fe(CO); taken at 78°K, i.e., below

(Reference numbers in parentheses).

Structure of Metal Carbonyls

TABLE 5

Interatomic Distances of Mononuclear Metal Carbonyls

47

Interatomic distances (&)

Compound M—C Cc—0O
Ni(CO), 1.84 + 0.03 (1) 1.15 = 0.03 (1)
Fe(CO)s 1.82 + 0.02 (5) 1.14 + 0.02 (5)

1.84 + 0.03 (4) 1.15 + 0.04 (4)
1.79 + 0.02 (2) 1.12 + 0.02 (2)
Axial 1.797 + 0.015
Trigonal 1.842 + 0.015} ©) 1',136 + 0.003 (6)
Cr(CO)g 1.92 + 0.04 (9) 1.16 £ 0.05 (9)
1.80 ® 1.15 ®
Mo(CO)s 2.08 + 0.04 (9) 1.15 £ 0.05 (9
2.13 ) 1.15 ®
W(CO)s 2.06 + 0.04 (9) 1.13 + 0.05 (9)
<23 (3)

FIG. 1. Molecular configuration of Fe(CO)s, showing the difference in
length between axial and trigonal metal-carbon bonds (6).
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the freezing point of the carbonyl, are in agreement (7) with a dsp® hybrid-
ization implied by the trigonal bipyramid structure.

The hexacarbonyls of the group VI metals have been studied by x-ray (8)
and electron diffraction (9) methods. The conclusion was that the three
molecules are regular octahedra, but apparently the interatomic distances
have not been determined with sufficient precision, at least for W(CO)s.
The octahedral arrangement of the ligands is well established and other
data, particularly infrared measurements in the CO stretching region, have
confirmed the results of the x-ray and electron diffraction studies.

Hexacarbonylvanadium was first reported by Natta, Ercoli, Calderazzo,
and co-workers in 1959 (10). Some months later the same carbonyl was
reported by Pruett and Wyman (11) who erroneously attributed a dimeric
formula to it, mainly on the basis of electron spin resonance and nuclear
magnetic resonance measurements.

The monomeric nature of this carbonyl, both in the solid state and in
solution, has been established by x-ray measurements on a single crystal(10),
by magnetic susceptibility measurements in the solid state (10) and in
solution (12), and by infrared measurements in the CO stretching reg-
ion (13,14). The x-ray measurements show that V(CO); has unit cell
dimensions similar to those of the hexacarbonyls of the group VI metals.
The presence of one unpaired electron can only be explained by a mono-
meric formula, which is also suggested by the high volatility of the car-
bonyl. The infrared spectrum of V(CO); in hydrocarbons shows only one
band at 1975 cm ™, which suggests an approximately octahedral arrange-
ment of the CO groups around the metal. Therefore, the molecule has to
be a monomer in solution. The absence of electron spin resonance signals
at room temperature either in the solid state or in heptane solution has been
confirmed (14). This is not by any means conclusive evidence for dia-
magnetism. The spin-lattice relaxation time of benzene solutions of V(CO)q
was measured by nuclear magnetic resonance techniques (15); the approxi-
mate magnetic moment calculated from the relaxation time was found to
agree well with that calculated from the magnetic susceptibility data in
solution (12). Nyholm and co-workers have measured the magnetic sus-
ceptibility of hexacarbonylvanadium in the temperature range 90-300°K.
The temperature dependence of the susceptibility is that of a normal para-
magnetic substance, with a value of ® practically equal to zero (15aq).

Infrared spectra and other measurements. The infrared spectra of the
mononuclear metal carbonyls in the gas phase correlate well with the x-ray
and electron diffraction data. The selection rules for the tetrahedral and
octahedral symmetry groups predict one C—O stretching vibration and
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one metal-carbon stretching vibration, both active in the infrared. For a
trigonal bipyramid (point group Dj,), two C—O and two metal-carbon
infrared active stretching vibrations are expected. The infrared spectra of
mononuclear carbonyls meet these expectations, as shown in Table 6.

TABLE 6

Infrared C—O and M—C Stretching Vibrations® and Dipole Moments of
Some Mononuclear Metal Carbonyls

(Reference numbers in parentheses)

Dipole moment

Vc-o VM-C [ 1203 108
Compound (cm~Y) (cm™1) esu
Ni(CO), 2057.6 (22) 422 (16) 0.3 (23)
Fe(CO)g 2013.5 474 c
034, 4} 22) 432} a7 0.63° (24)
Cr(CO)¢ 2000.1 (22) 441 (18) —
Mo(CO)e 2002.6 (22) 368 (18) —_—
W(CO)s 1997.5 (22) 374 (18) —_

¢ In the gas phase.
b At 0° in CCl,.
¢ In benzene at 25°.

The infrared spectra of the mononuclear carbonyls of the first row
transition metals, with the exception of V(CO),, have been studied ex-
tensively. Since only the most recent and complete vibrational assignments
for Ni(CO), (16), Fe(CO); (17), and the three hexacarbonyls (18) are
mentioned here, it is recommended that the reader use the references given
in these papers as a literature source for a more detailed study of the
subject.

The infrared spectrum of solid Ni(CO), has been published (19) and
found to correlate well with the published x-ray structure obtained at low
temperature.

As mentioned before, the vibrational spectrum of Fe(CO)s is in satis-
factory agreement with a D3, symmetry. However, some minor details of
the assignment of the bands are still unresolved (20). There is a report (21)
of an interesting case of breakdown of the selection rules for concentrated
solutions of Fe(CO)s in heptane and for the pure liquid, in the CO stretch-
ing region around 2000 cm~!. Only for 0.5%, solutions or less does the
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infrared spectrum of Fe(CO); show the two well-resolved bands expected
for Dy, symmetry.

C. Polynuclear Metal Carbonyls

Co,(CO)s. The complete x-ray structure of Co,(CO)s has been pub-
lished (25) and the molecule has been shown to consist of dimeric units
with the two cobalt atoms bonded together through the two bridging CO
groups. The cobalt-cobalt distance is 2.52 A, the mean terminal carbon—
oxygen distance is 1.17 A. The main feature of the molecule is that the two
cobalt atoms and the two bridging CO groups are not in the same plane,
which is in disagreement with early proposals based on infrared spectra
(26,27), but in agreement with a suggestion made by Mills and Robin-
son (28). The molecule has C, symmetry, i.e., it contains a plane of
symmetry perpendicular to the cobalt—cobalt bond (see Fig. 2).

FIG. 2. The molecular structure of Co,(CO)s (Sumner, Klug, and
Alexander, Acta Cryst., 17, 732 (1964)).
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In solution, Co,(CO); has a dipole moment of 1.29 D (29). Several
papers on the infrared spectra of Co,(CO)s have been published. Two
papers (30,31) had independently pointed out that the solution spectrum
of Coy4(CO), was richer in bands than previously thought on the basis of
measurements carried out using optics with lower resolution (26,27).

Later, Bor (32) assigned the band at highest frequency in the carbonyl
region as the totally symmetrical vibration which is infrared active in those
metal carbonyls belonging to the point groups C,, Cp,, C;, or S,. At the
same time the presence of two isomeric forms of Coz(CO)g in solution was
suggested. This hypothesis has now been definitely established by
Noack (33) and by Bor (34) himself. Both authors agree that there are two
forms of Co,(CO); in solution: one corresponding to that of the crystalline
substance; the other having no bridging CO groups, but with the two
cobalt atoms held together only by a metal-metal bond (1). Noack has
shown that the two forms are related by a temperature dependent equili-
brium and that at room temperature a pentane solution of Coy(CO)s
contains about 43%, of the CO-bridged isomer and 53%, of the other one.
At —104° the percentages are 84 and 16, respectively. The enthalpy of
reaction 1 is + 1.30 kcal/mole and the entropy change is + 5 eu. The driving
force of the forward reaction 1 is, therefore, given by the entropy factor
(34a).

o
I
C
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(0C)sCo —— Co(CO); === (0C),Co—Co(CO), @
N m
i
o)

The conclusions drawn by Bor and by Noack are substantially the same
as far as the existence of the two isomers in solution is concerned, but no
complete agreement appears to have been reached yet about the possible
structure of the high temperature nonbridged form (1). The cobalt atoms
can, in fact, be considered to be in a trigonal bipyramidal or in a tetragonal
pyramidal arrangement. Further, each of these arrangements can be stag-.
gered or eclipsed. An additional possibility is an arrangement of lower
symmetry (C,). A decision among these possibilities is still to be made. Bor
favors a C,, symmetry structure (34), but Noack (35) gives arguments
favoring the trigonal bipyramidal arrangement (D3,). Keller and Wawer-
sik (35a) have reported that monomeric Co(CO), is formed when Co,(CO)s
is sublimed at room temperature and the cold finger is maintained at
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liquid nitrogen temperature. The monomer is stable only at low tempera-
ture and was detected by electron paramagnetic resonance measurements
at liquid nitrogen temperature. :
Co04(CO),3. An early two-dimensional x-ray diffraction study (36) and
two later three-dimensional studies (36a,37) have established the structure
shown in Fig. 3a for the compound in the solid state. The four cobalt

(OC)ZCO \\

T coon
c
J

0
FIG. 3a. Molecular configuration of Co,(CO),. (36,36a,37).

CO
(Co )2

C—————=0o(CO),

FIG. 3b. The structure proposed by Smith (40) for Co,(CO),; in solution.
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atoms occupy the positions of a regular tetrahedron. Three of them,
bridged by CO groups, carry two terminal carbon monoxide groups,
whereas the fourth cobalt atom is bonded only to the three other cobalt
atoms and to three terminal CO groups. This structure contains nine
terminal and three bridging CO groups. Cotton and Monchamp (30) have

‘questioned that such a structure (of Cg, symmetry) should give rise to six

stretching vibrations for the terminal CO groups and two vibrations for the
bridging CO groups. However, the infrared spectrum of Co,(CO),, was
simpler, especially in the CO bridging region where only one main band
was observed. Since then, five bands have been recognized in the terminal
CO stretching region as due to fundamental vibrations and also the second
vibration associated with the bridging CO groups has been localized (32,38)
at 1898 cm ~ 1. This latter band which was assigned (32) to the 4, mode, is
extremely weak, but a recent analysis (39) of the CO stretching modes of
Co,(CO),, has pointed out that the totally symmetrical vibration asso-
ciated with the bridging CO groups should in fact be expected to have a
very low intensity.

The debate about the infrared spectrum of Co.(CO),, or, in other words,
of its structure in solution, has not come to an end. Smith (40) has pro-
posed another structure for the carbonyl which would not conflict with the
infrared data. The proposed structure is shown in Fig. 3b. This has

. symmetry D,,; and contains eight terminal and four bridging CO groups.

It should give rise to a total number of five CO stretching vibrations, one
of them being associated with the bridging carbon monoxide groups.
Cotton (40a) has considered the possibility that Co,(CO),, can exist in
solution in forms having structures different from that established for the
crystal. In particular he envisaged that Co,(CO),, could be in equilibrium
with the form proposed by Smith and also with a third one not containing
bridging CO groups, of T, symmetry. Since both Smith’s structure and that
of T,; symmetry contain four equivalent cobalt atoms, only one 3°Co nmr
resonance should be observed. However, two resonances were observed
(40b,40¢) in solutions of Co,(CO),, in a ratio of approximately 3:1. This
seems to confirm that the solid state structure persists in solution.

Rhy(CO)g. No x-ray determinations or infrared measurements have
yet been reported.

Rhy(CO)y,. A tetrameric formula was suggested by Beck and Lottes
(404d) for the red tricarbonylrhodium described by Lagally (41) on the basis
of its volatility (it sublimes at 65° in high vacuum), its infrared spectrum,
and by its similarity with the cobalt analog. The infrared spectrum of this
metal carbonyl in petroleum ether shows a band at 1885 cm ™1, indicative
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of bridging CO groups. Mention has been made (36a) that Rh,(CO),, has
lattice parameter data similar to those of Co,(CO),,.

Rhg(CO);6. The previously reported (41) black Rhy(CO),; has been
shown by x-ray methods (42) to have the molecular formula Rhg(CO),6.
This compound, which is the first known example of a hexanuclear metal
carbonyl, represents a particularly interesting case of molecular arrange-

FIG. 4. Molecular structure of Rhe(CO),6 (E. R. Corey, L. F. Dahl, and W. Beck,
J. Am. Chem. Soc., 85, 1202 (1963)). Reproduced by permission.

ment; one, however, that is not completely unknown in inorganic chem-
istry. The six rhodium atoms are at the corners of an octahedron. Each
rhodium atom carries two terminal CO groups. Each of the four remaining
CO groups bridges three rhodium atoms. The interatomic distances are:

Rb—C (terminal CO groups) 1.864 + 0.015 A
C—O (terminal CO groups) 1.155 + 0.015 A
Rh—C (bridging CO groups) 2.168 + 0.012 A
C—O (bridging CO groups) 1.201 + 0.022 A

[Ir(CO).]),. No infrared studies or x-ray structural determinations have
been reported yet. It has been mentioned (43) that this carbonyl differs
from Co,(CO)s in containing only a metal-metal bond and no bridging
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CO groups in the solid. This suggestion seems very reasonable in view of
the fact that a nonbridged form of Co,(CO); is now known in solution and
that the tendency to form direct metal-metal bonds increases when de-
scending a vertical triad of transition elements. It should, however, be
pointed out that not very much is known about this carbonyl and that even
its molecular complexity is unknown. Hieber and Lagally who first re-
ported the carbonyl (44) were unable to determine its molecular weight,
which was assumed to correspond to twice its simple formula by analogy
with octacarbonyldicobalt. '

Ir,(CO);;. This carbonyl has been reported (36a) to be a tetramer with
the iridium atoms occupying the positions of a tetrahedron with no bridg-
ing carbon monoxide groups. An investigation of the infrared spectrum (45)
has indicated that the compound has no absorptions attributable to
bridging CO groups.

Fex(CO);. By means of Patterson and Fourier analyses, the molecular
formula of this orange-gold iron carbonyl was found to be Fe,(CO), (46).
The structure was described as that of two iron atoms joined together by
three bridging CO groups; three terminal CO groups are also bonded to
the iron atoms (Fig. 5). The six bonds are slightly distorted from a regular
octahedral configuration. The interatomic distances are: Fe—Fe 2.46;
Fe—C(C=0) 1.9; Fe—C(C=0) 1.8; C=0 1.15; and C=0 1.3 A.

Because of the almost complete insolubility of the compound in inert
solvents, the infrared spectrum of Fe,(CO), could only be taken in the
solid state (47), which is unfortunate since the comparison between the
experimental and theoretical number of bands expected for the structure
shown in Fig. 5 is less conclusive because of crystal effects. Sheline and
Pitzer assigned a band at 1828 cm~! to the bridging CO groups. Since then,

N
BS

FIG. 5. View of the Fex(CO)s molecule, according to
Powell and Ewens (46).
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this assignment has been largely confirmed in several other cases of metal
carbonyls containing bridging CO groups.

However, several facts about Fe,(CO), are far from being clearly under-
stood. Although the structure of Fe,(CO), appears similar to that of
Co4(CO)s (with one bridging CO group more), several chemical properties
of enneacarbonyldiiron differ greatly from the related cobalt carbonyl. The
compound is insoluble in aliphatic hydrocarbons and reacts readily with
many other organic solvents to form mainly Fe(CO);. Previous reports
regarding the nonvolatility of Fe,(CO), are incorrect: the compound can in
fact be sublimed at about 35° under high vacuum (48), but at a rate con-
siderably lower than that of Coy(CO)s. Further research is undoubtedly
necessary to rationalize these peculiar experimental findings.

Mossbauer resonances (7,49,50) taken using Fe,(CO), as stationary
absorber have suggested that, in agreement with the x-ray results, the two
iron atoms are in an octahedral environment. However, the diamagnetism
(51) of the compound and the fact that the iron atoms are only 2.46 A
apart would strongly suggest the presence of a completely formed metal—
metal bond, which would give the iron atoms a coordination number of
seven. Ewens himself states in a later paper, which appeared (52) some
years after his x-ray investigation, that the existence of a covalent Fe—Fe
bond in Fe,(CO), is likely on the basis of magnetic measurements and
x-ray data.

Fey(CO) 2. An early x-ray study on Feg(CO);, had shown (53) this
metal carbonyl to be monoclinic prismatic and had established the mole-
cular formula. The structure of Fe;(CO),, in the solid state has now been
conclusively established by a three-dimensional x-ray study (364) and is
shown in Fig. 6d. Before commenting on this structure, it will be worth-
while to discuss some of the controversial reports which have preceded the
elucidation of the structure. This will enable the reader to become ac-
quainted with one of the most difficult problems encountered by workers in
the field of metal carbonyls. Also, we shall comment on some of the pre-
vious data which were obtained mainly in solution (infrared data and
isotopic carbon monoxide exchange). These solution data are perhaps still
valid if one considers the possibility of structural modifications of Fe;(CO),
when the carbonyl is brought into solution.

The compound is diamagnetic (54); although the diamagnetic suscept-
ibility was found to be rather small, probably because of some para-
magnetic impurities. Infrared measurements in the carbonyl region do not
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conclusively show the presence of bridging CO groups. The solution spectra
of Fe;(CO),, show, in addition to two terminal CO stretching vibrations,

D3n
()

D3q Dag
@) (b)

(d)

FIG. 6. Molecular arrangements of Fe;(CO), . previously considered (a), (b), and (¢).
The structure established by three-dimensional x-ray investigation (36a) is (d).
@ = Fe; O = CO.

two weak bands in the bridging CO region at 1865 and 1834 cm~ 1! in tetra-
chloroethylene (1858, 1826 cm ! according to other authors (55)), with a
molar extinction coeflicient of 250 and 310, respectively (38), in comparison
with 18,000 for the strongest terminal band. Cotton and Wilkinson (55)
have suggested that these two bands are not due to fundamental vibrations,
in- disagreement with a previous assignment by Sheline (56). Dahl and
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Rundle (57) have observed a very strong band at 1875 cm~? in a single
crystal of Fey(CO),, under polarized infrared absorption. The structures
of Fe3(CO),, which were previously taken into consideration together with
the now established structure (6d) are shown in Fig. 6. Structures (a), (b),
and (c) (Fig. 6) for which both terminal and bridging CO stretching vibra-
tions are expected, were favored by the infrared measurements. Dobson
and Sheline (58) have also proposed that the two weak bands in the bridg-
ing CO region are due to fundamental vibrations.

Madéssbauer spectra (7,49,50) show that two equivalent iron atoms,
different from the third one, are present in the molecule. Structures (a),
(b), and (d) (Fig. 6) are therefore in agreement with the results of Moss-
bauer resonance studies.

Structure (a) would be in agreement with the isotopic exchange reac-
tion (59) with 1*CO, which suggests the presence of six CO groups different
from the other six.

An early three-dimensional x-ray investigation (60) had indicated that
the carbonyl has a triangular arrangement of the iron atoms. The positions
of the lighter atoms were, however, not located because of disordering of
the molecules in the crystal.

Incidentally, a structure similar to (a) in Fig. 6 was proposed by Mills on
the basis of a preliminary x-ray investigation (61) showing the molecule of
Fe3(CO),, to be centrosymmetric.

Structure (d) in Fig. 6 was initially deduced indirectly from the x-ray
structure of the [Fe;H(CO),,]~ anion (62) and subsequently established by
a direct three-dimensional x-ray investigation (36a). Structure (d) for
Fe;(CO),, is in agreement with the results of both the Mossbauer and
infrared spectra, although the very low intensity of the bridging carbon
monoxide stretching vibrations is not yet explained. The structure is also
in close relationship with the structure of Fe,(CO),, if one imagines one of
the bridging CO groups of the enneacarbonyl being replaced by an Fe(CO),
unit.

Ruz(CO)1,. This carbonyl, previously formulated (63) as Ru,(CO), has
been found by x-ray methods (43) to be a trimer as is the osmium analog (see
below), with which it is isomorphous. A report of the detailed structure of
dodecacarbonyltriruthenium has not yet appeared.

Os3(C0O),a. This carbonyl, previously formulated incorrectly (64) as
Os,(CO), has been shown by x-ray analysis (65) to be a trimer and to have
the structure shown in Fig. 7. The average Os—Os distance is 2.88 A. In
agreement with the arrangement of osmium atoms shown in Fig. 4.7, the
infrared spectrum of Os3(CO),, does not show bridging CO stretching
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vibrations (40). The compound shows the expected four bands in the ter-
minal CO stretching region (66). A detailed study of the infrared spectrum
of Os4(CO),, has also appeared (66a).

Mny(CO)yo, Tex(CO)yo, and Rey(CO)yo. The isomorphous Mn,(CO),,
and Re;(CO);, are monoclinic and a preliminary x-ray investigation (67)
had shown the absence of CO bridging groups and an approximate D,,
symmetry. Tcz(CO),, has also been shown (68) to be isomorphous with the
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FIG. 7. View of the Os3(CO),, molecule (65).

other two compounds. The recently published (69) refined structure of
Mn,(CO),, is shown in Fig. 8.

The Mny(CO);, molecule has approximately D,, symmetry and no
bridging CO groups. An interesting feature of the Mny(CO),, and
Rey(CO),, structures is the large metal-metal distance, 2.923 and 3.02 A,
respectively. For Mny(CO),, this distance is about 0.5 A larger than the
Mn—Mn distance calculated from the sum of the covalent radii.

The structure of Tc,(CO),, has also been published (70). As expected,
the molecule symmetry is approximately D,,. The Tc—Tc distance is
3.036 + 0.006 A.

The absence of bridging CO groups in Mny(CO),,, Tcy(CO),o, and
Re,(CO),, has been confirmed by infrared measurements in the CO
stretching region. High resolution spectra of the three metal carbonyls,
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Molecular configuration, bond distances, and bond angles of Mny(CO);0. (L. F. Dahl and R. E. Rundle, Acta Cryst.

FIG. 8.

16, 419 (1963).)
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which were reported by Hileman, Huggins, and Kaesz (71), showed the
absence of bands below 1974 cm~1. In agreement with their crystal struc-
tures, the carbonyls have three CO stretching vibrations.
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V. CHEMICAL PROPERTIES OF METAL CARBONYLS

A. Introduction

In the following sections the reactions of the metal carbonyls will be
discussed. The subject has been divided into subgroups of metals starting
from nickel down to titanium. In addition, within each subgroup of metals
the reactions have been divided into: (a) reactions involving change of the
oxidation number, and (b) substitution reactions. In the first class are
included all those reactions that lead to reduction or oxidation of the central
metal atom, which in the original carbonyl has to be regarded as being in a
zero oxidation state. Apart from the oxidations in the presence of mineral
acids such as nitric and sulfuric, oxidations also can be caused by normally
nonoxidizing acids such as carboxylic acids. For these, the oxidation can be
regarded as a direct electron transfer from the metal carbonyl to the proton
of the acid. Hydrogen evolution should therefore take place.

M(CO), + nH* —> M"* + %’Hz + mCO 16}

Since we consider here mainly reactions occurring in nonaqueous
carboxylic acids, Eq. 1 does not imply anything about the final state of the
metal in the n+ oxidation state. In most of the cases, the metal will not
be ionized but rather complexed to the carboxylate anion. Reactions
similar to Eq. 1 will occur in principle with any protic substance and there-
fore also with B-diketones and all those compounds for which enol forms
are possible. Acetylacetonates of iron(II) and iron(III), of chromium(III)
and molybdenum(III) have been prepared by using the corresponding metal
carbonyls as starting materials. It is likely that the use of this type of
reaction will become more and more important in preparative inorganic
chemistry, compared with the usual methods consisting of treating a metal
salt with the complexing agent in aqueous solutions or alcohol-water
mixtures. The reasons for this are manifold. Many of the metal carbonyls
are now commercially available; they are also usually much purer—with
respect to their metal content—than the corresponding starting materials.
When a metal carbonyl is used in the preparation of a metal chelate, no
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acid is evolved in the course of the reaction; it therefore goes to completion
without the need for adding a neutralizing base. A base can compete for
coordination positions on the metal and alter the stereochemistry of the
final product in an undesired manner.

Reductions of metal carbonyls to carbonylmetallates are also included
in the reactions of class (). Alkali metals are normally used as reducing
agents in various solvents. These reactions are interpreted straightfor-
wardly as electron transfers from the electropositive metal to the metal
carbonyls.

Two other reactions by which reduced carbonyl species are produced
are: disproportionation reactions and reductions in aqueous or alcoholic
solutions of alkali hydroxides. These disproportionation reactions which,
from a rigorous point of view, are improperly so designated, are those
reactions in which ionic compounds are obtained in the presence of Lewis
bases from a neutral ‘metal carbonyl. The following reaction of Co,(CO)g
with pyridine typifies this type of reaction:

3Co02(CO); + 12py —> 2[Co pys][Co(CO).]. + 8CO 2

The cationic part of the salt does not contain bonded carbon monoxide
groups, but there are reasons to believe that the first step of reaction 2 is the
true disproportionation reaction:

Co2(CO)s + B —— [Co(CO),B]*[Co(CO),]- 3)

Reaction 3, in which B represents a Lewis base, has been shown to take
place when B is an aliphatic alcohol (1). These intermediate products,
containing cobalt(l), are usually not stable at room temperature; a further
electron transfer takes place with evolution of carbon monoxide and
formation of the final species containing cobalt(I) and cobalt(I-).
However, in some special cases, the nature of the Lewis base is such that
the intermediate cobalt(I) species becomes stable even at room temperature
and can be isolated as such. This is true for triphenylphosphine which gives
isolable ionic compounds of the type [Co(CO)3(Phy),][Co(CO),] {2).
Disproportionation reactions are most commonly encountered with
Co0,(CO)s and they have been widely studied. Several other metal carbonyls
give disproportionation reactions, namely the carbonyls of iron, hexa-
carbonylvanadium, and decacarbonyldimanganese. The two metal car-
bonyls which appear to react most rapidly with Lewis bases are Co,(CO)g
and V(CO)g; these carbonyls react with ketones and nitrogen bases very
quickly even at room temperature. With V(CO)e, ionic compounds of
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formula [V(B),][V(CO)s], containing both vanadium(II) and vanad-
ium(I—) are formed.

" The mechanism of the reactions of Co,(CO)g and V(CO)s with Lewis
bases is not known but a reasonable one is the following. The reactions
probably take place via a preliminary substitution of one carbon monoxide
group of the metal carbonyl by the base. In the dimeric Co,(CQ)g the
substitution product Coy(CO),B presumably undergoes a heterolytic
cleavage of the metal-metal bond (the form of Co,(CO)g not containing
bridging CO groups can be considered to be the reactive one) with forma-
tion of the cobalt(I)-cobalt(I —) species shown in Eq. 3. In the case of the
monomeric V(CO),, the substitution step to V(CO)sB, for example, is
presumably followed, in a much faster step, by an electron transfer to un-
reacted V(CO),, with formation of [V(CO)sB}{V(CO);]. This intermediate
ionic compound can further reduce unreacted V(CO)g with carbon mon-
oxide evolution and formation of the final [V(B),][V(CO)sl..

A further reduction of metal carbonyls can take place, as mentioned
previously, with solutions of alkali metal hydroxides. The mechanism of
the reaction is not well understood. Experimentally one finds that the
metal carbonyl is reduced to a carbonylmetallate anion with simultaneous
formation of carbonate ions. With Fe(CO);, for example, the reaction can
be visualized to occur according to the following stoichiometry:

Fe(CO)s + 4OH~ —— [Fe(CO))2~ + CO3- + 2H,O @

The reaction is actually much more complicated because polynuclear
carbonylmetallates of iron are also obtained depending on the conditions,
and the hydridotetracarbonylferrate [FeH(CO),]~ is also a product of the
reaction unless the medium is strongly alkaline. These complicating facts
are, however, irrelevant to the following discussion. By analogy with a
mechanism discussed earlier by Hieber and co-workers (3) for the case of
Co,(CO)g, one should consider first the displacement of one carbon
monoxide group of Fe(CO)s by OH~. This should be followed by an
electron transfer to iron and formation of CO,:

(OC)sFe + OH- —— [(OC),FeOH]~ + CO )

[(OC);FeOH]- + CO —> CO, + H* + [Fe(CO).J2- (6)

A slightly different reaction mechanism has been proposed by Kruck
and co-workers (4). They suggest that step 5 does not occur with loss
of carbon monoxide, but that CO is actually retained in the coordination

sphere of the metal with formation of a carboxylferrate anion. The
formation of this anion should be regarded as occurring by attack on the
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central metal atom by the hydroxyl anion, followed by migration of OH
to an adjacent carbon monoxide group.

o 1-
Y
(OC);Fe—C=0 + OH~ ——> | (OC),Fe—C )
OH

The electron transfer to iron with formation of CO, would then occur on
the carboxylferrate anion itself.

L.
)
Y
(OC),Fe~C \/ ——> [Fe(CO), P~ + H* + CO, ®
(OH

Reactions of class (), i.e., substitution reactions, do-not require special
comment. Substitution reactions are those in which one or more carbon
monoxide groups of the metal carbonyl are replaced by other ligands, as
olefins, acetylenic compounds, nitrogen bases, trialkyl- and triarylphos-
phines, etc. A special type of substitution is the isotopic carbon monoxide
exchange reaction:

M(CO) + #CO —> M(**CO). + CO )

These reactions have been studied by Keeley and Johnson (5), Basolo and
Wojcicki (6), Pajaro, Calderazzo, and Ercoli (7) and by Cetini and Gam-
bino (8,9)

The exchange reactions of Ni(CO), (6) and Co,(CO)g (6) are fast and
the order with respect to carbon monoxide concentration is zero. All the
carbon monoxide groups of Co,(CO)g exchange at the same rate. It has
been suggested (10) that the carbon monoxide exchange reaction of
Co,(CO)g occurs through a mechanism involving that form of octa-
carbonyldicobalt, (OC),Co-Co(CO),, which does not contain bridging
CO groups and is present in solution in considerable concentration at room
temperature (see Sec. 1V). This hypothesis is supported by the experi-
mental finding that HgCo,(CO)g, which also has only metal-metal bonds,
exchanges its carbon monoxide groups rapidly and at a rate independent
of carbon monoxide concentration (10). Pentacarbonyliron exchanges its
carbon monoxide groups very slowly (5), the reported half-time being
> 4 yr at room temperature. The isotopic exchange of Fe(CO); becomes,
however, reasonably fast in the presence of acids (11). Hexacarbonyl-
chromium (7) and the corresponding molybdenum (8) and tungsten (9)
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carbonyls exchange their carbon monoxide groups with **CO at a rate
which is independent of carbon monoxide concentration.
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Carbonyls of the Nickel Subgroup Metals
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1. Reactions Involving Changes in Oxidation Number

a. Oxidations. Tetracarbonylnickel is oxidized by atmospheric oxygen in
the gas phase (1). Solutions of Ni(CO), in organic solvents also are at-
tacked by oxygen with formation of a green gelatinous mass, considered
to be basic nickel carbonate (2). In organic solvents, halogens, cyanogen,
and sulfur decompose Ni(CO), with formation of the corresponding
nickel(I1) salts (3). Other acids, such as H,S and HCI, decompose it slowly
with hydrogen and carbon monoxide evolution.

The reaction between tetracarbonylnickel and carbon disulfide in the
gas phase has been studied in detail by Dewar and Jones (4). They showed
that this reaction is so strongly inhibited by carbon monoxide that it cannot
be carried out in the liquid phase.

In the gas phase, especially at reduced pressure, the reaction takes place
according to the equation:

2Ni(CO), + CS; —> 2NiS + C + 8CO 10)

and produces a mirror on the glass container.

With COS the reaction takes place very slowly and incompletely. Other
sulfur compounds, such as allyl sulfide, thiophene, and thiourea are
partially desulfurized with formation of brown deposits.

A black crystalline nickel phosphide, NiP, was obtained by the reaction
at 50°C between Ni(CO), and phosphorus or PH; vapors in a carbon
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monoxide stream. In liquid phase this reaction yielded an amorphous
material (5).

The action of nitrogen oxides was studied by Frazer and Trout (6), who
showed that nitrogen dioxide gives rise to the formation of a mixture of
Ni(NOy), and Ni(NO;),. Anderson (7) and Reihlen (8) independently
reported that the reactions of Ni(CO), with nitrogen oxide in methanol and
ethanol gave a green product [Ni(NO)(OH)(OMe)]-CH;OH, and a blue
product, Ni(NO)(OH)(OEt). The product obtained from the gas phase
reaction of Ni(CO), with nitrogen oxide in the presence of traces of water
corresponded to the formula Ni(NO)(OH)(H30);s-5, according to
Anderson. Griffith, Lewis, and Wilkinson (9) suggested that the products
obtained from the methanol and the vapor phase reactions could be
Ni(NO)(OH)(OMe), and Ni(NO)(OH)s.

Feltham and Cariel (10) reinvestigated the reaction of Ni(CO), with

nitrogen oxide under pressure either in an inert solvent or in alcohols.
The product obtained from the inert solvent reaction had the formula
Ni(NO)(NO,). According to these authors the solvent does not play a
role in the reaction, which was proposed as occurring by the following
stoichiometry: }

Ni(CO)s + 4NO ——> Ni(NO)(NOy) + 4CO + N,O an

Only solvation could account for the different compositions obtained by
substituting cyclohexane for alcohols (10).

Tetracarbonylnickel reacts with many halogenated organic compounds,
giving nickel halides. For example, ultraviolet irradiation of acetyl
chloride (11) at 55°C gave biacetyl, carbon monoxide, and NiCl,. In a
reaction between Ni(CO), and allylic chlorides (12) coupling of two allyl
radicals, with formation of the corresponding dienes was observed.
Grignard compounds also react with tetracarbonylnickel (13) giving nickel
metal, nickel chloride, and organic compounds containing carbonyl
groups. Thus, RMgBr (R = C¢Hs, n-C;Hy, iso-C3Hy, n-C.H,), in ether
with excess Ni(CO), at about 0°C gave keto alcohols, RCOCHOHR (14),
in yields ranging from 70%, (R = CgHs) to 357, (R = iso-C3Hy). Organo-
metallic compounds of nickel have been postulated as possible unstable
intermediates in these reactions.

b. Reductions. The following carbonylnickelate anions have been
reported:

[Niz(CO)el?~, [Niz(CO)sJ?~, [Nil(CO)sJ?~, [Nis(CO)s]?-,
[NisH(CO)s] -, [NisH(CO)e]~
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Reduction of tetracarbonylnickel with sodium metal was carried out in
liquid ammonia (15). Unlike other metal carbonyls, tetracarbonylnickel,
under these conditions, gives a neutral species rather than a salt. The
hydrido complex [NiH(CO);], is the product of this reaction:

2Ni(CO)s + 2Na + 2NH; —— [NiH(CO);]; + 2CO + 2NaNH, 12)

This compound was isolated from the reaction mixture as the cinnabar red
tetraammoniate [NiH(CO);],-4NHj.

In later investigations, Behrens and co-workers (16,17) showed that the
formation of [NiH(CO);], takes place also with potassium and lithium.
They suggested that the hexacarbonyldinickelates M,[Ni,(CO)q] are labile
intermediates, which immediately undergo a total ammonolysis as follows:

Naz{Nix(CO)s] + 6NH; —> [NiH(CO);)z-4NH; + 2NaNH, (13)

At temperatures above —30°C, [NiH(CO);]l,-4NH; decomposes to
Ni(CO), and ammonia. Hydrogen could be identified with some difficulty
among the decomposition products. Reaction of the tetraammoniate with
water gave the enneacarbonyltetranickelate [Niy,(CO),]%~ and the hydrido-
enneacarbonyltetranickelate [Ni,H(CO),]~ anions.

Reduction of tetracarbonylnickel has also been carried out with sodium
amalgam in tetrahydrofuran (18). In this case the reaction takes place
according to the equation:

4Ni(CO)s + 2Na — [Nil(CO)s}*~ + 2Na* + 7CO (14)

Later (19), it was shown that the amalgams of Na, K, and Mg in tetra-
hydrofuran act in the same manner, whereas lithium amalgam, which is a
stronger reducing agent, leads to the formation of the octacarbonyltri-
nickelate anion [Ni(CO)g]?~, whose existence had been reported pre-
viously (20).

The Na, K, and Mg salts of the [Ni,(CO),}?2~ anion are extremely air
sensitive. With the exception of the cadmium salt, all crystallize with
1.5-10 molecules of tetrahydrofuran or acetone.

Itis a well-established fact that many metal carbonyls of the other groups
are reduced to carbonylmetallate ions by reaction with alkali or alkoxide
solutions. At the same time some of the bonded carbon monoxide is
oxidized to carbonate ions.

Tetracarbonylnickel was for a long time considered stable to alkali (21).
Later (20) it was shown, however, that in saturated methanol solutions
of NaOH, not less than 57%, of the Ni(CO), is transformed into the anion
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[Nis(CO)g]2~ after 80 hr. Conceivably, this formation of the octacarbonyl-
trinickelate anion is accompanied by oxidation of carbon monoxide to
carbonate ion.

c. Disproportionation reactions. The reactions of tetracarbonylnickel
with nitrogen Lewis bases, namely pyridine and phenanthroline, were
originally interpreted (22) as substitutions of some of the carbon monoxide
groups. Actually the chemistry of these reactions is more complicated.

It has been established (23) that liquid ammonia replaces one or more
carbon monoxide groups, with formation of substitution products of the
type Ni(CO),_ » (NHg),. On the other hand, it has been reported (18) that
other Lewis bases, such as pyridine, ethylenediamine, and piperidine give
disproportionation reactions with formation of nickel(Il} and carbonyl-
nickelate anions, [Niy(CO)s]2~, [Niy(CO)e]?~ and [Ni,H(CO),]~.

A systematic study by Hieber and co-workers (24) has clarified many
aspects of these reactions. They suggested that, with relatively weak bases
such -as pyridine, tetracarbonylnickel forms the substitution products
Ni(CO)spy and Ni(CO),py,, unstable under the reaction conditions. This
was followed by the formation of the following ionic complexes:

3Ni(CO)spy + 3py —— [Nipysl[Niz(CO)s] + 3CO (15)
3Ni(CO)zpy. === [Nipys][Niz(CO)s] (16)

Successive addition of NI(CO);py and loss of pyridine result in poly-
nuclear carbonylnickelates, namely [Nig(CO)s}?~, [Nig(CO)oJ?~ and
[Nig(CO)s]? . Interestingly, the deep red salt [Nipys}{Nig(CO),] is trans-
formed into tetracarbonylnickel when a stream of carbon monoxide is
bubbled through a pyridine solution at room temperature. This reaction is
reversible.

Piperidine, morpholine, and y-picoline behave like pyridine, whereas the
stronger base ethylenediamine stabilizes the [Ni,(CO),]?>~ anion.

If the basicity of the system is still greater, as in the presence of KOH,
the ions [Nig(CO)sl?~ and [Niy(CO)s]?~ are formed.

The [Niy(CO)g]2~ anion is a strong reducing agent. It can reduce the
cations [Ni pheng}?* and [Fe phen;}®* with formation of the substitution
compounds:

[Ni phens}?* + [Nix(CO)s]>~ —— 3Ni(CO).phen an
[Fe pheng}2* + [Nix(CO)s]2- —— 2Ni(CO)zphen + Fe + 2CO + phen (18)

This high reducing power makes it difficult to isolate complex salts from
the binuclear and trinuclear carbonylnickelates.
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Additional difficulties in the study of these reactions arise from the fact
that the enneacarbonylpentanickelate anion slowly loses nickel according
to the equation:

[Nig(CO)pl2~ ——> [Niy(CO)e]?2~ + Ni 19
Moreover, the doubly charged anions easily undergo protonation with
formation of the anions [Ni;H(CO),]~ and [Ni,H(CO),]l.

2. Substitution Reactions

a. Compounds containing carbon-carbon unsaturated bonds. Several sub-
stitution reactions of Ni(CO), with different ligands have been reviewed by
Schrauzer (24a).

By reaction of Ni(CO), with allyl iodide in benzene at 70-80°C, the
m-allyl complex (NiC3;H;I), is obtained as a deep red volatile solid (25).
By treatment with NaC;H;, this gives the mixed w-allylcyclopentadienyl
complex Ni(C3;H;)CsH;s. The bromo analog of the dimeric #-allyl com-
pound also has been reported (26). Both the halo complexes have relatively
small dipole moments (1.62 and 1.3 D, respectively), and a halogen-
bridged structure has been proposed for these complexes.

An interesting complex with the formula NiCgH,,Cl; (1) was obtained
by the reaction of Ni(CO), with tetramethyldichlorocyclobutene. Nuclear
magnetic resonance and chemical data indicated that this compound is the
nickel(IT) chloride complex of the unknown tetramethylcyclobuta-
diene (27). The presence of the cyclobutadiene ring in 1 has been confirmed
by Dunitz, Mills, and co-workers (28) who investigated the structure of
the benzene adduct of 1 by x-ray and found the molecular formula
(NiCL,CgH; ), - CcHg. The tetramethylcyclobutadiene complex of nickel,
as it exists in the solvate, is a dimer. It has two chlorine atoms bridging the
two nickel atoms, and the cyclobutadiene ring is approximately planar and
square. The unit NiyCL,[C,(CHay),]: of the benzene adduct is represented
in Fig. 9. A cyclobutadiene complex similar to 1 was obtained (29) by a

Cl

I.

Ti
[of]
FIG. 9. View of the NizCli[C.(CHa3),]. unit in the benzene
adduct NizCl[Ci(CHj3)4]z- CsHe.
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ligand transfer reaction between tetraphenylcyclobutadienepalladium bro-
mide and Ni(CO),. This complex is dibromotetraphenylcyclobutadiene-
nickel. The reaction of Ni(CO), with triphenylcyclopropenyl bromide (30)
gave NiBr(CO)C;(CsHs)s, which is believed to be a w-cyclopropenyl
complex of nickel. A dimeric halogen-bridged structure has been suggested
for this compound. The reaction of diphenylcyclopropenone with Ni(CO),
was reported (31) to give a pale green solid (mp 188-189°) with the com-
position Ni(CO) (diphenylcyclopropenone)s,.

Surprisingly, the vapor phase reaction of Ni(CO), with cyclopentadiene
(32) gave only small amounts of nickelocene, Ni(C;H;),. However, the
reaction of Ni(CO), with cyclopentadiene in n-hexane at 70° (32) gave
NiC,,H;, to which the cyclopentadienyl-cyclopentenylnickel(IT) type of
structure (2) has been assigned on the basis of its proton resonance

H

H H

H
. H(H
Ni
H | H

H H
H
2

spectrum and chemical data (33-35). In this molecule one of the rings is a
normal cyclopentadienyl anion CsHj, the other is a C;H7 anion to which
the central metal atom, formally in the oxidation state 2+, is bonded
through a =-allyl arrangement involving three carbon atoms.

From the reaction of Ni(CO), with Ni(CsHs);, two mixed carbonyl-
cyclopentadienyl compounds have been reported (36): the red diamagnetic
dimeric [NiCsH5(CO),]; and the green paramagnetic (37) Nig(CsHs)s(CO),
with one unpaired electron. The x-ray structure of the latter has been
determined (38), showing that the three nickel atoms occupy the positions
of an equilateral triangle with the two carbon monoxide groups sym-
metrically arranged above and below the plane containing the nickel
atoms. Each of the two carbon monoxide groups should be regarded as
bridging three nickel atoms.

[Ni(CO) C;H), very likely contains bridging CO groups, C—O stretch-
ing vibrations at 1879 and 1838 cm %, that are not coplanar with the two
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nickel atoms (39). The reactions of this dimeric carbonylcyclopentadienyl
compound with acetylenes (39,40), tetraalkyldiphosphines (40q) and
-diarsines (40a), have been reported. In each case the two carbon monoxide
groups are replaced and dimeric compounds containing carbon, phos-
phorus, and arsenic bridges are obtained. Similar sulfur-bridged com-
pounds also have been prepared indirectly (41).

Direct reaction of Ni(CO), with acrylonitrile (42), duroquinone (43), and
acrylaldehyde (44) gave compounds of the type NiL, in which L indicates
the unsaturated compound. An addition compound with triphenylphos-
phine, Ni(CH,—=CHCN),(PPhg),, also has been reported (45). Further,
mixed duroquinone—olefin complexes of zerovalent nickel of the general
type Ni(duroquinone)(olefin) have been reported, with the olefin being
either cyclooctatetraene (46), 1,5-cyclooctadiene, bicyclo(2,2,1)heptadiene,
or dicyclopentadiene (47). The electronic structures, absorption spectra,
and magnetic susceptibility measurements of this type of compound have
been reported (48).

By infrared spectrometry, it has been established that the nitrile group
of Ni(CH,—CHCN), is not directly involved in the bond and that the
metal is bonded to the ligand through the # electrons of the C=C bond.
The acrylonitrile complex is slightly paramagnetic (44) (uorr = 0.66 B.M.).
Complexes, 1:1, with arylsubstituted 1,1-dicyano- and 1,1,2-tricyano-
ethylene, such as Ni(CN),C—=CHCH; and Ni(CN),C—=CCH;(CN) also
have been described (49). The latter are radical-type compounds, showing
magnetic moments from 0.75 to 2.1 B.M. as well as EPR signals. X-ray

investigation of the compound nickel(1,5-cyclooctadieneduroquinone) (50) ~

has shown that the arrangement of the four double bonds around the nickel
atom is tetrahedral. The acrylonitrile complex and its analogs dimerize
norbornadiene catalytically (51). Acetylene has been reported (42) to give
cyclooctatetraene in the presence of Ni(CHy;=CHCN),. In the presence
of Ni(CH,=CHCN),, diphenylacetylene gives hexaphenylbenzene and
2,3,4,5-tetraphenylbenzonitrile; 2-butyne gives hexamethylbenzene; and
acetylene gives benzene, some styrene, and cyclooctatetraene. This latter
compound was not obtained with Ni(CHy,=CHCN),-P(CgH;);, which
gave exclusively benzene and styrene. Overall, the catalytic activity of these
nickel complexes does not seem to be high, judging by the yield of products
obtained per gram of catalyst (52).

b. Isonitriles. Ni(CO), reacts with phenyl isonitrile (53,54) to give the
completely substituted Ni(CNPh),. The mono-, bi-, and trisubstitution
products of Ni(CO), with phenyl isonitrile have not been isolated in
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a pure state; they have been identified only by spectroscopy (55). With
methyl isonitrile only three carbon monoxide groups are replaced and
Ni(CO)(CNMe); is obtained (54,56). Later (57) the substitution products
Ni(CO),_,(CNR), (n = 1,2,3for R = Me, Et, and Bu; n = 4 for R = Me)
have been prepared by varying the reaction conditions; the vibrational
spectra of the products were measured.

c. Nitrogen bases. A monosubstitution product Ni(CO),py has been pro-
posed (58) as the primary product of the reaction of Ni(CO), with pyridine.
Infrared spectrometry strongly indicated its existence but the product was
too unstable for isolation. Infrared evidence for the existence of an un-
stable disubstitution product with phenanthroline (58) has also been
presented. Other substitution products which can be classified here with the
nitrogen bases are the compounds prepared by reacting Ni(CO), with
dialkylcyanamids (59,60). The complexes obtained from these reactions
correspond to the formula Niy(NCNRy);(CO), and have C—O stretching
vibrations at 1788-1795 cm ™!, suggesting the presence of bridging CO
groups. The bonding to the central metal atom in these diamagnetic
compounds (3) is believed to be through the lone pair on the nitrogen of
the amine group and the = electrons of the nitrile group.
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d. P, As, and Sh-containing ligands. The first substitution product of
Ni(CO), with a phosphorus-containing ligand was prepared by Reppe and
Schweckendiek (61). Irvine and Wilkinson (62) prepared Ni(PCl,), from
Ni(CO), and PCl;; treatment of this chloro compound with PBrg (63)
gave Ni(PBr;),. The interesting compound Ni(PF3), was obtained (63) by
reacting Ni(PCl;), or Ni(PBry), with PF;. This fluoro compound is a
colorless, volatile liquid, bp 70.7°/760 mm, d = 1.800 at 25°, and it is
soluble in hydrocarbons. It has been suggested that Ni(PF,), is very similar
in structure to Ni(CO),, the strongly electronegative fluorine atoms making
a suitable orbital on the phosphorus available for =-bonding with the
metal. ‘
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Several phosphorus-, arsenic-, and antimony-containing substitution
products of Ni(CO), have been prepared; representative examples are given
in Table 7. These compounds are obtained generally by replacement of
CO groups in Ni(CO), by the ligand. Trisubstitution products containing
only one residual carbon monoxide group are difficult to obtain; a few
examples of this type are known. Chatt and Hart (64) obtained trisubstitu-
tion products by using tridentate tertiary phosphines.

Completely substituted nickel(0) complexes can easily be prepared
without using the highly toxic Ni(CO), as starting material. Thus,
Ni(diphos), complexes can be prepared by treating the bidentate ligand
directly with Raney nickel (65). Similarly, Ni(PF3), can be prepared by
treating nickel powder with PF; at high temperature and pressure:

350 atm
Ni + 4PF; W Ni(PF3)s 20)

Quantitative yields were obtained from nickel that had been prepared by
decomposition of nickel oxalate in a hydrogen atmosphere (66).

Nickelocene has been reported to react with trialkyl- and triaryl-
phosphites to give good yields of Ni[P(OR);], (67).

The reactions of Ni(CO), with diphosphines of the type R,P-PR; give
binuclear complexes Niy(CO)gP,R, in which the phosphorus—phosphorus
bond of the ligand is intact (68). The preparation of a complex of this type
with R = Ph had been reported previously in a patent by Schweecken-
diek (69).

Substitution products of Ni(CO), with a phosphine-substituted car-

borane have been reported (70). ———

R R R
P~ P
/C/ \R 0-20°C /C/ \
H,oB O + Ni(Co), £ 1B O Ni(CO), + 2CO
~R /N
R R @1

Meriwether and Fiene (71) have studied spectroscopically the exchange
reaction of several dicarbonylnickelbis(trialkylphospine) complexes with
tertiary phosphines. The reactions are first order with respect to the

Ni(CO)2(PR3)z + PR’s == Ni(CO)2(PR)s(PR’3) + PRy 22)
Ni(CO)2(PR:)PR’s) + PR’; — Ni(CO)(PR’3)2 + PR3 23)



TABLE 7

Carbonyl Compounds of Zerovalent Nickel, Palladium, and Platinum
with P-, As-, and Sb-Containing Ligands

Compound Mp °C Color Reference
Ni(CO);PPh; 126 Colorless 61,71
Ni(CO)sP(OCsH,Cl-p)s 70-71 Colorless 82
Ni(CO);AsPh; 105 Colorless 61
Ni(CO)sSbPh; 96-100 — 61
Ni(C0O)1sSbCl; — Pale buff 83
[Ni(CO):P(CFg)2lz 105 Red-black 84
Ni(CO);PF; — Colorless 85
Ni(CO)sP(CFg)s 71 Colorless 86
Niz(CO)sP:Ph, 190-200 dec. Yellow 68,69
Nix(CO)sP:Me, 140 Grey 90
Ni(CO),(PPhs)2 212 dec. Pale yellow 61,71,75
Ni(CO)o(PBug), Liquid — 61
Ni(CO)o(P(CF3)3)2 —31 Colorless 84,86
Ni(CO)(P(OPh)s). 95 Colorless 71,76
Ni(CO)(P(OCsH,Cl-p)s)2 132 — 82
Ni(CO)x(P(OCcH NO2-p)3)2 135 Yellow 82
Ni(CO):Diphos 13 Colorless 87
Ni(CO).(0-CsHy(PMes)s) 121-125 Colorless 65
Ni(CO)(0-CsHo(PEts)2) 65 Colorless 87
Ni(CO)(P(NMes)a)s 86-87 Colorless 88,89
Ni(CO)(P(CHzCH:CN)s). 140 dec. Colorless 71
Ni(CO)z(0-CsH(AsMes)2) 125 Colorless 91
Ni(CO),(0-CsH4(AsPh,),) 182-190 Colorless 65
Ni(CO)(PF3)2 —-93 Colorless 85
Ni(CO)P(OEt)s)s 0 Colorless 71,82
Ni(CO)(P(OPh)s)s 98.5 Colorless 82
Ni(CO)(PF3)s —-93 Colorless 85
Ni(CO)(PhP(o-CsH,PEL,),) 189-191.5 Orange 64
Ni(CO)(Hz;CC(CH;PPh,)s) 317 dec. Yellow 64
Ni(PF3). . breo 70.7 Colorless 63,66
Ni(PCl,CsHs), 86.5 Yellow 82
Ni(PClg), 120 dec. Light yellow 62
Ni(PBr3). 80 dec. Red-orange 63
Ni(PF;Me), — — 92
Ni(PF,Ph), — — 92
Pd(PF;), — 20 dec. Colorless 79,93
Pt(CO)2(PPh;). 118 dec. Colorless 717,78
Pt(CO)(PPhy)s 95 dec. Orange 71,78
Pt3(CO).(PPhy)s 177-179 dec.  Black 77
Ptz(CO)3(PPhg), 179-182 dec.  Bright red 77
Pt(PF3), —15, bz 86 Colorless 79
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- complex and zero order in the ligand ; a dissociative mechanism involving

a tricoordinated nickel was therefore suggested.

Bigorgne (72-74) has systematically studied the infrared spectra of
carbonyl nickel derivatives of the general type (Ni(CO),_,.(ER3),, with
n = 1,2,3 and E = P, As, Sb, Bi, with particular regard to the assignment
of the CO stretching vibrations and the calculation of force constants.

The catalytic properties of phosphine derivatives of Ni(CO), were first
described by Reppe and Schweckendiek (61). Ni(CO),(PPhgy), catalyzes the

_trimerization of propargyl alcohol to a mixture of 1,2,4- and 1,3,5-tri-

(hydroxymethyl)benzene. Later (75) the trimerizations of phenylacetylene
to 1,2,4-triphenylbenzene and of phenylethynylcarbinol to 1,3,5-tri(e-
hydroxybenzyl)benzene were reported. Reed (76) has reported the dimer-
ization of butadiene to cycloocta-1,5-diene catalyzed by Ni(CO),(PPh;),
and similar compounds of trimethyl- and triphenylphosphite.

The palladium and platinum analogs of Ni(CO), are not known. On the
other hand, a not well-defined dicarbonyl of platinum, Pt,(CO),,, has been
described by Booth, Chatt, and Chini (77) who obtained it by treating the
chlorocarbonyl PtCl,(CO), with water in the presence of carbon monoxide.
This carbonyl showed infrared bands at 2068 and 1891 cm~* that are not
due to metal-hydrogen stretching vibrations but rather to C—O stretching
vibrations. The same infrared pattern was in fact observed when the
compound was prepared in deuterated water.

Other compounds of palladium(0) and platinum(0) that can be formally
considered as substitution products of the unknown tetracarbonyls have
been prepared. Tertiary phosphine derivatives of the type Pt(CO),_ .(PRy),
were first obtained by Malatesta and Cariello (78). These were prepared by
treating Pt(PR;), with carbon monoxide under pressure. The orange
Pt(CO)(PPhg); decomposes at 95°. The same compound was described
later by the previously mentioned authors (77), who also reported the
preparation of trinuclear phosphine-substituted carbonyls of platinum of
formulas Pty(CO)s(PPhy), and Pt;(CO),(PPhg);. Malatesta and Cariello
(78) earlier reported Pt(PPhg),. Tetrakis(trifluorophosphine) compounds
of palladium(0) and platinum(0), M(PFj;),, have been reported by Kruck
and Baur (79). These two compounds were prepared by reacting the
metal(II) chlorides with PF; under pressure at 100° in the presence of
copper powder.

e. S-, Se-, and Te-containing ligands. Relatively few reactions of Ni(CO),
with ligands of this type have been reported. King (80) described a reaction
of Ni(CO), with bis(trifluoromethyl)dithietene that yielded a black sub-
limable NiC,F¢S,, in an amount insufficient for detailed study. The same



78 Metal Carbonyls: Preparation, Structure, and Properties

reaction was reported independently by Holm and co-workers (81) who
showed that it gave a volatile and diamagnetic black compound corres-
ponding to the formula NiC,(CF;),S, (4).

'\/\\//\?/
/\//\\w/\

)

Bouquet and Bigorgne (72) claim to have prepared the sulfur derivative
Ni(CO)3S(CyH;), showing infrared bands at 2072, 1991, and 1986 cm 1,
but the method of preparation was not reported.

3
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C. Carbonyls of the Cobalt Subgroup Metals

1. Reactions Involving Changes in Oxidation Number

a. Oxidations. Both Co,(CO)g and Co4(CO),, are air sensitive. However,
in our experience, large crystals of Co,(CO)g or Co,(CO),,, as obtained
by vacuum sublimation at room temperature or slightly higher, may be
handled in air for a short time without appreciable decomposition. The
presence of cobalt metal or some other impurities in the solid may catalyze
violent oxidation. Formation of a bluish carbonate is observed when
crystals of both carbonyls are slowly contacted with air over a prolonged
time. Solutions of the carbonyls are rapidly decomposed by air. Octa-
carbonyldicobalt in benzene gives a dark precipitate and evolves carbon
monoxide and carbon dioxide in a 4:1 ratio (1).

By reaction with halogens, both carbonyls are quantitatively decomposed
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- to the corresponding cobalt(II) halides and carbon monoxide. The reaction

of Coy(CO)s with bromine has been reported by Hieber and co-workers (2).

Oxidizing acids completely transform the carbonyl into cobalt(IT) salts.
Nonoxidizing acids were reported as reacting with more difficulty and only
partially (2). Conceivably, a sequence of reactions comprising dismutation,
acidification, and spontaneous oxidation of the hydridocarbony!l could
effect a complete oxidation of Co,(CO)s to cobalt(I) with evolution of the
corresponding amount of hydrogen:

3Coz(CO)s + 12H:0 —> 2[Co(H;0)6][Co(CO),]). + 8CO 24)
[Co(H20)6][Co(CO),)z + 2HClI —— [Co(H,0)6]Cl, + 2CoH(CO), (25)
2CoH(CO); — H; + Co0,(CO)s (26)

By various routes the carbonyls of cobalt can be oxidized, by partial
replacement of the original carbon monoxide groups, to complexes in

- which the central metal atom is in an oxidation state of 1+ (see Sec. VIII

on cationic metal carbonyls).

b. Reductions. Chemical reduction of cobalt carbonyls gives the tetra-
carbonylcobaltate anion [Co(CO),]~. In contrast with iron and nickel
which form several polynuclear carbonylmetallates, cobalt gives only the
mononuclear anion. This behavior undoubtedly results from the high
stability of the mononuclear anion compared with anions of higher

molecular complexity.

The [Co(CO),]~ anion in pyridine shows essentially only one C—O
stretching vibration in the infrared at 1883 cm~?* (3). In diglyme and tetra-
hydrofuran solutions of unspecified concentrations the band was observed
at 1886 cm~1! (4).

Edgell and co-workers (5) reported that the infrared C—O stretching of
NaCo(CO), shows a remarkable solvent shift and, moreover, that extra
bands were observed in pure tetrahydrofuran. In water and DMF, again
one single band is observed. Apart from these second order effects—
probably ion pair formation—the presence of a single band in pyridine
solutions of [Co(py).][Co(CO).]; (3) and in solutions of NaCo(CO), in
solvents of high dielectric constant, suggests that the [Co(CO),]~ anion
has a tetrahedral structure.

The reduction potential (6) and the polarographic half-wave potential (7)
of Co,(CO)g were found to be —0.40 and —0.35V, respectively, in refer-
ence to the calomel electrode.

At room temperature, Co,(CO)s dissolved in inert solvents can be
quantitatively reduced by sodium amalgam to NaCo(CO), (8). Later it was

-
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shown that this reaction occurs through the intermediate formation of
Hg[Co(CO)4l; (9,10). _ o
Both Co,(CO)s and Co4(CO),, are reduced by alkali metals dissolved in

- liquid ammonia.
Behrens and Weber (11,12) reported that the following reductions take

place below —75°C.
Co0,(CO)s + 2Na ——> 2NaCo(CO), @7
Co04(CO)12 + 3Na —» 3NaCo(CO), + Co (28)

At higher temperatures, ammonia acts as a Lewis base causing the dis-
proportionation of the carbonyls with formation of [Co(NHj)e] [Co(CO)4]..

Reduction of Co,(CO)s to [Co(CO),]~ occurs largely when the carbonyl
is treated with strongly alkaline solutions. In early work, it was reported (13)
that in strong alkali, the hydridocarbonyl and dodecacarbonyltetracobalt
are formed according to the equation:

3C0,(CO)s + 40H- ——> 4CoH(CO)4 + 1C04(CO);z + 2€CO35™ 29)

In weakly alkaline solution, formation of hydridocarbonyl and cobalt
hydroxide was postulated:

3C02(CO)s + 4H,0 —— 4CoH(CO), + 2Co(OH); + 8CO 30

The presence of Co,(CO),; in strongly alkaline solution was not con-

firmed by Wender, Sternberg, and Orchin (8), who explained also that the

reaction occurring in weakly alkaline medium resulted from dispropor-

tionation of Coy(CO)s by the Lewis base, water. Benzene solutions of

Co,(CO); were slowly transformed by water into the water-soluble
[Co(H,0)6][Co(CO),4],, from which Co(OH), was precipitated by alkali.

3C04(CO)s + 12H,0 —> 2[Co(H20)5]{Co(CO)s). + 8CO (3D

Hieber and co-workers (14) later reinvestigated the same reaction in
strongly alkaline solution and concluded that disproportionation of
Co,(CO), by water is accompanied by oxidation of the resulting carbon
monoxide and reduction of Co,(CO)g to carbonylcobaltate:

8C05(CO)s + 8CO + 320H- —— 16{Co(CO).]~ + 8CO3~ + 16H,O (32)
The overall reaction was represented as the sum of eqs. 31 and 32,
11C0(CO)s + 320H~ ——> 2Co0?** + 20[Co(CO),]~ + 8CO3~ + 16H O (33)

919, of the cobalt is so reduced to tetracarbonylcobaltate.
King (15) described the reduction of Coyx(CO)s to [Co(CO).]~ by
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tetrakis(dimethylamino)ethylene in hydrocarbons, with formation of the
salt:
(H,C )ZN"B 4.'N(C H,),
/C—C\ [Co(CO),);
(H;C),N N(CHa),

c. Disproportionation reactions. By action of different ligands, oxidation-
reduction reactions occur with Co,(CO)s and Co4(CO),,. Depending on
the nature of the ligand used, these reactions may occur according to
either of the following stoichiometries:

2Co(0) —> Co(I) + Co(I~) (34
3Co(0) —> Co(Il) + 2Co(I—) (35)

Cobalt(I—) in eqs. 34 and 35 represents the tetracarbonylcobaltate anion
[Co(CO),]~; the cationic cobalt is in general penta- or hexacoordinate.
Reaction 34 take place with isocyanides, phosphines, arsines, and stibines,
whereas nitrogen- and oxygen-containing ligands promote the second type
of reactions.

Disproportionations to Co(I) and Co(I—). By these reactions, low-spin
pentacoordinate complexes of cobalt(I) are obtained. The reaction of
octacarbonyldicobalt with isocyanides leads to formation of yellow-brown
crystalline compounds, fairly stable in air despite the unusual oxidation

" states of cobalt in both the cation and anion (16).

Co2(CO)s + SRNC —> [Co(CNR);][Co(CO),] + 4CO (36)

It had been originally proposed (17) that isocyanides would form sub-
stitution compounds of the type [Co(CO)(isocyanide);], or Co(CO); (iso-
cyanide)s. It is now established beyond doubt that isocyanides, such as
methyl isocyanide (16,18) and phenyl isocyanide (18), react in the same
way and lead always to the formation of the pentacoordinate cobalt(l)
cation. The salt-like character of the reaction products was demonstrated
by conductivity measurements and by successful replacement of the
[Co(CO),]~ anion with other complex anions by metathetical reactions.

Tertiary phosphines, arsines, and stibines produced ionic tetracarbonyl-

. cobaltates,

Co(CO)s + 2L —> [Co(CO)L:][Co(CO),] + CO 37

as well as substitution products [Co(CO);L], (19-23). A more detailed
account of these reactions with tertiary phosphines, arsines, and stibines
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will be given later in the discussion of the substitution reactions of cobalt
carbonyls.

Disproportionations to cobalt(II) and cobalt(I-). The reactions of
nitrogen- and oxygen-containing Lewis bases with octacarbonyldicobalt
was reported several years ago by Hieber and co-workers, who interpreted
them as substitution reactions (2). )

Later, Hieber and Schulten (13) observed that reaction of aqueous
ammonia solutions with Co,(CO)g generates the tetracarbonylcobaltate
anion.

Wender, Sternberg, and Orchin (8) showed that, independent of the
alkalinity, the reaction between Co,(CO)g and many Lewis bases, B, gives
rise to disproportionations of the type:

3C02(CO)s + 2nB —> 2[Co(B).]{Co(CO).]. + 8CO (38)
here n is 6, 3, 2 for monodentate, bidentate, and tridentate ligands,
respectively. These authors suggested that the first stage of this reaction
was disproportionation to Co(I) and Co(I—-):

Coz(CO)'a + B —— [Co(CO),B] *[Co(CO),]"- 39

Recently their suggestion was confirmed (24) by a study of the reaction
between Co,(CO)g and alcohols or water. By use of ion exchange and
radioisotope techniques strong evidence was gathered for formation of the
cationic species [Co(CO),ROH]* during the reaction of Coy(CO)g with
alcohols. The alcohol complex is stable only below 0°C.

Table 8 lists the reactions of Co,(CO)g with many nitrogen and oxygen
bases according to eq. 38. Sometimes the number of ligands coordinated to
cobalt(Il) in these compounds varies and differs from what is expected.
This is true with benzonitrile and with several oxygen ligands, such as
methanol, acetophenone, benzophenone, and dioxane. Most of the com-
pounds described in Table 8 were isolated, although they are unstable
because of their tendency to partially lose the ligands coordinated to the
cation and their sensitivity to atmospheric oxygen. The products with
ethylenediamine and phenanthroline, however, are remarkably stable in air.

Reaction of aliphatic and alicyclic primary and secondary amines with
Co,(CO)g brings about carbonylation of the amine and formation of the
corresponding formamides (25,27,29) has been observed.

With some Lewis bases, such as tert-butanol (8), aniline, and benzidine
(29), octacarbonyldicobalt reacts slowly, losing carbon monoxide and
finally yielding dodecacarbonyltetracobalt. Here, the disproportionation
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. TABLE 8
* Lewis Bases that React with Cox(CQO)g According to the Scheme:
3Co02(CO)s + 2nB — 2[Co(B),][Co(CO)s): + 8CO
No. of B
coord. to
Lewis base (B) Co(II) Color Properties Ref.
Ammonia 6 Orange-red  Air sensitive 13
‘Methylamine 6 Light pink Air sensitive 27
Dimethylamine 6 — —_— 25,27
Ethylenediamine 3 Pink Air stable 14
Diethylenetriamine 2 Orange-red — 29
o-Phenylenediamine 3 Red Air sensitive 29
p-Phenylenediamine - 6 Brick red Air sensitive 29
Acetonitrile 6 Red Dec. at —10°C 27
Benzonitrile 6 and 1.9 Black Air sensitive 30
Pyridine 6 Ochre yellow Air sensitive 8,26,27,28
a-Picoline 6 Brown-black Air sensitive 29
y-Picoline 6 Pink Air sensitive 29
Quinoline 6 Violet Air sensitive 29
. 0-Phenanthroline 3 Yellow Fairly air stable 8,13,14
_-Ethyleneimine 6 Pink Air sensitive 29
. Pyrrolidine 6 Red-violet Air sensitive 29
- Morpholine 6 Pink-red —_ 29
Formamide 6 Pink Air sensitive 29
Dimethylformamide 6 — — 25,31
Ethanolamine 3 Pink Air sensitive 29
Diethanolamine 2 Light pink Air sensitive 29
" Triethanolamine 2 Pink Air sensitive 29
- 'Water 6 Pink Not isolated 8,14
. Methanol 6 and 1.87 Black Not isolated; 8,14
pyrophoric
with n = 1.87
Ethanol 6 and 1.87 — Not isolated; 8
pyrophoric
with n = 1.87
- Acetophenone 0.5 Brown-black Air sensitive 30
Benzophenone 0.25 Brown-black Air sensitive 30
“‘Dioxane 0.5 Black Air sensitive 30
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reaction is regarded (29) as an intermediate step, followed by the spon-
taneous decomposition of tetracarbonylcobaltate into dodecacarbonyl-
tetracobalt and cobalt metal:

3[Co(CsHsNH;),]1[Co(CO)s]: —> 2C04(CO);; + Co + 3nCsHzNH, 40

Dodecacarbonyltetracobalt reacts with pyridine (27) according to the
equation:

3C04(CO)1z + 24C;HsN —— 4[Co(CsHsN)g][Co(CO). ), + 4CO “n

2. Substitution Reactions

a. Compounds containing carbon-carbon unsaturated bonds. Although
compounds of formula Co,(CO),CH,—CHR have been postulated (32) as
intermediates in the hydroformylation reaction, no compounds of this type
have been isolated so far. It has been pointed out (33) that Co4(CO)g does
not react at room temperature with 1-dodecene. Co,(CO), has been re-
ported (34) to react with tetrafluoroethylene to give an orange crystalline
compound (mp 70°) of formula (CO),CoCF,CF,Co(CO),, which is a
o-type complex (35). - » )

Fischer and co-workers (36) described the reaction of butadiene with
Co4(CO)s in the presence of ultraviolet irradiation to give [Co(CO),C,Hgls.
This compound has a dipole moment of 3.02 D, its infrared spectrum
shows a band at 1822 cm~* attributed to bridging CO groups, and, on this
basis, the “cis” structure 5 was assigned to it. However, since the two
cobalt atoms and the two bridging CO groups are probably not coplanar
(see structure of Co,(CO)s which shows a finite dipole moment in solu-
tion (37)), the presence of a small dipole moment does not appear suffi-

£, 99

ciently good evidence for assigning a ““cis” structure. Other cobalt car-
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(5) (6) )]

bonyl compounds derived from conjugated diolefins and norbornadiene
have been obtained without use of ultraviolet irradiation. Binuclear com-
pounds of the type Coy(CO)s (diolefin) (7) and Co,(CO),(diolefin), (5 or
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.6) have been synthesized (38). The butadiene and isoprene derivatives

were not obtained in a pure state. No evidence for the presence of isomers
was found and no conclusions were drawn about possible structural
arrangements.

Reactions of Co,(CO)g with conjugated perfluorodiolefins have been
reported. Octacarbonyldicobalt reacts (39,40) with octafluorocyclohexa-
1,3-diene with fluorine abstraction and formation of the red complex

FIG. 10. Molecular configuration of (OC);sCoCegFsCo(CO);. (N. A. Bailey,
M. R. Churchill, R. Hunt, R. Mason, and G. Wilkinson, Proc. Chem. Soc., 1964, 401.)
Published by permission.

(0OC)3CoCeFsCo(CO); (mp 47-48°). This compound has been shown by
x-ray analysis to contain a perfluorocyclohex-1-yn-3-ene group (an isomer

- of perfluorobenzene), with the two cobalt atoms coordinated to the triple

bond of the unsaturated cyclic system. The molecular configuration (39) of
this compound is shown in Fig. 10.

Perfluorocyclopentadiene and Coy,(CO)g react at room temperature (41)
to give a 65%, yield of a dimeric orange compound having the formula
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Co0,(CO)4(CsFs),; the proposed structure 8 of the compound is shown here

without the fluorine atoms.

==

Co0,(CO)s has been reported to react with cycloheptatriene in the pre-
sence of ultraviolet irradiation to give Co(CO)3C,H; in low yields (42). In
this compound the cycloheptatrienyl ring is probably bonded to the metal
through only three carbon atoms in an arrangement of the allyl type.

It was reported (38) that Coy,(CO)g does not react with cycloocta-
tetraene, bicyclo[2,2,2]-octa-2,5-diene, cycloocta-1,5-diene, and p-benzo-
quinone. A cobalt carbonyl complex containing an eight-membered
unsaturated ring was described by Fischer and Palm (43). A mixture
of 1,3,5- and 1,3,6-cyclooctatrienes gave the yellow crystalline
[Co(CO),CeH0)e, diamagnetic and stable in air. Cyclooctatriene is
present in the complex in the 1,3,6 form. This compound shows (36) infra-
red bands in the carbonyl region at 2032, 2008, and 1815 cm 2, the latter
being attributed to bridging CO groups. It appears, therefore, that poly-
olefins, conjugated or not, react with Co,(CO)g to give substitution pro-
ducts containing bridging CO groups.

In contrast, the substitution products obtained from acetylenic com-
Pounds contain only terminal carbon monoxide groups. Since Co,(CO)g
is present in solution in two isomeric forms, one of which does not contain
bridging CO groups, the question arises whether the different types of
substitution products obtained with polyolefins and with acetylenic com-
pounds are due to a preferential attack on one form or to rearrangement
after reaction with the more reactive form.

Some years ago Wender and co-workers described (44,45) the reaction
_of acetylenic compounds with Coy(CO)s. The stoichiometry of the reaction
is:

o0—Q—N0
OO—Q—OO

@)

RC=CR’ + Co02(CO)s —> Co05(CO)sRC;R’ + 2CO 42)

The reaction is quantitative and fast even at room temperature, giving red-
orange to deep red solid or liquid products, depending on the nature of
R and R’. The infrared spectra of the acetylenic complexes did not show
bridging CO groups. This was later confirmed (46) by an x-ray study of the
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diphenylacetylene derivative Coy(CO)sPhC,Ph. In this compound each
cobalt is in a distorted octahedral configuration, the acetylenic carbon-
carbon bond is nearly perpendicular to the cobalt-cobalt bond and the two
cobalt atoms and the two atoms of the acetylenic group are almost tetra-
hedrally arranged.

Reaction 42 was studied kinetically (47) by measuring the carbon
monoxide evolved. The results suggest a reaction mechanism in which
Co,(CO), reacts in an intermediate step with a molecule of an acetylene
with evolution of one molecule of carbon monoxide and formation of
Co,(CO),. Later (48) the same authors studied the influence of the groups
R and R’ on the kinetics of reaction 42. It was possible to establish an order
of reactivity for several acetylenic compounds with respect to l-hexyne
as standard, but the experimental data in most cases could not be rational-
ized in terms of electronic or steric effects. It would be interesting to re-
examine these Kinetic data taking into account the existence in solution of
a nonbridged form of Co,(CO)s.

Perfluoro-2-butyne reacts (49) with Cogy(CO)g to give a red, volatile
complex Co4(C0)sC,F, which does not show infrared bands attributable
to bridging CO groups and for which it is reasonable to assume a structure
similar to that found for the other acetylene compounds.

Compounds with disubstituted acetylenes react (50) with carbon mon-
oxide under pressure at 70°C giving rise to a new type of complex:

Co2(CO)RC:R’ + 3CO —— Coz(CO)RC:R’ 43)

Only Z of the carbon monoxide contained in these substances can be
obtained by decomposition with jodine in pyridine; the same proportion
of carbon monoxide exchanges with gaseous *CO at room temperature.
On the basis of chemical and spectroscopic data a structure containing
a lactone type ring was postulated. This was later confirmed by an x-ray
analysis by Mills and Robinson (51) on the acetylene compound
Co4(CO)sC,H,. In this structure each cobalt atom is surrounded by five
carbon atoms in a square pyramid configuration (see Fig. 11). By joining
the two square “pyramids along the basal edge and folding the whole
along the join,” the structure shown in Fig. 11 is obtained. The two cobalt
atoms and the bridging carbon atoms are not coplanar. The authors
suggested that such a folded structure could also occur in Co,(CO);g in
which it had been considered that the two cobalt atoms and the two bridg-
ing CO groups were coplanar. This suggestion has been confirmed (52).
High resolution infrared spectra of compounds Co,(CO)¢RC;R and the
lactone-type compounds Co,(CO);RC;R have been published (53). The
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number of CO stretching bands was found to correspond to that predict-
able on the basis of the known structures in the solid state.

FIG. 11. View of the Cox(C0O),C:H, molecule (O. S. Mills and G. Robinson, Proc.
Chem. Soc., 1959, 156). Published by permission.

Although well-defined compounds have not been isolated, there is some
evidence that Coy(CO)g reacts (33) with allene and substituted allenes
(having at least one hydrogen atom bonded to an allenic carbon).
Co2(CO)s does not react thermally with aromatic hydrocarbons (54) to
form w-arene complexes. However, when benzene or toluene solutions of
Co4(CO); are treated at 80° with AlBr,, carbon monoxide is evolved and
the cation [Co,(CO), arenez}* is formed. This has been obtained (54) in a
pure state as the iodide, tetraphenylborate, and reineckate by metathetical
reactions in water-acetone solution. The intermedidate product in the
formation of the cation [Cos(CO)jarene;]* is the adduct Co,(CO)g- AlBry
that has been isolated by addition of AlBr; to a heptane solution of
Co,(CO)s, the latter acting here as a Lewis base. By heating the aluminum
bromide adduct in benzene or in toluene, the complex cation can be
obtained as the bromide [Coy(CO).arene;]Br. The most probable structure
for the cation, which shows an infrared band at 1675 cm ™1, is shown in 9.

This is by analogy with the closely related compound Nig(CsH;)s(CO),
for which a triangular arrangement of the nickel atoms has been found by
x-ray diffraction studies (55). It is noteworthy that in both these structures
the CO groups form bridges over three metal atoms. Fischer and co-
workers have also described (56) the arene-cobalt cationic species 9.

Coy(CO); reacts readily with cyclopentadiene (57) to give the mixed
cyclopentadienyl carbonyl CoCsHs(CO),, a dark red oil, bp 75°/22 mm.
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¢ Friedel-Crafts acylations, which work successfully with MnC;Hz(CO),

and VC;H;(CO),, failed (58) with CoCsH;(CO),. However, this should

_not be taken as evidence against the aromatic character of the cyclopenta-

dienyl anion in the compound, because the conditions used for the reaction
7
Q. 1 O
&Co —%——Co/
N

Co

&

C

I
o)

9)

could have caused decomposition of the relatively unstable material. In the
course of the reaction between C;Hg and Co4,(CO)g hydrogen is not evolved

Cox(CO)s + 2CsHg — 2CoCsHs(CO); + 4CO + H. 44

but is consumed by the excess of cyclopentadiene, forming (59) cyclo-
pentene and cyclopentane. Dicarbonylcyclopentadienylcobalt reacts with
halogens to give the halogeno complexes CoX,(CzHg)(CO), (60).

Several reactions of CoCsH;(CO), with unsaturated compounds have
been reported (61-63). In every case carbon monoxide was completely
displaced and the complexes 10 from 1,5-cyclooctadiene (63), 11 from
1,3-cyclohexadiene (63), 12 and 13 from a mixture of 1,3,5- and 1,3,6-
cyclooctatrienes (61,63), and 14 from duroquinone (62) have been de-
scribed. CoC;H(CO), and cyclooctatetraene give (64) the brown crystal-

Co Co, Co Co Co
(10) (11) (12) (13) (14)

line CoC;H;(CgHg), mp 81-82°. The cyclooctatetraene ligand can be
hydrogenated in the presence of Raney nickel and even brominated,
without destroying the complex. This behavior contrasts with that of the
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iron complex Fe(CO),CgHp. Fritz and Keller (65) found that two CoC;H;
units can be bonded to the same CygHg ring; in fact, they isolated the
complex [Co(C;H;)],CgHg from the reaction of CoCzH;(CO), with
cyclooctatetraene.

The reactions of CoCsHs(CO), with bidentate phosphines have been
described (66). P,(CH;), gives the black crystalline [CoC;H5(CO),],PoMe,,
for which structure 15 has been proposed.

R R R R |
....... Co------~, 2+
o] o) .

(16)

Co,(CO)g reacts with tetracyclone (67) (tetraphenylcyclopentadienone)
at 130-160° giving the thermally very stable (dec. about 400°) deep violet
compound of formula Cog(tetracyclone), (16). This should be regarded as
Co[Co(tetracyclone,]s, i.e., as a cobalt(Il) salt containing the anion
[Co(tetracyclone),] ~. By treatment of (16) with dry HCI, the diamagnetic
compound CoH(tetracyclone), (17) was obtained; the latter with acetic
anhydride yielded the acetyl derivative Co(tetracyclone),COCH,. When
the reaction of Co,(CO)g with tetracyclone was carried out at lower
temperatures (~ 60°), substitution products of Co,(CO)s were obtained
but they could not be isolated in a pure state.

b. w-Allylcarbonyl complexes of cobalt. Because =-allylcarbonyl com-
pounds of cobalt were the first #-allylcarbony! derivatives to be reported,
they will be discussed here, although briefly. Other m-allylcarbonyl com-
plexes of transition metals have been reported since then. The reader
interested in this subject can find further references in a review by Green
and Nagy (68).

With the preparation (69-71) of [PACIC;H;]; it was realized a few years
ago that the allyl radical CgHs can form complexes acting as a three-
electron donor to the metal. Of the two possible structures 18 and 19, the

R R R R I[i T
_______ Co-mmnnnr C C
R R R R N NP
HC_ CH, P R
O—H O M HS M H,
amn (18) (19)
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symmetrical 19 was considered the most likely one, owing to nuclear
magnetic resonance and infrared spectroscopy studies on the palladium
ébmpound (72) and on w-allyltricarbonylcobalt (73). The latter compound
was obtained from reaction of NaCo(CO), with allyl bromide.

NaCo(CO), + CsHsBr —> CO + CoC:;Hs(CO)s + NaBr 45)
PIIc
H. C H,
\ /.-.\ /
c1%c
7 Co '\
H, C/ I\, H,
C
(e o) (0]
(20)

The proton resonance spectrum of 20 shows three peaks whose intensities
are in the ratio 2:2:1. In fact, although the two methylene groups are
“equivalent, the two hydrogen atoms on each methylene group are different
because they are in different orientations with respect to the cobalt atom.
* Another w-allyl type complex arises from the reaction of CoH(CO),
‘with butadiene (74); a red liquid (b, 33-35°) is obtained. Later (75) the
correct formula of the complex was established as Co(CO);C,H;. It was
then found (76) that the complex exists in two isomeric forms. Nuclear

structures of the two isomeric forms; 21 is the more stable isomer. If the
“m-allyl group is terminally substituted, the possibility of syn and anti
isomers arises, because of the restricted rotation around the carbon-—
- carbon bond. The syn isomer is 21 (related to the middle hydrogen atom).
The reaction of 1,4-pentadiene with CoH(CO), was reported (78) to give
the syn and anti isomers of 1-ethylallyltricarbonylcobalt together with
+5-hexenal and 2-methylcyclopentanone.

H, PII
|
C CH C H
He AP : h\cé-i'-\C/
AT '
Co N\ /s Co '\
HC/C/|O\C Hy H. /I\C CH,
C
s} 8 0 o g5 O
@1 (22)

magnetic resonance measurements (77) made it possible to elucidate the
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Crystallographic data on [PdCIC;H;], (79,80) confirm the conclusion

drawn from proton resonance measurements on the stereochemistry of
w-allyl systems. X-ray structural analysis of [PdCIC;Hs], has shown the
equivalence of the methylene carbons.

The infrared spectra of some 7-allyl systems not containing carbon
monoxide as additional ligand have been measured (81).

¢. P-, As-, and Sh-containing compounds. Several publications have
appeared on the reaction of Co,(CO)g with compounds containing phos-
phorus, arsenic, and antimony, particularly triaryl- and trialkylphos-
phines (82-85). It is now established that, with trialkyl- and triaryl-
phosphines, ionic compounds (23) are obtajned together with substitution
products (24):

[Co(CO)a(PRa)2] * [Co(CO)L1-
23

[Co(CO);PR:]:
29)

The relative amounts of 23 and 24 may change depending on the condi-
tions used, especially on the temperature.” Between 30 and 40°, formation
of the substitution products is favored. For example, by heating in benzene
at reflux temperature for 10 min, [Co(CO)4(PPh;),][Co(CO),] is con-
verted almost quantitatively into the dimer [Co(CO);PPh,l, (864).

The ionic compounds from triphenylarsine and triphenylstibine
[Co(CO)3(AsPhj;),][Co(CO),] and [Co(CO)s(SbPhy),][Co(CO),] are very
unstable and at 0° the substitution products are formed according to the
equation:

[Co(CO)3L2][Co(CO)s] —> [Co(CO)sL]2 + CO (46)

Triphenylphosphite invariably forms the substitution product (83,865).

The infrared spectra of [Co(CO)3sPPh,], and [Co(CO)3(PPh;),][Co(CO),]
have been studied (87). The substitution product does not show any infra-
red stretching mode attributable to bridging carbon monoxide; the
molecule should therefore be joined only by a cobalt-cobalt bond as in 25.
A decision between a staggered form of symmetry Dg, (25) and an eclipsed
form Dy, (26) is not possible because the two forms give rise to the same
number of infrared active CO stretching vibrations. For the cation
[Co(CO)s(PPhs),]*, the structure 27 has been suggested.

The reaction of Co,(CO)g with trxphenylphosphme in nujol as solvent
gives the substitution product Co,(CO),PPh, (88). Structure 28 has been
suggested for this compound on the basis of infrared data. The reaction of
Co4(CO)g with tris(dimethylamino)phosphine (89) (Tdp) gives the ionic
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product [Co(CO);Tdp,][Co(CO),] mainly and only traces of the substitu-
tion compound [Co(CO);Tdp]..

The reactions of Co,(CO)g with bidentate phosphines and arsines have
en reported. 1,2-bis(diphenylphosphino)ethane (90) at room tempera-
ture gives the ionic [Co,(CO),Diphos;][Co(CO),);. Because the dimeric

cation does not show bands attributable to CO-bridging groups, it is
concluded that the two cobalt atoms are joined by diphosphine bridges.
- Tetraphenyldiphosphine Ph,P-PPh, reacts with Co,(CO)s giving a
dimeric substitution product to which structures 29 or 30 have been as-
signed. The same product is obtained (91,92) by the reaction of NaCo(CO),
with P(C¢Hj),Cl.

R R
b NN a
(OC)aCO/ \CO(CO)S P P
- N, /
N (OC)sCo Co(CO)s
R R
(29) (30)

" The cobalt—cobalt bond in the dimeric substitution products can be split
by the action of sodium amalgam in tetrahydrofuran (93):

2Na(Hg)

[Co(CO);PRs): _ﬁ) 2Na[Co(CO);PR;] “n

The tricarbonyl of iridium [Ir(CO);], reacts with trialkyl- and triaryl-
phosphites to give apparently dimeric substitution products of formula
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[Ir(CO),P(OR);],. These compounds appear to have bridging CO groups,
as suggested by the infrared data in the C—O stretching region (94).

d. Sulfur-containing compounds. The reactions of ethyl mercaptan and
thiophenol with Co,(CO)g had been reported (95) by Hieber and Spacu.
Products formulated as [Co(CO)sSR],, with R = C,H;, CsH;, and »n
probably equal 2, were isolated as crystalline air-stable solids. Their
solubility in nonpolar organic solvents suggested that they were substitu-
tion products of Co,(CO)g. Klumpp, Marko, and Bor have reported (96),
however, that the reaction of Co,(CO),s with ethyl mercaptan at 0° without
solvent (the conditions used by Hieber and Spacu) results in a mixture of
Co4(CO)5(C;H;sS); and some unidentified products. Co,(CO)s(C,HsS),
(31) was isolated in a pure state from the reaction of Co,(CO); with ethyl
mercaptan or diethyl disulfide in hexane. This is a black crystalline sub-
stance, very slightly soluble in benzene. By using lower ratios of sulfur
compound to Co,(CO)g, the black crystalline Co,(CO),(CH;sS); (32) was
also isolated from the reaction. From benzyl mercaptan the black crystal-
line Coz(CO)6(S)(SCH,CgHs) (33) was obtained. While 31 and 32 show
infrared bands at low wavenumbers suggestive of bridging CO groups, only
terminal carbon monoxide groups are evident in the infrared spectrum of
33.

Co,(CO)g reacts with sulfur in hydrocarbon solution at room tempera-
ture to give sulfur-substituted cobalt carbonyl derivatives (97-99). The
products isolated are: [Co,(CO)sS], (34) (n being probably 2), Cos(CO)sS
(35), and Co3(CO),S; (36); on the basis of the infrared data the following
structures have been suggested:

(0C)3Co Co(C0)4 (OC)3 Co Co(CO)Z

Co
(co);

Co
{co) 2

(34) (35) (36)

Co,(CO)g reacts also with CS, (100) giving various products; by chroma-
tography it was possible to isolate in very small yields a compound
corresponding to the formula [Co,(CO);,]CS;. No bridging CO groups
are present in its infrared spectrum and a ““butterfly structure similar to
that found by Dahl and Smith (101) for the acetylenic derivative
Co04(C0O),0(C.H;C,C.H;) has been suggested.
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A tetrameric carbonyl derivative of formula Co,(CO).(SC;Hs)s was
obtained in 179, yield by reacting cobalt(II) ethylmercaptide with carbon
monoxide at atmospheric pressure in methanol at room temperature. No

“bridging C—O stretching vibrations were observed in the infrared spec-

rum (102).
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Carbonyls of the Iron Subgroup Metals

1. Reactions Involving Changes in Oxidation Number

a. Oxidations. The reactions of Fe(CO), with aqueous chlorine and
bromine under uncontrolled conditions lead to the quantitative formation
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of iron(II) halides (1). Under controlled conditions, halogeno metal
carbonyls, FeX,;(CO),, are formed.

The action of aqueous acids on Fe(CO)s is very slow; in ether or carbon
tetrachloride solutions, however, smooth reactions are observed with
hydrogen and carbon monoxide evolution and formation of iron(II) salts.

Concentrated H,SO, and HNO; react with pentacarbonyliron with
formation of iron(Il) and iron(I11) salts, respectively (1).

The reaction of Fe(CO)s with acetylacetone in the presence of ultra-
violet irradiation leads to the formation of iron(I1I) acetylacetonate in 45%,
yield (2).

The formation of iron(III) acetylacetonate from Fe(CO)s and acetyl-
acetone has been confirmed (3). However, Fitch and Lagowski (4) later
reported that when the reaction and the subsequent manipulations were
carried out under complete exclusion of air, only iron(II) acetylacetonate
was produced.

Pentacarbonyliron is completely oxidized by copper(Il) chloride in
acetone (5), according to the equation:

Fe(CO)s + 2CuCl, —> CuyCl; + FeCl; + 5CO (48)

By reaction with CCl,, Fe(CO)s gives, among other compounds, FeCl,,
carbon monoxide, COCl,, and hexachloroethane (6).

The reactions of pentacarbonyliron with some organic halides, such as
dichlorodiphenylmethane and carbon tetrabromide, have been reported (7).
With dichlorodiphenylmethane, the reaction takes place according to the
equation: '

2Fe(CO)s + 2(CeH5):CCl; —> 10CO + 2FeCly + (CeHs)2C=C(CeHs)z (49)

b. Reductions. The following carbonylferrate binegative anions and the
corresponding mononegative anions are known.

[Fe(CO)JP~; [Fex(CO)J2™; [Feso(CO)P 5  [Feo(CONal*™
[FeH(CO,]"; [FezH(CO)]"; [FesH(CO):l™; Fe H(CO)s]™

The trinuclear and tetranuclear anions are usually very deeply colored,
red or dark red; the others are orange-red or very slightly colored, de-
pending on the molecular complexity. The absorption spectra of several
carbonylferrates have been reported (8-10). The trinuclear and tetranuclear
species have characteristic absorption band maxima in the visible region(8).
Contrary to a previous report (9), the [Fe(CO),]*>~ anion shows only a
continuous absorption in the visible region with no shoulders or maxima.
According to Hieber and Schubert (8), the [Fey(CO)g]*~ anion has an
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absorption maximum at 347 mp, whereas, according to Case and Whiting
(10), this species and the corresponding mononegative anion [Fe,H(CO)g]~
absorb at 480 my. The former assignment appears to be the correct one.
Since the spectroscopic data have been used as criteria for identifying the
species formed in the reactions of iron carbonyls with alkali, it appears
worthwhile to present the absorption data for some of the anions in
tabuldr form, together with the infrared C—O stretching frequencies
(Table 9).

TABLE 9

Ultraviolet-Visible and Infrared Absorption Band Maxima of Some
Carbonylferrate Anions

Anion Amax Loge Ref. Vco Ref.
(mp) (cm—1)
[Fe(CO)4J%- < 300 9 1730 11
[Fex(CO)sl2~ 347 3.95 9 1916m 11
1866s
1842w
[FesH(CO);,1™ 527 3.50 8 2070vw 11
2004s
540 3.01 10 1980m
1950w
[Fes(CO)111%~ 485 3.50 9 1941s 11
1913m
1884w
[Fe (CO)13)2~ 500 3.65 9 2030vw 11
1967s
1950m
1829vw

"'The [Fe(CO),]?>~ anion in dimethylformamide has a single band in the
infrared C—O stretching region at 1730 cm~* (11). This suggests a tetra-
hedral structure. Raman spectra of [Fe(CO),]2~ (as Na,Fe(CO),), showing
a band at 1788 cm ™! in aqueous solution (12) for the totally symmetrical
stretching vibration, are also consistent with a tetrahedral structure.
(Spectroscopic and structural data for the mononegative anions are given
in Sec. VL)

The reduction of iron carbonyls leads to the formation of mono- or
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polynuclear anions, depending on the reaction conditions and in some
instances on the degree of complexity of the metal carbonyl employed.

Alkali metals in liquid ammonia (13,14) invariably reduce iron(0) to
iron(IT —), according to the equations:

Fe(CO)s + 2Na —> Na,Fe(CO), + CO (50)
Fes(CO)s + 4Na —> 2Na,Fe(CO), + CO G
Fes(CO)yz + 6Na —> 3Na,Fe(CO), 52)

Sodium amalgam acts in a similar manner when.tetrahydrofuran is used
as solvent (15,16). By these reactions, the tetracarbonylferrate anion is
obtained in a pure state.

It has been reported (17) that pentacarbonyliron is reduced by bis(bi-
phenyl)chromium to the tetranuclear tridecacarbonyltetraferrate anion in
benzene solution at 90°C, thus:

2Cr(CeHs—CsHs): + 4Fe(CO)s — [Cr (CeHs—CeHs)z212[Fes(CO)y5] + 7CO (53)

Although it has been known for many years that Fe(CO)s, Fe;(CO)s,
and Fey(CO),, in strongly alkaline solutions are transformed into water-
soluble products (18,19), only recently have these reactions beea clarified.

The existence of the [Fe(CO),]>~ anion in the alkaline solutions ob-
tained from pentacarbonyliron was first reported by Hock and Stuhl-
mann (5) and then confirmed by Feigl and Krumholz (20).

In spite of the fact that the acid properties of FeH,(CO), in aqueous
solutions were not immediately recognized (21), Feigl and Krumholz (22)
succeeded in isolating complex salts of [Fe(CO),]*~ and [FeH(CO),]~ by
treating Fe(CO); with aqueous ammoniacal solutions of [Cd(NH;);)?* and
[Ni(NHy)s]2*. Later, the potentiometric titration of K Fe(CO)4 and
Ba[FeH(CO),]. solutions with HCI was reported (23).

Tron carbonyls are reduced by hydroxides or alkoxides, while at the same
time some of the carbon monoxide groups are converted into carbonate
ions. Hock and Stuhlmann (24) recognized this for pentacarbonyliron;
they formulated the reaction as

Fe(CO)s + 2NaOC,H; ——> NaFe(CO). + CO(OC:Hs): (54)

which represents the oxidation of carbon monoxide to diethyl carbonate.
Hieber and co-workers have reported the reactions of Fe(CO);s (21),
Fe,(CO),, and Fey(CO),; (25) with solutions of alkali. All these reductions

can be represented by the general scheme:
Fen(CO)pn + 40H™ —— [Fen(CO)m-1J*~ + CO3~ + 2H:0 (55)

with n being 1, 2, 3, and m being 5, 9, and 12, respectively.
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Thus, the primary products of the reaction have the same molecular
complexity as the starting carbonyls. However, the carbonylferrates so

formed are unstable and structural changes soon take place.

- For example, the [Fe(CO),]2~ anion was reported (26,27) to be easily
hydrolyzed to [F_eH(CO)4] -, which slowly dimerizes and loses hydrogen:

2[FeH(CO),]- —> [Fe;Hy(CO)s]>~ — [Fea(CO))?~ + Ha (56)

Although the intermediate formation of the dimer was considered doubt-
ful (19), the spontaneous conversion of [FeH(CO),] ~ into [Fe,(CO)sl?~ is
a well-established fact.

Either in alkaline methanol (9) or aqueous solutions (8) and especially
under irradiation with high-frequency light, the octacarbonyldiferrate
anion is not stable and decomposes according to the following equations:

2[Fez(CO)s]?~ — [Fe(CO)412~ + [Fex(CO)1)2~ + CO 37
2[Fe,(CO)]2~ + HO —— [FeH(CO).]~ + [Fex(CO)11]?~ + OH- + CO (58)

The [Fey,(CO)g]?~ anion is characterized by an absorption band at
347 my., whereas the trinuclear carbonylferrate anion has a maximum at
485 my. According to Hieber and Beutner (9), the occurrence of reaction .
58 is responsible for the wrong assignment by Case and Whiting (10) of a :
band at 480 myp to the [Fe,(CO)g}?~ anion.

The undecacarbonyltriferrate [Fes(CO),, ]2~ decomposes slowly at room
temperature with formation of [Fe(CO),J?~.

It is interesting to note that reduction of iron carbonyls was reported to
occur also in liquid ammonia. Behrens and Wakamatsu (28) reported that
in liquid ammonia at 20°C, Fe(CO); and Fe,(CO), react as follows:

14 days

Fe(CO)s + 4NH; —— (NH,).[Fe(CO).] + NH.CONH, (59)
40 hr

Fex(CO)s + 4NH; — (NH,);[Fez(CO)s] + NH,CONH, (60)

_ The formation of CO(NH,), in ammonia is strictly equivalent to the forma-

tion of COZ%~ in aqueous solutions.

c. Disproportionation reactions. A variety of Lewis bases having nitrogen
or oxygen as donor atoms react with iron carbonyls giving mono- or poly-
nuclear carbonylferrates while one iron atom is oxidized to the ferrous
cation. The reaction can be schematically represented as:

mFe + nB ——> [Fe(B),]**[Fen-_1J?~ (61)

with m being >2.
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The compounds isolated in reactions of this type were previously
considered as substitution products containing zerovalent iron (29-31).
Later, Hieber and his co-workers carried out a detailed revision of their
former work and recognized the saltlike nature of the reaction products.
This work is discussed in the next section.

Pentacarbonyliron in the presence of nitrogen bases. Pentacarbonyliron
reacts with nitrogen bases forming mono- or polynuclear carbonylferrates,
depending on the nature of the base and on the reaction conditions.

Polynuclear anions are the most frequently encountered products of
these reactions. The reaction with pyridine at 85°C in the presence of
ultraviolet irradiation (32,33) takes place according to the equation:

5Fe(CO)s + 6CsHsN —— [Fe(CsHsN)g][Fel(CO)y5] + 12CO (62)

The tridecacarbonyltetraferrate anion, which cannot be prepared from iron
carbonyls, either by direct reduction or by reaction with strong alkaline
solution, is obtained by reaction 62.

By reaction with phenanthroline, pentacarbonyliron gives the octa-
carbonyldiferrate anion: .

3Fe(CO)s + 3phen —> [Fe phen;){Fe(CO)s] + 7CO (63)

The results obtained by Hieber and co-workers with various nitrogen
bases are summarized in Table 10.

In a few cases, a certain amount of the expected carbon monoxide is not
evolved since it is fixed in the amine. Thus, for instance, Hieber and co-
workers (29) reported that in the reaction between hydrazine hydrate and
pentacarbonyliron, semicarbazide is formed.

Fe(CO)s
H:N—NH, ? NH:NHCONH. (64)
2

The mechanism of the reactions between Fe(CO); and amines has
attracted considerable interest, and therefore many efforts were devoted to
the detection of the primary reaction products. Hieber and co-workers
(34,35) suggested that addition compounds Fe(CO);-amine (with amine

being piperidine, morpholine, and phenanthroline) are the precursors to

carbonylferrates. These addition compounds are usually unstable and
decompose rapidly to give carbonylferrates. In the case of 2-pyridine-
aldehyde anil a product of composition [Fe(CO);], PhN=CH—C;H,N
was isolated (36). This was obtained by heating Fe(CO); with the anil in
benzene at 80°C. No carbon monoxide evolution was observed during this
reaction and the red-brown compound so obtained did not show any
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- conductivity in acetone; it was very soluble in nonpolar solvents, such as
. benzene and petroleum ether, and its infrared C—O stretching vibrations

were. all above 1950 cm~*. All this suggested a nonionic formulation for
this compound. Also from the reaction of Fe(CO); with piperidine, a pro-
duct of composition Fe(CO)s(piperidine); was isolated (35), which was
stable only below 0°C. Later, Edgell and co-workers (11) published a
detailed spectroscopic investigation of the reactions of Fe(CO); with
n-butylamine and piperidine at room temperature. The results previously
published by Hieber and co-workers (34-36) were substantially confirmed
and the nature of the formed products defined in a more precise manner.

Three different products were identified spectroscopically. The first one
was a species formulated as Fe(CO)g(piperidine);, then the [FeH(CO),]~
anion appeared, and finally a third species, suggested to be Fe(CO),(piperi-
dine) became evident in the infrared spectrum. The first species was
suggested to contain the grouping as shown in Scheme 1.

O
+ Fe(CO);
N\ C/

Il

o)

(Scheme I)
Previous results (37) suggesting the disproportionation of Fe(CO); in

. the presence of piperidine were not confirmed:

2Fe(CO)s == [Fe(CO)s]?*[Fe(CO).J2~ (65)

The [Fe(CO),])%2~ anion absorbs at 1730 cm~* according to Edgell and co-
workers (11); whereas on mixing Fe(CO); with piperidine, the lowest
frequency band observed (37) in the infrared spectrum was at 1898 cm 1,

Pentacarbonyliron in the presence of oxygen bases. Pentacarbonyliron is
not attacked by oxygen Lewis bases, such as methanol. This can be
deduced from the fact that pentacarbonyliron is one of the final products
of the reaction between methanol and dodecacarbonyltriiron at 70°C (25).
On the other hand, pyridine oxide is reduced by Fe(CO);. With dimethyl
sulfoxide (DMSO), triphenylphosphine oxide, and triphenylarsine oxide,
at 80°C for several hours in the presence of ultraviolet irradiation, the
compounds [Fe(DMSO)4][Fe (CO);5], [Fe(OPPhg),]{Fe,(CO)s], and
[Fe(OAsPhg);][Feo(CO)g] are formed (38).

Enneacarbonyldiiron. No disproportionation reactions of enneacar-
bonyldiiron in the presence of nitrogen or oxygen Lewis bases have been
reported.
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Dodecacarbonyltriiron in the presence of nitrogen bases. The reactivity
of dodecacarbonyltriiron towards Lewis bases is higher than that of
pentacarbonyliron. ,

The disproportionation reaction may lead to the formation of a mixture
of carbonylferrates, whose relative amounts depend on the reaction condi-
tions. Thus, for instance, with liquid ammonia the compound
[Fe(NH,)e][Fes(CO);] is formed initially (39). In view of the instability
of the [Fes(CO),; >~ anion, this was suggested (39) to undergo conversion
to the anions [Fe,(CO)g]?~ and [Fe,(CO);3}*~. However, on the basis of
additional spectroscopic data this was later recognized to be inexact (33).
The initially formed undecacarbonyltriferrate anion is actually converted
to the dinuclear anion [Fey(CO)g]?~ according to the equation:

3[FC(NH3)5][F63(CO)11] + 6NH3 —_—> 4[FC(NH3)5][F62(CO)B] + CcO (66)

On the basis of the spectroscopic data, no evidence was found for the
formation of the [Fe,(CO);5]?~ in the course of this reaction.

The reaction of Fes(CO);, with ammonia at room temperature has been
studied by Behrens and Wakamatsu (28). After 14 days at room tempera-
ture, the anions [Fex(CO)g]?~ and [Fe(CO),J?~ are produced according to
the equation:

4Fe3(CO)12 + 30NH; ——>
3[Fe(NHj)o][Fex(CO)sl + 3(NH,) Fe(CO), + 3CO(NHz): + 9CO  (67)

The reaction with ethylenediamine (en) has been extensively studied by
Hieber and co-workers (40). At high temperature [Fe(CO),]?~ is the main
product, whereas [Fex(CO)s]*~ and [Fes(CO),,12~ are obtained at milder
conditions:

en 90°C
Fes(CO), 2 :6:3 [Fe en3)[Fes(CO)11] ——

[Fe en;){Fez(CO)s} v [Fe ens}[Fe(CO),] (68)

In refluxing acetone or benzene, phenanthroline (34) gives the reaction:
Fes(CO),2 + 3phen —— [Fe phen;][Fe(CO)s] + 4CO 69

Hieber and co-workers (36,41) have also investigated the reaction of
dodecacarbonyltriiron with the following bases: 2-methylpyridine,
2-(methyliminomethyl)pyridine, and 2-pyridinealdehyde anil. The reaction
products were iron(II) derivatives of the [Fe,(CO)g]*~ and [Fes(CO)1.1%-
anions.
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Dodecacarbonyltriiron in the presence of oxygen bases. Unlike penta-
carbonyliron, dodecacarbonyltriiron reacts with methanol even at room
temperature (25). Under reaction conditions varying from 10 days at 20°C
to 2 hr at 70°C, the products are pentacarbonyliron (~55%,), ferrous
methylate (6-11%,), and undecacarbonyltriferrate anion, which can be
present as the ferrous salt or as the free FesHy(CO),,, depending on the
reaction time.

The similar reaction with ethyl alcohol has been shown to occur accord-
ing to the following stoichiometry:

. nROH
- 6Fes(CO)z ——> [Fe(ROH), -][FesH(CO)y1]. + 10Fe(CO)s + Fe(OR): (70)

With pyridine oxide and with dimethyl sulfoxide (38), dodecacarbonyltri-
iron disproportionates to give the tridecacarbonyltetraferrate anion,
whereas with triphenylphosphine and triphenylarsine oxides the cor-
responding salts containing the octacarbonyldiferrate anion are obtained.

2. Substitution Reactions

a. Compounds containing carbon-carbon unsaturated bonds. Many car-
bonyl olefin = complexes of iron have been described; a number of them
are reported in Table 11. Only some of the most interesting aspects of
their chemistry and some of the structural problems connected with their

formation will be discussed. \
The compound Fe(CO);C,Hg, obtained from the reaction of Fe(CO);
with butadiene (42,43), has the structure shown in Fig. 12, as determined

FIG. 12. Structure of the Fe(CO)sC,Hg molecule (O. S. Mills and
G. Robinson, Acta Cryst., 16, 758 (1963)).
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by x-ray diffraction studies in the solid state at —40° (44). The butadiene
residue has the cisoid arrangement. The C—C distances of the butadiene
group (1.45 and 1.46 A) are identical within experimental error. A plane of
symmetry passes through O;,—C,—Fe and bisects the bond Cs—Cs. The
carbon atoms of the butadiene group are coplanar but the trigonal axis of
the carbonyl groups makes an angle of 61° with this plane. In this structure
the iron is bonded through the = electrons of the two double bonds of the
butadiene residue since the iron atom was found to be ““closer to the
centers of the double bonds than to the carbons themselves.” However,
Churchill and Mason (45) who have determined the x-ray structure of the
similar complex Fe(CO);(octafluorocyclohexa-1,3-diene), found that the
iron atom is in a pseudooctahedral environment and bonded to the planar
C, unit through one = and two o bonds. The same authors suggested that a
similar arrangement could also exist in butadiene iron tricarbonyl where
the = electron density, therefore, would not be completely delocalized, as
previously suggested. The structure of the octafluorocyclohexadiene com-
plex is shown in Fig. 13.

FIG. 13. Molecular configuration of tricarbonyloctafluorocyclohexa-1,3-dieneiron

(M. R. Churchill and R. Mason, Proc. Chem. Soc., 1964, 226. Published by permission).
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Iron tricarbonyl complexes of conjugated dienes were isolated from the
thermal reactions of Fe(CO); with methyl linoleate (46,47). Frankel and
co-workers (47) have shown that the (methyl octadecadienoate)tricarbonyl-
iron so obtained is a mixture of isomeric iron tricarbonyl complexes. They
also showed that these complexes are soluble hydrogenation catalysts.
Gutowski and Jond§ (48) have studied the proton magnetic resonance

“spectrum of the methyl linoleate iron tricarbonyl compound.

The reactions of iron carbonyls with cumulenes have been reported (49,
50). Tetraphenylallene reacts with Fe(CO)s in isooctane at reflux tem-
perature to give the red crystalline Fe(CO),C;Ph,. Although both double
bonds of the allene system were believed to be involved in the bonding to

‘the metal, a participation of the aromatic unsaturation could not be

excluded. The reaction of allene itself with Fez(CO), resulted in the forma-
tion of two insufficiently characterized products, namely [Fe(CO),C;H,].
and [Fe(CO);CsHgl;_2. An iron carbonyl compound containing an un-
substituted cumulene system was indirectly obtained by reacting Fez(CO), .
with 1,4-dibromo-2-butyne. In the course of the reaction, dehalogenation
of the acetylene compound occurred with formation of the red crystalline
Fe,(CO)sC,H,. Possible structures have been considered for this binuclear
complex, which shows a doublet in the proton resonance spectrum that
suggests the presence of two nonequivalent methylene groups.

The prediction by Longuet-Higgins and Orgel (51) that cyclobu\fadi\ene
might be stabilized through complex formation with transition metals has.
been confirmed by isolation of some metal complexes containing the
substituted cyclic system. However, no complexes had been known in
which cyclobutadiene itself was present. Pettit and co-workers (52) first
prepared such a compound, namely tricarbonylcyclobutadieneiron by de-
halogenation of cis-3,4-dichlorocyclobutene in the presence of Fey(CO),.

The complex is a yellow crystalline solid (mp 26°, bp; 68-70°). The decom-

position of the cyclobutadiene complex with ceric ions in the presence of
acetylenic compounds results in the formation of Dewar benzene deriva-
tives, which are to be expected from the addition of the acetylenic com-
pound to cyclobutadiene (53). Tricarbonylcyclobutadieneiron represents a
new type of aromatic system (54): several electrophilic substitutions, such

COOCH,

+ products

l \ . C—COOCH; v,
|

1
oo

T
Fe(CO), (1)
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as Friedel-Crafts acylations, have been successfully carried out on this
system to obtain new substituted cyclobutadiene iron tr1carbony1 com-
plexes.

It is known that the reaction of Fe(CO); with cyclopentadiene (55) gives
ferrocene, Fe(C;H;),. The first product of the reaction, however, is
Fey(CsHg)(CO),. The latter compound can be better prepared by re-
fluxing Fe(CO); with dicyclopentadiene (56,57). The x-ray structure of
Fey(CsH5)2(CO), shows that the molecule is centrosymmetric and contains
two bridging and two terminal CO groups (58,59). The Fe—Fe distance
(2.94 + 0.02 A) indicates the existence of a metal-metal bond. It has since
been shown (60) that the infrared spectrum of the compound in solution is
not in agreement with the centrosymmetric structure, thus suggesting that
the molecule in solution could have a structure different from that of the
solid. Noack (61) has shown that some of the bands reported for CHCl,
solutions of the material were due to reaction of Fe(C;H;),(CO), with the
solvent. The spectrum in heptane shows two bands due to terminal CO
groups and one due to bridging CO groups. It was proposed that
Fe(CsH;),(CO), in solution is no longer centrosymmetric with a nonplanar
arrangement of the two iron atoms and the two bridging CO groups. In
agreement with this, Fey(CsH;)2(CO), has been found to have a dipole
moment of 3.1 D in benzene solution (62). The existence of two isomeric
forms of Fe(C;H;),(CO), was excluded by measuring the intensity of the
bands at different temperatures. Very interestingly, the reaction of
Fey(CsH5)(CO), with P;Me, has been shown (63) to give both the trans
and the cis isomers.

Me Me Me

\/\\/(5 O\/\C
Q{\/ COQK\/\

(37)

Me
O

(38)

An isocyanide-substituted tetracarbonylbis(cyclopentadienyl)diiron has
been described (64). This complex has the interesting feature of containing
a bridging isocyanide group; the two cyclopentadienyl rings and the two
terminal CO groups are in cis positions, as shown schematically in 39.
Unlike the group VI metal carbonyls, the carbonyls of iron do not react
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directly with aromatic hydrocarbons to give carbonyliron-=-arene com-
. plexes (65). However, it has been reported that Fe;(CO),, reacts with m-
~and p-divinylbenzenes to give the corresponding binuclear compounds

/Fe /F e\
o~ \(ﬁ Co
N
39)

Fe,(CO)s(CH,—CH),C¢H,, in which the = electrons of the aromatic ring
most probably participate in bonding of the ligand to the iron. In
contrast, 1,4-diphenylbutadiene reacts with Feg(CO),, to give a tricar-
bonyliron compound in which, on the basis of nuclear magnetic resonance
data, the aromatic ring is not involved in the bonding (65). ~
Manuel (66) and Harper (67) succeeded in preparing a carbonyl com-
pound of iron with an aromatic hydrocarbon not containing an un-
saturated side chain. By treating Feg(CO);, with anthracene, the orange
'Fe(CO);C,,H,, was obtained in very low yields. In this compound,
however, only two of the double bonds of anthracene in a terminal ring
are believed to be involved in the bonding to iron. As far as the type of
* bonding is concerned, this compound should resemble Fe(CO);butadiene
rather than Cr(CO);CgHs.

Cycloheptatriene (68) reacts with Fe(CO); and Fey(CO),, to give the
tricarbonyl compound Fe(CO);C,Hg (69,70). The reaction gives also the
diene complex Fe(CO);C,H,.

A cationic tricarbonyliron derivative containing the tropylium cation
was prepared from the reaction of tricarbonyl(methyl tropyl ether)iron
“with fluoboric acid. The resulting [Fe(CO);C,;H,]* has one double bond
of the unsaturated ligand not involved in the bond to the central metal
atom, as indicated by infrared data in the C—H stretching region (71).
Cyclooctatetraene (72-74) reacts with Fe(CO)s and Fey(CO),; to give a
mononuclear complex Fe(CO);CgHg and two binuclear complexes
Fex(CO)sCsHy and Fey(CO),CgH;y. Fe(CO);CgHy shows some peculiar
features: it does not absorb hydrogen in the presence of platinum, or add
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bromine; its nuclear magnetic resonance spectrum shows only one proton
resonance peak. Davison, McFarlane, and Wilkinson (75) have observed
that Fe(CO),CzH,, after conversion to the protonated complex, can be

reduced by NaBH, in tetrahydrofuran to Fe(CO),CgH,,, yellow, mp
36.5°C.

The x-ray structures of Fe(CO);CgH; and Fey(CO)sCgH, (76-78) are
shown in Fig. 14. In both complexes, the cyclooctatetraene rings are not

Cs
C; Cs

CS C4 C3

C ,/ Cz

! /
,/ /
/Fe Fe
oC /\ oc//\
c [
c C 0
o © 0

FIG. 14:. View of the Fe(CO);CsH,s and Fex(CO)sCsHg molecules. (Adapted from
B. Dickens and W. N. Lipscomb, J. Am. Chem. Soc., 83, 4862 and 489 (1961).)

planar. The Fe(CO); groups are associated with four nearly planar carbon
atoms in an arrangement very similar to that found for the butadiene
compound Fe(CO);C,Hsg.

The presence of only one single proton resonance peak in the solution
spectrum of Fe(CO);CgHg was difficult to reconcile with the x-ray struc-
ture.

It has been suggested that in solution, the Fe(CO), group can rapidly
shift around the cyclooctatetraene ring in such a way that the nuclear
magnetic resonance signal observed is only a time-averaged representation
of the actual situation. A confirmation of this suggestion came from the
experimentally observed isomerization of a tricarbonyliron compound‘
containing a conjugated triene system (79,80) as shown in Scheme IL

Q /F\ > 7 /F\ CHS
[ [
(CO), CH3 ‘ Q (CO),

(Scheme II)
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-In a cyclic and completely conjugated system such as Fe(CO);CgHg, the
Fe(CO); shift will be favored compared with either an open chain system
or with a cyclic system, such as Fe(CO),(cycloheptatriene), in which the
unsaturation is not fully conjugated, although the arrangements are all
cisoid.

The infrared spectra of Fe(CO)3CgHg were measured (81). The sym-
metry of the molecule is low (C,) and is the same either in the solid state or
in solution. This eliminates the possibility that the single proton resonance
observed is due to a change in structure from the solid state to the solution
and confirms that a dynamic effect of the type just mentioned is respon-
sible for the ““anomalous’ proton resonance spectrum.

It has also been reported (82) that the reaction of cyclooctatetraene with
Fe,(CO), gives, in addition to the two complexes already known, two other
compounds of formula Fe,(CO)gCgHpg, 40 and 41. Both these complexes
were envisaged as having the two Fe(CO); groups on the same side of the
cyclooctatetraene ring, in contrast with the binuclear isomer of known
structure. Furthermore, 40 would be a bis(m-allyl) type of complex, whereas
41 was suggested to be a normal bis-diene compound with the two tri-
carbonyliron groups cis to each other. As indicated by the nuclear magnetic
resonance spectra, 40 and 41 are in equilibrium.

(OC)sEe

Fe(CO), (OC);sFe Fe(CO);

(40) (41)

Tetracarbonyliron complexes of ethylene (83) and butadiene (84) of
general formula Fe(CO),(olefin) can be obtained by the direct reaction
of Fe,(CO), with the olefinic compounds. Tetracarbonyl derivatives of
acrylonitrile (85), maleic anhydride (86-88), methyl methacrylate (89), and
other olefins with electron-withdrawing substituents have been prepared by
the reaction of the unsaturated ligand with Fey(CO)g or with Fe(CO);
under ultraviolet (89) or y-ray (88) irradiation. The ligand is probably
bonded to the metal through the carbon-carbon double bond. This was
originally suggested by Kettle and Orgel (85) for the acrylonitrile com-
pound on the basis of infrared data and it has been recently confirmed by
x-ray work (90). The molecule Fe(CO),(CH,=~CHCN) is virtually a
trigonal bipyramid (cf. Fe(CO);) in which one of the equatorial positions
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is occupied by the center of the carbon—carbon double bond. The distances
from the iron atom to the two vinyl carbon atoms are 2.09 and 2.10 A.

The existence of optical isomers in tetracarbonyliron complexes of this
type becomes possible when the symmetry of the olefin ligand is low.
Tetracarbonyl(fumaric acid)iron has actually been resolved into the
two enantiomers by fractional crystallization of the monobrucine. salt
©on.

With cinnamaldehyde, in addition to the yellow tetracarbonyl compound,
a red tricarbonyl derivative Fe(CO);(PhCH=CHCHO) has also been
reported (92) in which the carbonyl group of the aldehyde function is
involved in bonding to the metal.

Iron carbonyl compounds with substituted fulvenes have also been
reported (93). The azulene complex Fe,(CO)sC,oHg was reported some
years ago (68). Several substituted azulene derivatives of the same type
have been described (94) and a new type of isomerism has been postulated
to explain some peculiar features of these compounds.

Enneacarbonyldiiron has been reported (95) to react with allyl halides to
give m-allyl complexes of formula Fe(C;Hs)(CO);X, with X being Cl, Br,
and 1. In these compounds, the iron atom was considered to be symmetric-
ally bonded to the three carbon atoms of the allyl group, similarly to the
analogous cobalt complex Co(C3H)(CO); (see Sec. V—C—2). By reduc-
tive dehalogenation with Na[FeC;H(CO);] or NaMn(CO)s, or by treat-
ment with deactivated alumina, the halogenoallyl derivatives can be
converted to the dimeric [Fe(C;H;)(CO);); (96). Electron spin resonance
measurements have enabled the detection of the monomeric paramagnetic
species in equilibrium with the dimer:

[Fe(CsHs)(CO)sla —= 2Fe(C3Hs)(CO)s 72)

Rearrangement and isomerization of olefinic compounds have been
shown to occur in the presence of carbonyls of iron. Nonconjugated dienes
isomerize to the corresponding conjugated compounds (97); for example,
1,5-cyclooctadiene is quantitatively converted to 1,3-cyclooctadiene. Ter-
minal olefins are converted to internal olefins when heated with Fe(CO);
(98,99). If ultraviolet irradiation is also present, isomerization occurs
under milder conditions (50°C for 1-undecene) (100). Apparently the effect
of radiation is not simply that of converting Fe(CO); into Fe,(CO),, which
then would be solely responsible for the isomerization. Enneacarbonyldi-
iron alone is, in fact, capable of isomerizing 1-undecene but to a smaller
extent under comparable conditions. Isomerization of olefins under ultra-
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“violet irradiation has been considered as taking place via the intermediate

formation of an iron tetracarbonyl olefin complex (101):
Fe(CO)s === {Fe(CO)y + CO 3)
{Fe(CO)4} + olefin —— Fe(CO), (olefin) (74)

The inhibiting effect of carbon monoxide and Lewis bases, such as diethyla-
mine and triphenylphosphine, has been interpreted as a competition effect
by the added base on the intermediate coordinately unsaturated species.
Rearrangements have also been reported to occur during the coordina-
tion of the olefin to the metal. For example, a mixture of 1,3,5- and 1,3,6-
cyclooctatriene reacts with Fez;(CO),, or Fe(CO); to give (bicyclo[4,2,0]-

‘octa-2,4-diene)Fe(CO); (42) and (1,3,5-cyclooctatriene)Fe(CO); (43)

Fe Fe
NI
¢ § % o § ‘%
42) @3

" (102,103). The previous report (104) concerning the preparation of

(1,3,6-cyclooctatriene)Fe(CO); from the same isomeric mixture and
Fe,(CO), was not confirmed. In the course of the reactions of Fe(CO);
with noncyclic diolefins, iron tricarbonyl complexes are formed in which
the bonded diene is structurally different from the starting diolefins (105).
For example, both cis-1,3-pentadiene and 1,4-pentadiene yield Fe(CO);-
(trans-1,3-pentadiene) (see diagram 75).

7\
\
AN, @

m - Fe(CO),

Once the system becomes conjugated, the subsequent main requirement
seems to be that of providing the least steric crowding in order to form a
stable iron tricarbonyl complex.
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Mossbauer resonance studies of several olefin complexes of iron car-
bonyls have appeared (106-108). Many other interesting reactions of
unsaturated compounds with iron carbonyls have been reported and will
be briefly mentioned here, although strictly speaking, they do not belong
in the category of substitution reactions. Some of them, however, are worth
mentioning. Thiophene reacts (68) with Fe(CO); or, better, with Fe;(CO),
with replacement of sulfur by iron and formation of compound 44 (109).
This has an infrared spectrum identical with that of the product obtained
from Fey(CO);, and acetylene (110). The reaction of Fey(CO),, with

e
Fe—CO
/ \C
R ©
C C
o~ C
§ o
(44)

tetrafluoroethylene (111) gives a stable, sublimable compound (mp 77°)
to which structure 45 has been assigned (112,113).

(0]

(@)

F,C—CF: Cc.

C
N //
Fe\
7~ N\C

F,C—CF, C O

(0]
(45)

b. With P-, As-, and Sb-containing ligands. Several years ago Hieber and
Wirsching (114) described the reaction of Fe(CO); with SbCl; at —20° in
CCl,: no gas was evolved in this reaction and a yellow precipitate was
obtained. At —5°, a vigorous evolution of carbon monoxide occurred and
brown-orange crystals having the composition Fe(CO),SbCl; were found.
This compound is soluble in benzene and is probably dissociated in
solution to Fe(CO),Cl, + SbCl,.

The compound Fe(CO)3(SbCl,), has been obtained (115) by the room
temperature reaction of Fe(CO); with SbClg; this compound is an amor-
phous powder insoluble in common organic solvents (Table 12).

Substitution  products  with triarylphosphines, Fe(CO),PPh,,
Fe(CO)5(PPhg)., and the mixed Fe(CO)3(PPhs)(SbPhy), were first reported
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TABLE 12

Iron Carbonyls with Phosphorus-, Arsenic-, and Antimony-Containing Ligands

Compound Color Mp (°C) veolcm — 1) Ref.
Fe(CO)PPh; Pale yellow 201-203 2055,1978,1943 116,117,161
Fe(CO),P(NMe;); Yellow 46-85 2041, 1969, 1930 162
Fe(CO)4PF3 Yellow Liquid 2101, 2094, 2021, 120

2004, 1996,
1970, 1960
Fe(CO);(PPhs). Yellow 272 1884.8 116,117,161
Fe(CO):(P(NMez)s)2 Colorless 200-203 1871 162
[Fe(CO)3IP(CF3))a Red — 2127, 2088 125
Fe(CO); Diphos® Yellow 144-145 1984, 1912, 1890 121,122
Fe(CO):(PPh3)(SbPhs) — 242 — 116
Fe,(CO)s Diphos — 170-172 2053, 1980, 1938 119,122
Fez(CO)sPMe, Orange 146-148 dec. 2059, 2049, 1982, 123,163
1947
Fex(CO)sP2Mey Yellow 170 dec. 2047, 2009, 1976, 123
1963
Fey(CO)gP:Et, Orange 143-145 2045, 2007, 1972, 123 .
1962 |
Fe(CO):AsPh; Yellow 178 2053.7,1977.1, 161 \\
1945.3
Fe(CO)s(AsPhs). Yellow 193-195 1884.3 161 .
Fe(CO);Diars Golden yellow 131 1996, 1916, 1877 119,164
Fe(CO)Diars, Dull yellow 150 dec. 1953 164,165
Fex(CO)sAsaMey Orange > 350 dec. 2037, 2024, 1998, 123
1965, 1958
Fe(CO),SbPh; Yellowish brown 136 2048.0, 1975.3, 161
1942.3
Fe(CO),(SbPhs), Brown 196 1882.0 161
Fe(CO)3(SbCls)2 Pale yellow — — 115

s Obtained by ligand exchange from Fe(CO);CsHs.

by Reppe and Schweckendiek (116). Cotton and Parish (117), on the basis
of infrared spectral measurements, have suggested that compounds
Fe(CO),L and Fe(CO);L; (L = PPhy) have a trigonal bipyramidal con-
figuration. Further, the disubstitution products probably have the trans
configuration (46). This has later been confirmed by Reckziegel and
Bigorgne (118a). Pentacarbonyliron reacts thermally with tertiary phosphines
and phosphites to give monosubstitution and bisubstitution products, the
latter having the trans configuration. In an attempt to prepare the still
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elusive cis isomers, the above-mentioned authors (118a) heated tricarbonyl-
butadieneiron and tricarbonylcycloheptatrieneiron with a phosphorus-
containing ligand. However, one of the CO groups rather than the hydro-
carbon ligand was displaced from the complex and compounds of the

(46)

type Fe(CO).(C,Hg)L were obtained. The carbon monoxide displacement
reaction from tricarbonylbutadieneiron by tertiary phosphines and phos-
phites had been previously reported by Nesmeyanov and co-workers
(118b).

Several other phosphine- arsine-, and stibine-substituted derivatives of
iron carbonyl have been described. The preparation of the complexes is
usually carried out by heating the carbonyl of iron with the ligand in the
presence of a solvent. The ultraviolet-initiated preparation of some arsine-
and phosphine derivatives of iron has been reported (119). Compounds of
the type Fe(CO); .. .(PF3),, with x ranging from 1 to 5, have been prepared
by direct interaction of Fe(CO); with PF, at elevated temperatures and
pressures (120).

Particularly interesting are the products obtained with bidentate phos-
phines, such as bis(diphenylphosphino)ethane. The disubstitution product
Fe(CO);C,H,(PPh,), was obtained (121,122) by ligand exchange from
Fe(CO);CgHs. The direct reaction of Fe(CO)s with the same phosphine
gives, however, the bridged complex 47. With diphosphines and diarsines

R R
NS
Ph Ph P
N PN
(0C)Fe<«P—(CHy)y—P—Fe(CO), (OC)sFe-------- Fe(CO)s
RN N
Ph Ph P
(CY))] R/ \R
48)
R R
Ny
(OC)4F€6P_P—>FC(CO)4
R R
49)
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such as R,P-PR,, tricarbonyl and tetracarbonyl derivatives of the type 48
and 49 have been obtained (123). Dodecacarbonyltriiron and tetramethyldi-
phosphine in benzene at reflux temperature give (124) a tetracarbonyl
complex of type 49.

An interesting reaction of Fe(CO); with bis(trifiuoromethyl)iodophos-
phine (CF3),PI has been described (125). A complex [Fe(CO);P(CF5).1],
that does not appear to have CO bridges has been obtained. Clearly, the
phosphine molecule has been split as shown in 48 and iodine or phos-
phorous bridges were formed.

Fe(CO),EPh; and Fe(CO4(EPhs),, E = P, As, give stable yellow solu-

“tions in 98%, sulfuric acid (126) and each of their nuclear magnetic reson-

ance spectra shows a high field proton resonance line at about 18 . It is
believed that the species present are of the type [FeH(CO),_(EPhg); . .]",
the protonation occurring at a lone pair on the iron. It has also been
shown that the isotopic **CO exchange reaction in phosphine-substituted
carbonyls of iron, normally very slow, is accelerated in the presence of
acids, such as trifluoroacetic and sulfuric (127). Only three of the CO
groups in Fe(CO),P(CsH,)s exchange, after a certain induction time.

¢. S-, Se-, and Te-containing ligands. Accordingto Dewar and Jones (128),
Fe(CO); does not react with sulfur in the cold in carbon tetrachloride and
xylene solutions. The compounds Fey(CO)S; and Fez(CO)oX, (X = S,
Se, Te), which can be considered as substitution products of Fe,(CO), and
Fe,(CO),,, have been obtained by the indirect reaction (129) of tetra-
carbonylferrate with sodium polysulfide and XO3 -, respectively. The x-ray
structures of Feg(CO)sSe, (130), Fes(CO),S, (131), and Fey(CO)eS, (132)
have been published; also see Table 13 for other data.

The configurations of the three molecules are represented in 50, 51, and
52. In Fes(CO)qSe,, two iron atoms (3.51 A apart) are held together by
selenium bridges; the third iron atom is bonded to these iron atoms as well

~ as to the two selenium atoms. The coordination number of the third iron

atom therefore is probably seven. As it is known from its x-ray structure,
52 represents the first example of a transition metal complex containing
two bridging sulfur atoms. The two sulfur atoms in this complex are at a
bonding distance of 2.01 A. King (133) reported that the reaction of
Fez(CO),, with cyclohexene episulfide gives a purple-red Fe;(CO),S,
which appeared different by color, melting point, and infrared spectrum
from the Feg(CO),S, previously reported by Hieber and Gruber (129).
Later it was shown that the product isolated by King was a 1:1 mixture
of Fe3(CO)gS, and Fe,(CO)6S, (131). The reaction conditions and the
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TABLE 13

Iron Carbonyls with Sulfur-, Selenium-, and Tellurium-Containing
Ligands, Isocyanides, and Ammonia

Compound Color Mp (°C) veo(cm ™ 1) Ref.
Fex(CO)sS. Ruby red — 2081, 2042,2005 129
Fe,(CO)sS, Deep red — 2062, 2045,2024 129

1985
Fea(CO)sSe, Black-violet — 2058, 2040, 2018, 129
1985
Fez(CO)oTe, Black — 2074, 2045, 2026, 129
2004, 1976, 1959
Fex(CO)sS0, Yellow 120-125 dec. 2137,2092,2070, 141
2058, 2024
anti-[Fe(CO);SMel. Red 65-67.5 2085, 2050,2000 136-138
syn-[Fe(CO);SMe]. Orange 101.5-103.5 2075,2040,2000 137,138
[Fe(CO)5SEt], — 75 2075, 2038, 2003, 2,140,166
1992, 1956
[Fe(CO);SPh]. Brick red 140 2073,2038, 2003, 135,136,
- 1957 140
[Fe(CO);Te(p-MeOCsgH,)]. Red-brown — 2062, 2026, 1996, 143
1988
Fe(CO),TePh, Brown — 2096, 2030, 2000, 143
1968
Fe(CO), (dimethyl sulfoxide) Yellow 60-62 — 142
Fe(CO), (tetramethylene Yellow 82-84 — 142
sulfoxide)
[Fe(CO);CH2S], Red 76-77 2080, 2045,2000 167
Fe3(CO)C,FeS2° Red-black 80.5-81.5 2120, 2080,2030 167
Fex(CO)sCoF4S,° Dark red 70-72 2110, 2070,2030 167
Fex(CO)s(CHSCH=CH_)* Orange — 2073, 2038, 2002, 168
1995
Fe(CO),(CNMe) Light yellow 31.5 2072,1996,1967 117,144
Fe(CO)3(CNMe)., Yellow-orange 100-130 2009vw, 1925s 117,114
Fe(CO)3(CNMe)(CNEL) Yellow 60 — 169
Fe(CO),(CNSiMes) Yellow 4748 2050, 1996, 1972 117,170
Fe(CO).(CNGeMes) Yellow 69-70 2057,1997,1968 117,170
Fe(CO),(CNCMey) Pale yellow  53.5-54.5 2066, 1997,1966 117
Fe(CO)3(CNCMes), Yellow 98-98.5 2006vw, 1923s 117
Fe(CO).NH, Yellow — 2047, 1988, 1931 146,147
[Fe(CO);NH]. Orange 81.5 2074, 2032,1987 147

¢ From Fe(CO)s and 1,2-ethanedithiol.

® From Fe(CO);s and bis(trifluoromethyl)dithietene.
¢ From Fe3(CO);; and (CF.).S..

¢ From Fe3(CO),, and methyl vinyl sulfide.
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- isolation procedure are probably very critical. Havlin and Knox (134) have

in fact shown that Fe;(CO)eS; is a minor component of the reaction and
that the main product is Fez(CO)eS,, identical with the compound pre-
viously described by Hieber and Gruber.

O ¢ 9
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Compounds of the general type [Fe(CO);SR]; (R = CHj,, C.Hs, CsHs)
have been prepared by reacting Fe(CO)s or Feg(CO);,; with alkyl mer-
captans or dialkyl disulfide. The dimeric nature of this type of compound
was first recognized by Kettle and Orgel (135).

[Fe(CO);SCH;],, originally prepared from Feg(CO),, and dimethyl
sulfide (136), has been obtained from Fe4(CO), , and dimethyl disulfide (137)
and shown by chromatography on alumina to consist of a mixture of two
isomers. It was suggested that the two isomers differ in the relative
orientation of the two methyl groups; they were designated syn and anti
isomers (138). By an improved method, [Fe(CO);SCH;l. can be prepared
in 607, yields from Fe(CO); and dimethyl disulfide in the presence of carbon
monoxide under pressure (138).

The crystal structure (139) of the ethyl derivative [Fe(CO)3SC,H;5],
consists of two sulfur-bridged iron atoms, each bonded to three CO
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groups (see Fig. 15). The iron atoms are in a distorted tetragonal pyra-
midal arrangement. The ideal C,, symmetry of the molecule is destroyed
by the orientation of the ethyl groups. The distances (A) are: Fe,—Fe,
2.537 £ 0.01, Fe,—S; 2.266 + 0.013, Fe,—S, 2.221 + 0.014, Fe,—S;
2.284 + 0.012, Fe,—S, 2.264 + 0.011. The previous suggestion (140),

FIG. 15. The molecular configuration of [Fe(CO)sSC:H;s]; (L. F. Dahl and C. H.
Wei, Inorg. Chem., 2, 328 (1963)). Published by permission.

mainly based on dipole moment measurements, that compounds of the
type [Fe(CO);X]; (with X = S, Se, SC;H;5, SC¢Hs) should have a non-
planar arrangement of the

/\
\/

group, is completely confirmed.

A dimeric substituted iron carbonyl has been obtained by reacting
Fex,(CO), with liquid sulfur dioxide. This compound, of formula
Fey (CO)gSO,, was regarded as having a structure with an SO, bridge
between the two iron atoms (141).

By using irradiation techniques, Strohmeier and co-workers (142)
succeeded in preparing iron tetracarbonyl derivatives of the type Fe(CO),L,
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with L being tetramethylene sulfoxide and dimethyl sulfoxide. In these two
compounds, the ligand was considered to be bonded to the metal through
the sulfur atom.

Bis(p-methoxyphenyl)ditelluride reacts with Feg(CO),, to give a deri-
vative of the general type [Fe(CO);X],. Diphenyltellurium, however, reacts
differently and the mononuclear Fe(CO),TePh, is obtained (143).

d. Isonitriles and isocyamates. Mono- and disubstitution products
Fe(CO),CNR and Fe(CO)3(CNR), can be obtained (117,144) by reacting
Fe(CO); with isocyanides (R = Me, Et, p-MeOCgH,, CMe;). Even under
drastic conditions, only two CO groups can be replaced in Fe(CO);.
Similarly, disubstitution products could be obtained from Fe3(CO);,. As
for the phosphine-substituted compounds, Cotton and Parish (117) have
found that the isonitrile derivatives most probably have a trigonal bi-
pyramid configuration, with one or two of the axial positions occupied by
the-isonitrile groups.

Manuel (145) has reported the isolation of an isocyanato complex of
formula [Fe(CO);(PhNCO)],, for which an isocyanato-bridged structure
was suggested. The formula [Fe(CO)(PhNCO)], could not be excluded,
although it was considered less probable.

e. Nitrogen-containing ligands. Because of the great tendency of carbonyl
derivatives of iron to give valence disproportionation with| N—bases no
examples are known of direct replacement of CO groups from any
carbonyl of iron by aliphatic or aromatic amines. However, e(CO)4NH3,
which has been considered formally as a true substitutxor{ product of
Fe(CO);, has been prepared in an indirect way by the reaction of
[FeH(CO).,]~ with hydroxylamine-O-sulfonic acid (146). By reaction
of [Fe(CO),J2~ with NOz or NH,OH, the volatile orange [Fe(CO);NH],
was obtained. For this compound the nitrogen-bridged structure 53 has
been proposed (147).

H

N

S
(OC):Fe Fe(CO);

AN

AN

/s
H
(53

Pauson and co-workers (148) have described the reaction of Fey(CO)q
with Schiff bases derived from aromatic aldehydes and ketones and that of
Fe(CO); with azobenzenes in the presence of ultraviolet irradiation. For
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the compounds obtained, the formulations 54 and 55 were proposed. A
dimeric nitrosobenzene complex of iron has been prepared by the reaction

R H
N H
“~nr NS nph
XJ@E‘*AI ©[/A
Fe—Fe(CO); Fe—Fe(CO),
(CO), (CO),

(54) (55)

of Fe(CO); with nitrobenzene in the presence of ultraviolet irradiation
(149). To this complex, the NO-bridged structure 56 has been assigned.

Ph
|

O=N.
(OC);Fe Fe(CO),
\IT:O/
Ph

- (56)

A detailed discussion of the reactions of nitrogen compounds with metal
carbonyls will be found in the chapter by Rosenthal and Wender.

REFERENCES

. J. Dewar and H. O. Jones, Proc. Roy. Soc. (London), 76A, 558 (1905).

. H. Reihlen, A. Gruhl, and G. von Hessling, Ann. Chem., 472, 268 (1929).

. T. G. Dunne and F. A. Cotton, Inorg. Chem., 2, 263 (1963).

. J. W. Fitch and J. J. Lagowski, Inorg. Chem., 4, 910 (1965).

. H. Hock and H. Stuhlmann, Chem. Ber., 62, 431 (1929).

. A Mittasch, Angew. Chem., 41, 827 (1928).

. C. E. Coffey, J. Am. Chem. Soc., 83, 1623 (1961).

. W. Hieber and E. H. Schubert, Z. Anorg. Allgem. Chem., 338, 32 (1965).

. W. Hieber and H. Beutner, Z. Naturforsch., 17b, 211 (1962).

. J. R. Case and M. C. Whiting, J. Chem. Soc., 1960, 4632.

. W.F. Edgell, M. T. Yang, B. J. Bulkin, R. Bayer, and N. Koizumi, J. Am. Chem.
Soc., 87, 3080 (1965). R

. H. Stammreich, K. Kawai, Y. Tavares, P. Krumholz, J. Behmoiras, and S. Bril,
J. Chem. Phys., 32, 1482 (1960).

13. H. Behrens, Z. Naturforsch., Tb, 321 (1952).

14. H. Behrens and R. Weber, Z. Anorg. Allgem. Chem., 281, 190 (1955).

15. W. Hieber, O. Vohler, and G. Braun, Z. Naturforsch., 13b, 192 (1958).

16. W. Hieber and G. Braun, Z. Naturforsch., 14b, 132 (1959).

17. F. Hein and H. Reinert, Chem. Ber., 93, 2089 (1960).

OO0 IV D WN R

o

[So
[\

Chemical Properties of Metal Carbonyls 129

18. H. Freundlich and E. J. Cuy, Chem. Ber., 56, 2264 (1923).

19. H. Freundlich and W. Malchow, Z. Znorg. Allgem. Chem., 141, 317 (1924).

20. F. Feigl and P. Krumholz, Monatsh. Chem., 59, 314 (1932).

21. W. Hieber, F. Leutert, and E. Schmidt, Z. Anorg. Allgem. Chem., 204, 145 (1932).

22. F. Feigl and P. Krumholz, Z. Anorg. Allgem. Chem., 215, 242 (1933).

23. P. Krumholz and H. M. A. Stettiner, J. Am. Chem. Soc., 71, 3035 (1949).

24. H. Hock and H. Stuhlmann, Chem. Z., 55, 874 (1931); Chem. Abstr., 25, 935
(1932).

25. W. Hieber and G. Brendel, Z. Anorg. Allgem. Chem., 289, 338 (1957).

26. H. W. Sternberg, R. Markby, and 1. Wender, J. Am. Chem. Soc., 78, 5704 (1956).

27. H. W. Sternberg, R. Markby, and I. Wender, J. Am. Chem. Soc., 79, 6116 (1957).

28. H. Behrens and H. Wakamatsu, Z. Anorg. Allgem. Chem., 320, 30 (1963).

29. W. Hieber, F. Sonnekalb, and E. Becker, Chem. Ber., 63, 973 (1930).
30. W. Hieber and E. Becker, Chem. Ber., 63, 1405 (1930).
31. W. Hieber and H. Vetter, Chem. Ber., 64, 2340 (1931).
32. W. Hieber and R. Werner, Chem. Ber., 90, 286 (1957).
33. W. Hieber and E. H. Schubert, Z. Anorg. Aligem. Chem., 338, 37 (1965).
34. W. Hieber and J. G. Floss, Chem. Ber., 90, 1617 (1957).
. W. Hieber and N. Kahlen, Chem. Ber., 91, 2223 (1958).
36. W. Hieber and A. Lipp, Chem. Ber., 92, 2075 (1959).

37. H. W. Sternberg, R. A. Friedel, S. L. Shufler, and I. Wender, J. Am. Chem. Soc.,
77, 2675 (1955).

38. W. Hieber and A. Lipp, Chem. Ber., 92, 2085 (1959).

39. W. Hieber and R. Werner, Chem. Ber., 90, 1116 (1957).

40. W. Hieber, J. Sedlmeier, and R. Werner, Chem. Ber., 90, 278 (1957).

41. W. Hieber and N. Kahlen, Chem. Ber., 91, 2234 (1958).

42. H. Reihlen, A. Gruhl, G. von Hessling, and O. Pfrengle, Ann. Chem., 482, 161
(1930).

43. B. F. Hallam and P. L. Pauson, J. Chem. Soc., 1958, 642.

44, 0. S. Mills and G. Robinson, Acta Cryst., 16, 758 (1963).

45. M. R. Churchill and R. Mason, Proc. Chem. Soc., 1964, 226.

46. 1. Ogata and A. Misono, Bull. Chem. Soc. Japan, 37, 439 (1964).

47. E. N. Frankel, E. A. Emken, H. M. Peters, V. L. Davison, and R. O. Butterfield,
J. Org. Chem., 29, 3292 (1964).

48. H. S. Gutowski and J. Jona$, Inorg. Chem., 4, 430 (1965).

49. A. Nakamura, P. J. Kim, and N. Hagihara, Bull. Chem. Soc. Japan, 37, 292
(1964).

50. A. Nakamura, P. J. Kim, and N. Hagihara, J. Organometal. Chem., 3, T (1965).

51. H. C. Longuet-Higgins and L. E. Orgel, J. Chem. Soc., 1956, 1969.

52. G. F. Emerson, L. Watts, and R. Pettit, J. 4. Chem. Soc., 87, 131 (1965).

53. L. Watts, J. D. Fitzpatrick, and R. Pettit, J. Am. Chem. Soc., 87, 3253 (1965).

54. J. D. Fitzpatrick, L. Watts, G. F. Emerson, and R. Pettit, J. Am. Chem. Soc.,
87, 3254 (1965).

55. S. A. Miller, J. A. Tebboth, and J. F. Tremaine, J. Chem. Soc., 1952, 632.

56. B. F. Hallam, O. S. Mills, and P. L. Pauson, J. Inorg. Nucl. Chem., 1, 313 (1955).

57. T.S. Piper, F. A. Cotton, and G. Wilkinson, J. Irnorg. Nucl. Chem., 1, 165 (1955).

58. F. C. Wilson and D. P. Shoemaker, Naturwiss., 43, 57 (1956).

59. O. S. Mills, Acta Cryst., 11, 620 (1958).



130

60.

61.
. E. Weiss, W. Hiibel, and R. Merenyi, Chem. Ber., 95, 1155 (1962).
63.
64.

65.

66.
67.
68.

69.
70.
71.
72.
73.
74. A
75. A
76. B
77. B
78. B
79. H
80. H
81. R.
82. C

. H. D. Murdoch and E. Weiss, Helv. Chim. Acta, 46, 1588 (1963).
84. H.
85. S.
86. G.
87. E.

28

E.

E

A

G

88.
89.
90.
91.

92.

93.
94.
95.
96.
97.
98.
99.
100.

Metal Carbonyls: Preparation, Structure, and Properties

F. A. Cotton, H. Stammreich, and G. Wilkinson, J. Inorg. Nucl. Chem., 9, 3
(1959).
K. Noack, J. Inorg. Nucl. Chem., 25, 1383 (1963).

R. G. Hayter, J. Am. Chem. Soc., 85, 3120 (1963).
K. K. Joshi, O. S. Mills, P. L. Pauson, B. W. Shaw, and W. H. Stubbs, Chem.
Commun. (London), 1965, 181.
T. A. Manuel, S. L. Stafford, and F. G. A. Stone, J. Am. Chem. Soc., 83, 3597
(1961).
T. A. Manuel, Inorg. Chem., 3, 1794 (1964).
R. J. Harper, U.S. Pat. 3,073,855 (Jan. 15, 1963); Chem. Abstr., 60, 562 (1964).
R. Burton, M. L. H. Green, E. W. Abel, and G. Wilkinson, Chem. Ind. (London),
1958, 1592,
R. Burton, L. Pratt, and G. Wilkinson, J. Chem. Soc., 1961, 594.
H. J. Dauben and D. J. Bertelli, J. Am. Chem. Soc., 83, 497 (1961).
J. E. Mahler, D. A. K. Jones, and R. Pettit, J. Am. Chem. Soc., 86, 3589 (1964).
T. A. Manuel and F. G. A. Stone, J. Am. Chem. Soc., 82, 366 (1960).
M. D. Rausch and G. N. Schrauzer, Chem. Ind. (London), 1959, 957.
. Nakamura and N. Hagihara, Bull. Chem. Soc. Japan, 32, 880 (1959).
. Davison, W. McFarlane, and G. Wilkinson, Chem. Ind. (London), 1962, 820.
. Dickens and W. N, Lipscomb, J. Am. Chem. Soc., 83, 489 (1961).
. Dickens and W. N, Lipscomb, J. Am. Chem. Soc., 83, 4862 (1961).
. Dickens and W. N. Lipscomb, J. Chem. Phys., 37, 2084 (1962).
. W. Whitlock and Y. N. Chuah, J. Am. Chem. Soc., 86, 5030 (1964).
. W. Whitlock and Y. N. Chuah, J. Am. Chem. Soc., 87, 3605 (1965).
. T. Bailey, E. R. Lippincott, and D. Steele, J. Am. Chem. Soc., 87, 5346 (1965).
. E. Keller, G. F. Emerson, and R. Pettit, J. Am. Chem. Soc., 87, 1388 (1965).

D. Murdoch and E. Weiss, Helv. Chim. Acta, 45, 1156 (1962).
F. A. Kettle and L. E. Orgel, Chem. Ind. (London), 1960, 49.
O. Schenk, E. K. von Gustorf, and M. J. Jun, Tetrahedron Letters, 1962, 1059.
Weiss, K. Stark, J. E. Lancaster, and H. D. Murdoch, Helv. Chim. Acta, 46,
8 (1963).
K. von Gustorf, M. J. Jun, and G. O. Schenk, Z. Naturforsch., 18b, 767 (1963).
. K. von Gustorf, M. J. Jun, and G. O. Schenk, Z. Naturforsch., 18b, 503 (1963).
R. Luxmoore and M. R. Truter, Acta Cryst., 15, 117 (1962).
. Pajaro, R. Palumbo, A. Musco, and A. Panunzi, Tetrahedron Letters, 1965,
1067.
K. Stark, J. E. Lancaster, H. D. Murdoch, and E. Weiss, Z. Naturforsch., 19b,
284 (1964).
E. Weiss and W. Hiibel, Chem. Ber., 95, 1186 (1962).
R. Burton, L. Pratt, and G. Wilkinson, J. Chem. Soc., 1960, 4290.
H. D. Murdoch and E. Weiss, Helv. Chim. Acta, 45, 1927 (1962).
H. D. Murdoch and E. A. C. Lucken, Helv. Chim. Acta, 47, 1517 (1964).
J. E. Arnet and R. Pettit, J. Am. Chem. Soc., 83, 2954 (1961).
F. Asinger and O. Berg, Chem. Ber., 88, 445 (1955).
T. A. Manuel, J. Org. Chem., 27, 3941 (1962).
F. Asinger, B. Fell, and K. Schrage, Chem. Ber., 98, 372 (1965).

v
v

101.
102.
103.
104.
10s5.

106.
107.
108.
109.

110.
111.
112.
113.

114.
115.
116.
117.

Chemical Properties of Metal Carbonyls 131

F. Asinger, B. Fell, and K. Schrage, Chem. Ber., 98, 381 (1965).

T. A. Manuel and F. G. A. Stone, J. Am. Chem. Soc., 82, 6240 (1960).

W. McFarlane, L. Pratt, and G. Wilkinson, J. Chem. Soc., 1963, 2162,

E. O. Fischer, C. Palm, and H. P. Fritz, Chem. Ber., 92, 2645 (1959).

G. F. Emerson, J. E. Mahler, R. Kochhar, and R. Pettit, J. Org, Chem., 29, 3620
(1964).

R. L. Collins and R. Pettit, J. Chem. Phys., 39, 3433 (1963).

R. H. Herber, R. B. King, and G. K. Wertheim, Inorg. Chem., 3, 101 (1964).
R. L. Collins and R. Pettit, J. Am. Chem. Soc., 85, 2332 (1963).

H. D. Kaesz, R. B. King, T. A. Manuel, L. D. Nichols, and F. G. A. Stone,
J. Am. Chem. Soc., 82, 4749 (1960).

W. Hiibel and E. Weiss, Chem. Ind. (London), 1959, 703.

K. F. Watterson and G. Wilkinson, Chem. Ind. (London), 1959, 991.

K. F. Watterson and G. Wilkinson, Chem. Ind. (London), 1960, 1358.

T. A. Manuel, S. L. Stafford, and F.'G. A. Stone, J. Am. Chem. Soc., 83, 249
(1961).

W. Hieber and A. Wirsching, Z. Anorg. Allgem Chem., 245, 35 (1940)

G. Wilkinson, J. Am. Chem. Soc., 73, 5502 (1951).

W. Reppe and W. J. Schweckendiek, Ann. Chem., 560, 104 (1948).

F. A. Cotton and R. V. Parish, J. Chem. Soc., 1960, 1440.

118a. A Reckziegel and M. Bigorgne, J. Organometal. Chem., 3, 341 (1965).
118b. A. N. Nesmeyanov, K. N. Anisimov, and N. E. Kolobova, Izv. 4dkad. Nauk

119.

120.
121.
122.
123.
124.
125.
126.

127.
128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.

SSSR, Otd. Khim. Nauk, 1962, 722.

J. Lewis, R. S. Nyholm, S. S. Sandhu, and M. H. B. Stiddard, J. Chem. Soc.,
1964, 2825.

R. J. Clark, Inorg. Chem., 3, 1395 (1964).

F. Zingales, F. Canziani, and R. Ugo, Chim. Ind. (Milan), 44, 1394 (1962).

T. A. Manuel, Inorg. Chem., 2, 854 (1963).

J. Chatt and D. A. Thornton, J. Chem. Soc., 1964, 1005.

R. G. Hayter, Inorg. Chem., 3, 711 (1964).

H. J. Emeléus and J. Grobe, Angew. Chem., 74, 467 (1962).

A. Davison, W. McFarlane, L. Pratt, and G. Wilkinson, J. Chem. Soc., 1962,
3653.

F. Basolo, A. T. Brault, and A. J. Poé, J. Chem. Soc., 1964, 676.

J. Dewar and H. O. Jones, Proc. Roy. Soc. (London), T6A, 558 (1905).

W. Hieber and J. Gruber, Z. Anorg. Allgem. Chem., 296, 91 (1958).

L. F. Dahl and P. W. Sutton, Inorg. Chem., 2, 1067 (1963).

C. H. Wei and L. F. Dahl, Inorg. Chem., 4, 493 (1965).

-C. H. Wei and L. F. Dahl, Inorg. Chem., 4, 1 (1965).

R. B. King, Inorg. Chem., 2, 326 (1963).

R. Havlin and G. R. Knox, J. Organometal. Chem., 4, 247 (1965).
S. F. A. Kettle and L. E. Orgel, J. Chem. Soc., 1960, 3890.

W. Hieber and C. Scharfenberg, Chem. Ber., 73, 1012 (1940).

R. B. King, J. Am. Chem. Soc., 84, 2460 (1962).

R. B. King and M. B. Bisnette, Inorg. Chem., 4, 1663 (1965).

L. F. Dahl and C. H. Wei, Inorg. Chem., 2, 328 (1963).

W. Hieber and W. Beck, Z. Anorg. Allgem. Chem., 305, 265 (1960).
E. H. Braye and W. Hiibel, Angew. Chem., 75, 345 (1963).



132 Metal Carbonyls: Preparation, Structure, and Properties

142. W. Strohmeier, J. F. Guttenberger, and G. Popp, Chem. Ber., 98, 2248 (1965).

143. W. Hieber and T. Kruck, Chem. Ber., 95, 2027 (1962).

144. W. Hieber and D. von Pigenot, Chem. Ber., 89, 193 (1956).

145. T. A. Manuel, Inorg. Chem., 3, 1703 (1964).

146. W. Hieber and H. Beutner, Angew. Chem., 74, 154 (1962).

147. W. Hieber and H. Beutner, Z. Anorg. Allgem. Chem., 317, 63 (1962).

148. M. M. Bagga, P. L. Pauson, F. J. Preston, and R. I. Reed, Chem. Commun.
(London), 1965, 544.

149. E. K. von Gustorf and M. J. Jun, Z. Naturforsch., 20b, 521 (1965).

150. K. Noack, Helv. Chim. Acta, 45, 1847 (1962).

151. H. H. Hoehn, L. Pratt, K. F. Watterson, and G. Wilkinson, J. Chem. Soc., 1961,
2738.

152. T. A. Manuel, Inorg. Chem., 3, 510 (1964).

153. H. P. Fritz and H. Keller, Chem. Ber., 95, 158 (1962).

154. R. Pettit, J. Am. Chem. Soc., 81, 1266 (1959).

155. R. B. King and F. G. A. Stone, J. Am. Chem. Soc., 82, 4557 (1960).

156. J. Xavier, M. Thiel, and E. R. Lippincott, J. Am. Chem. Soc., 83, 2403 (1961).

157. E. J. Impastato and K. G. Ihrman, J. Am. Chem. Soc., 83, 3726 (1961).
158. R. F. Heck and C. R. Boss, J. Am. Chem. Soc., 86, 2580 (1964).

159. R. A. Plowman and F. G. A. Stone, Z. Naturforsch., 17b, 575 (1962).
160. R. B. King and F. G. A. Stone, J. Am. Chem. Soc., 83, 3590 (1961).

161. A. F. Clifford and A. K. Mukherjee, Inorg. Chem., 2, 151 (1963).

162. R. B. King, Inorg. Chem., 2, 936 (1963).

163. K. Issleib and M. Keil, Z. Anorg. Allgem. Chem., 333, 10 (1964).

164. H. L. Nigam and R. S. Nyholm, Proc. Chem. Soc., 1957, 321.

165. H. L. Nigam, R. S. Nyholm, and D. V. R. Rao, J. Chem. Soc., 1959, 1397.
166. H. Reihlen, A. Friedolsheim, and W. Oswald, Ann. Chem., 465, 72 (1928).
167. R. B. King, J. Am. Chem. Soc., 85, 1584 (1963).

168. R. B. King, P. M. Treichel, and F. G. A. Stone, J. Am. Chem. Soc., 83, 3600

(1961).
169. W. Hieber and D. von Pigenot, Chem. Ber., 89, 610 (1956).
170. D. Seyferth and N. Kahlen, J. Am. Chem. Soc., 82, 1080 (1960).

E. Carbonyls of Group VII Transition Metals

1. Reactions Involving Changes in Oxidation Number

a. Oxidations. The carbonyls of this group are air stable in the solid
state and are slowly oxidized in solution. Dilute acids and also often
concentrated acids do not attack Rez(CO)10 (1).

These carbonyls are not decomposed by chlorine, bromine, and iodine,
but rather are converted into the corresponding halogenopentacarbonyls,
MX(CO); (see Sec. IX).

Attempts to obtain fluorocarbonylrhenium derivatives by reaction of
fluorine with decacarbonyldirhenium (2) were unsuccessful because no
reaction occurred at 25°C, whereas at higher temperatures extensive
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oxidation occurred with formation of ReFg. It is of great interest that,
when ReFg was reacted with Rex(CO);,, blue crystals of the oxytetra-
fiuoride ReOF, were isolated. Formation of this compound requires a
splitting of the carbon-oxygen bond of carbon monoxide. Analogous
results were obtained by reacting ReFg with the hexacarbonyls of molyb-
denum and tungsten.

The pseudohalogeno derivative, Mn(CO)sSCN, was prepared by
reacting Mn,(CO),, with thiocyanogen (3). By the action of N,O, at 0°C
on Mn,(CO),,, the compound Mn(CO);NO; was obtained (4). In both
these compounds, manganese can be formally considered to be in an
oxidation state of 1 +. “

b. Reductions. Compounds containing the amons [M(CO);51-, thh
M = Mn, Tc, and Re, are known, but only the anion [Mn(CO)s]- i
sufficiently stable in alkaline aqueous solution; the other anions are
readily hydrolyzed.

The simplest method for the preparation of the pentacarbonyl-metallates
of this group is treatment of the carbonyls with sodium amalgam, sodium,
or other electropositive metals. Tetrahydrofuran is the most commonly
used solvent; the reduction is carried out at room temperature. In the case
of sodium, the reduction occurs according to the following stoichiometry:

M2(CO)y + 2Na ——> 2NaM(CO); (76)

The formation of [Mn(CO)s;]~ under these conditions has been first
reported by Brimm and co-workers (5) and later described in detail by
Hieber and Wagner (6,7).

A detailed description of the experimental procedure for the preparation
of NaMn(CO); is given by King and Stone (8).

It has been reported that, by reduction of Re,(CO);, in dimethyl ether
with sodium amalgam in a sealed tube (9), the corresponding sodium
pentacarbonylrhenate can be isolated in the pure state, whereas when
tetrahydrofuran is used as solvent, the solvated salt NaRe(CO)s-0.5-
2C,H,0 is obtained. This latter can be obtained free from solvent by
heating in high vacuum, although some decomposition occurs during this
operation.

With lithium amalgam in diethyl ether, LiRe(CO); is obtained. In the
case of decacarbonylditechnetium (10) the reaction took place with
appreciable evolution of carbon monoxide. From the acidified product was
isolated a polynuclear technetium carbonyl, formulated as Tcyz(CO),,
(possibly TczH3(CO);,), in addition to the expected TcH(CO)s.

The reaction of Mny(CO),, with NaBH,, followed by acidification with
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H3;PO,, was reported to produce the polynuclear hydridocarbonyls,
Mn;H,(CO)y (11), MngH,(CO),, (12), and -MnzH(CO),(BH;), (13).
These compounds will be discussed more fully in Sec. VI. Similarly, the
yellow-orange color observed (9) when Rey(CO),, is reduced with lithium
in' tetrahydrofuran was attributed to the presence of polynuclear car-
bonylrhenates.

Decacarbonyldimanganese is not affected by aqueous sodium hydroxide
(5). Alcoholic alkalies, however, attack it rapidly at room temperature (6,7)
with partial oxidation of CO to CO3%~ and reduction of manganese(0) to
manganese(I—). The reaction takes place according to the following overall
equation:

13Mn(CO)yo + 400H- —— 2Mn2* + 24[Mn(CO)s]~ + 10CO3~ + 20H.O (77)

Unless the solution is strongly alkaline, the pentacarbonylmanganate

anion is hydrolyzed by water. In alkaline solution it can be titrated by
iodine, according to the equation:

2[{Mn(COY]~ + Iz —> Mny(CO)yo + 21~ (78)

The ' complex salts with [Ni pheng]?*, [Fe pheng]**, [Cr(C¢He):]",
[Co(CsHg),]*, and the mercury salts Hg[Mn(CO);], and Hg[Mn(CO);],-
HgX, (X = Cl, Br, I) have been described (14).

It is to be noted that the complex salt containing the dibenzenechrom-

ium(I) cation decomposes in vacuo at 20-60°C, according to the following

oxidation-reduction equation:
2[Cr(CsHe)2]IMn(CO)5] — 2Cr(CeHe)a + Mna(CO)yo 79

On the other hand, the cobalticinium complex [Co(CsHs).][Mn(CO)s] is
so stable that it can be sublimed without decomposition at 160—180°C
under high vacuum.

Decacarbonyldirhenium reacts dlﬂerently with alkali (15). During the
reaction, hydrogen evolution occurs and a binuclear anion is obtained, to
which structure 57 has been assigned.

o -
(OC),Re H Re(CO),
o
(57)
The reaction occurs according to the equation:

Rex(CO)y0 + 3KOH + H:O0 —— K[Rex(CO)s0,H] + K.CO; + CO + 2H, (80)
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In this reaction one mole of carbon monoxide is oxidized to carbonate
1on and the second mole is converted to formate.

‘The formation of [Rex(CO)sO.H]~ was considered (9) to result from
the following reactions:

Rex(CO)1o + 40H- —> [Rex(CO)l*~ + CO%- + 2H,0 @D
I o) -
[Rex(CO)P~ + 2H,0 —> [ (OC),Ré_ = Re(CO),| + CO + 2H, '(82)
L 00
o ~
[ReO(CO),E~ + H;0 —> | (OC),Re H Re(CO),| +OH- (83)
L O

Equation 81 represents the usual reduction of the carbonyl with oxidation
of the equivalent amount of carbon monoxide to carbonate ion.

c. Disproportionation reactions. Decacarbonyldirhenium was reported to
react slowly with nitrogen Lewis basis and only carbon monoxide substitu-
tion was observed (16).

With pyridine at 240°C and phenanthroline at 120°C, the compounds
Re(CO);py, and Re(CO)aphen were reported. Whether these compounds
are monomeric or dimeric does not seem to have been investigated as yet.
Decacarbonyld&nanganese reacts by substitution or by disproportionation,
depending on the nature of the Lewis base employed. Hieber and co-
workers report (11,17) that with tertiary phosphines and phosphites or with
weak nitrogen bases, such as aniline and o-phenylenediamine, substitution
products are formed exclusively. With stronger bases, such as pyridine,
y-picoline, diethanolamine, morpholine, ethylenediamine, diethylenetria-
mine, and piperidine, the following disproportionation reaction occurs:

3Mny(CO)so + 24B —> 2[Mn(B),J{Mn(CO)sl; + 10CO @4

In Eq. 84, B is the nitrogen compound, and # is 6, 3, and 2 with mono-, bi-,
and tridentate ligands, respectively. The reaction is strictly similar to that of
octacarbonyldicobalt, but it takes place under more drastic conditions;
temperatures of 50-120°C are frequently required. p-Methoxyphenyl
isocyanide reacts at 100°C in the same way.

It seems reasonable to assume that reaction 84 occurs through the initial
cleavage of the metal-metal bond followed by formation of a salt in which
the amine is coordinated to the cationic part as [Mn(CO)s(amine)]*.
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Infrared evidence (11) suggests that the intermediate salt is formed in the
course of the reaction of Mny(CO);, with n-butylamine at room tem-
perature:

Mny(CO):0 + CaHeNH; —> [Mn(CO)s(C.H:NH3)1IMn(CO);] (85)

The reaction is reversible and the original carbonyl can be recovered upon
evaporation of the reaction mixture in vacuo.

Bidentate nitrogen bases, such as phenanthroline, react with Mn,(CO),,
in the dark in nonpolar solvents (17) to yield a symmetrical dia-
magnetic substitution product, Mn(CO);phen—-Mn(CQO);. This, on irradia-
tion with visible light, splits into [Mn(CO)sphen], and Mn,(CO),,.
However, in polar solvents the reaction with 2,2’-dipyridyl takes place
according to the disproportionation reaction (84).

2. Substitution Reactions

a. Compounds containing carbon-carbon unsaturated bonds. Compara-
tively few reactions of decacarbonyldimanganese and technetium and
rhenium analogs with unsaturated hydrocarbons are known. Both the
lower reactivity and the relatively recent isolation of these carbonyls (as
compared with iron and cobalt carbonyls) are responsible for the still
limited number of complexes of this type reported so far.

Unlike Co,(CO)g, acetylenes do not give substitution products with
Mn,(CO),,. Decacarbonyldimanganese and acetylene at 150°C give (18) a
40%, yield of a yellow viscous oil, b,3144°, which was shown to be tri-
carbonyldihydropentalenylmanganese (58). This can be, therefore, better
classified as a ‘““ligand-synthesis” reaction.

(58)

Decacarbonyldimanganese reacts slowly with butadiene in the presence
of ultraviolet irradiation forming a butadiene-substituted compound of
formula Mny(CO){C,H;s (19). Three configurations are possible for this
compound; 59 is favored on the basis of infrared evidence.

A< N

l—MA————Ms—co

7N\ VRN

o Co & S
(59)
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Mn,(CO),, reacts at 145°C with cyclohexa-1,3-diene (20) and gives low

yields of tricarbonylcyclohexadienylmanganese (60), Mn(CO);C¢H,. The

AR
L

S (8]

(60)

reaction is accompanied by hydrogen abstraction from the diene. The pro-
ton resonance spectrum is in agreement with the proposed structure 60.
Mn{(CO);C¢H,; has also been obtained by reduction of the cation
[Mn(CO)3;CgHgl* with LiAlH, or NaBH,.

Ranes
Mn
7N

& § %

(60)

[Mn(CO),CeH,gJ* > 4
MnH (6D
v
ot ¢ Co
o}

Since then, however, it has been recognized (21) that this reduction also
leads to the formation of the hydrido derivative 61. The 1-methyl-
substituted cyclohexadienyl compound was obtained by reacting the
[Mn(CO);CgHgl* cation with methyllithium (22). The methyl group was
suggested to be in the exo position.

The hexamethyl-substituted cyclohexadienyl compound of rhenium
has been prepared by reduction of the [Re(CO)3C¢(CHs)s]* in diethyl
ether (23).

It would appear that the direct reaction of Mn,(CO),, with cyclopenta-
diene has not yet been tried. However, the mixed cyclopentadienyl,

- MnC;H4(CO);, has been prepared by several indirect methods; for

example, from Mn(C;H;), and carbon monoxide under pressure (24,25),
from the dry reaction (26) of Mny(CO),, with Mn(CsH5), at 100-300°, or
by the reaction of Mn(pyridine),Cl, with carbon monoxide and cyclo-
pentadiene in dimethylformamide with magnesium as a reducing agent (27).
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The yellow, liquid methylcyclopentadienyltricarbonylmanganese - (28)
Mn(C;H,CH;XCO); (b, 112°), ethylcyclopentadienyltricarbonylmanga-
nese (29) Mn(C;H,C,H;)(CO); (bgois 20°), and rert-butylcyclopenta-
dienyltricarbonylmanganese (30) Mn(CsH,C(CH3);)(CO); (b, 97-98°),
have also been described. The two latter compounds were obtained by
Friedel-Crafts alkylation of MnC;H(CO)s,.

TcCs;H;(CO); is prepared in small quantities by neutron irradiation (31)
of [MoC;H;(CO);],. The colorless ReC;Hg(CO)g, mp 112°, can be pre-
pared from Rey(CO),, and dicyclopentadiene (32), and from the halo-
genocarbonyl (33,34) ReCl(CO); with NaC;H5:

ReCl(CO); + NaCsHs —— ReCsH;5(CO); + NaCl + 2CO (86)

An alternative method of preparation is the treatment of rhenium halide
and sodium cyclopentadienide (35) with carbon monoxide under pressure
at 225°,

The cyclopentadienyl ring in MnC;H;(CO); behaves chemically as an
aromatic system. It has been shown to undergo several substitution reac-
tions, such as Friedel-Crafts acylation with acetyl chloride or acid anhyd-
rides (36-38), and alkylations with isobutylene or cyclohexyl chloride (38),
methyl chloride (29), and tert-butyl chloride (30). Methylcyclopenta-
dienyltricarbonylmanganese undergoes similar electrophilic substitutions
(39). Friedel-Crafts alkylations of Mn(CsH,CH;3)}(CO); with ethyl bromide
in the presence of AICl; have also been described. For further information
about substitutions and other organic reactions of MnC;H;(CQO),, see the
comprehensive review by Plesske (40).

MnC;H;(CO); has been shown to undergo mercuration (41) with
mercuric acetate in the presence of CaCl, to give the yellow chloromercuric
derivative 62 (42). Apart from electrophilic substitutions at ring positions,

@HgCI

K
ot ¢ Co
o

(62)

MnC;H;(CO); has been shown to undergo a series of reactions involving
functional groups on a side chain. For a survey of the numerous reactions of
the latter type which can be carried out on derivatives of MnC;Hz(CO)3,
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see the paper by Cais and Narkis (43), in which references to some previous
work on this subject can also be found.

" ReC;H;(CO); can be acylated (33,44) with CgH;COCI and CH;COC1
in the presence of AlCl;. A similar Friedel-Crafts acylation by C¢H;COCI
has been shown (33) to occur also with TcC;Hg(CO),.

Cyclopentadienyltricarbonylmanganese can also undergo replacement

reactions of the carbon monoxide groups, usually in the presence of

ultraviolet irradiation (see Scheme III).

Ref.

( R2S —3> MnC;Hs(CO),SR,; 45

ethylene —> MnC;H(CO);C;H, 46

butadiene ——> MnCsHs(CO)C,Hs 47

UV | cyclohexadiene —> [MnCsHs(CO):]1.CeHas 48
MnCsHs(CO)s + ——9 [ iridine — > MnCsHs(CO)apy 49
PhC=CPh —> MnCsHs(CO)(PhC,Ph) 50

PPha —_> MnC5H5(CO)2PPh3 51

\FaCC=CCF; —> MnCs;Hs(CO)x(F3CC.CF3) 52

piperidine
Mn(CsH.,CI\-Ia)(CO)g ——-—-—>Uv Mn(CsH,CH;3)(CO)2(NCsHy,) 53
“ Scheme III

Irradiation wi’flth ultraviolet light seems to be important in these sub-
stitutions. MnC,gHE,(CO)3 can in fact be recovered unchanged after pro-
longed heating at 200° with triphenylphosphine, while ready substitution
takes place at room temperature under irradiation. It has also been found
(52) that hexafluorobut-2-yne does not react with MnC;H;(CO); merely
on heating. Other thermal and photochemical substitution reactions of
MnC;H;(CO); with phosphorus- and arsenic-containing ligands have been
described (54,55). With monodentate ligands, the products obtained are
of the type MnC;H;(CO),L while with the bidentate ligand 1,2-bis(di-
phenylphosphino)ethane, Diphos, two types of compounds are obtained,
viz., MnCgHg(CO)(Diphos) and [MnC;H;(CO),],(Diphos).

Complexes with diphosphines of the type P,R, have also been prepared
in the presence of ultraviolet irradiation (56). Here, a dimeric product, for
which structure 63 was proposed, was also obtained.

R R O
C
| /
OC—Mn—P—P—Mn—CO
ol [
o R R
(63)
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Because the infrared spectrum (57) of MnC;Hg(CO); shows only two
bands in the carbonyl stretching region, it was suggested that the com-
pound has a triangular pyramidal structure with the cyclopentadienyl ring
perpendicular to the threefold axis of symmetry. This view has been
substantiated by an x-ray study (58) which shows that, although the mole-
cule as a whole has no symmetry, there is a common axis through the
cyclopentadienyl ring and in the middle of the three carbon monoxide
groups. Looking at the molecule through this axis, the carbon atom C,
(Fig. 16) is almost opposite to C; on the ring, and C; and C, are almost

FIG. 16. The MnC;Hs(COQO); molecule viewed along its pseudo axis
(A. F. Berndt and R. E. Marsh, Acta Cryst., 16, 118 (1963)).

eclipsed by the C4 and C; of the ring. The molecule, therefore, has nearly a
vertical mirror plane. The results of a microwave spectrum study of
MnC;H;(CO); (59) are in agreement with the x-ray structure.

The dipole moments of MnCs;H(CO); and the cyclohexadienyl deriva-
tive Mn(CO);CgH; in heptane, benzene, and dioxane have been measured
(60) and compared with that of Cr(CO)3CsH; in dioxane.

Pyrrole, which is similar in many respects to cyclopentadiene, reacts (61)
with Mny(CO),, to give an orange crystalline product, tricarbonyl-z-
pyrrolylmanganese (64). This compound, which was also obtained by

(B-mnccon
N
(64)

reacting MnBr(CO); with KC,H,N (62), is believed to be a half-sandwich
complex, very similar to MnC;Hz(CO)s, as far as bonding is concerned.
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b. Nitrogen-, phosphorus-, antimony-, and arsenic-containing ligands.
Mn,(CO)sNH;, an NHj substitution product of Mng(CO),, is obtained
(63) by treating a solution of pentacarbonylmanganate with hydroxyl-
amine-O-sulfonic acid:

2[Mn(CO)s]~ + H,O — [Mns(CO);H]- + OH"~ + CO €1
[Mna(CO)H]- + NH;0S803 —— Mnz(CO)sNH; 4+ SOZ- (88)

Enneacarbonylamminedimanganese is an orange-red solid, insoluble in
water, and slightly soluble in benzene.

Monosubstituted compounds of the type Mny(CO),L (with L being
acetonitrile, propionitrile, acrylonitrile, benzonitrile, .and pyridine) have
been prepared directly by ultraviolet irradiation of Mny(CO),, in the
presence of the appropriate ligand. The infrared data in the CO stretching
region indicate that the ligand replaces one of the axial carbon monoxide
groups of Mny(CO),4(19).

The reactions of Mn,(CO),, with P, As, and Sb-containing ligands have
been studied extensively (64—68).

Nyholm and Rao (65) have found that o-phenylenebis(dimethylarsine),
Diars, reacts a\tt 160° with Mn,(CO),, to give the substitution product
Mn(CO);Diars, \vyhich is monomeric and paramagnetic (pee = 1.76 B.M.)
but at lower temperature (130°) the dimeric diamagnetic [Mn(CO);Diars],
is formed. The dimer can be converted into the monomer by heating above
the melting point.

Hieber and Freyer (66,68) investigated the reactions of Mny(CO),;, with
trialkyl- and triarylphosphines. The reactions were carried out by heating
the carbonyl with the tertiary phosphine in the presence of a solvent. These
authors found that the substitution products so obtained had variable
molecular complexity and magnetic properties depending on the nature
of R. When R was Ph or Et, monomeric, paramagnetic derivatives,
Mn(CO),PR; (65), were obtained, but when R was CgH,; or with tri-
phenylphosphite, diamagnetic and dimeric substitution products 66 and
67 were formed. However, the yellow solutions of the latter compounds

[Mn(CO)4P(CeHj1)slz [Mn(CO),P(OPh);].
(66) 67
become deep red at temperatures around 100°. Correspondingly, small
magnetic moments were measured for these solutions. A temperature
dependent equilibrium in solution between monomer and dimer has there-
fore been suggested:

[Mn(CO):PR;]l; = 2Mn(CO).PR, 89
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Osborne and ‘Stiddard (69) reported the photochemical reactions of
decacarbonyldimanganese with PR, (with R being Ph, Et, OPh, and
p-FCgH,) and with AsPh,. In all cases tetracarbonyl dimeric products,
such as [Mn(CO),PPh;], were obtained. Some of the compounds were,
however, weakly paramagnetic. This was explained by assuming a
dimer = monomer .equilibrium of the type postulated by Hieber and
Freyer. Osborne and Stiddard also showed that the thermal reaction of
Mn,(CO),, with PPhg without solvent gives a dimeric substance identical
with that prepared from the photochemical reaction. In conclusion, it
seems that the nature of the products obtained from the reaction of
Mn,(CO),, with tertiary phosphines and arsines depends strongly on the
reaction conditions. Ultraviolet irradiation seems, however, to cause the
least degree of alteration of the Mn,(CO),, backbone. Products of mono-
substitution of the type Mn(CO),L are probably intermediates in the
photochemical reaction. Sheline and co-workers (19) have isolated
Mn,(CO),PPh; from the reaction of the carbonyl with triphenylphosphine.
From an investigation (69) of the infrared spectra in the CO stretching
region, the dimeric compounds [Mn(CO),L], (with L being PR; or AsRj;)
seem to contain the L substituents frans with respect to the metal-metal
bond; the carbon monoxide groups are probably in a staggered configura-
tion. In 68 is shown a view of the [Mn(CQO),L], molecule along the metal-
metal bond axis.

? O
o) i
N~ ¢ 7
cC Y C
N7
O---C--Mn---C---0
C/ i \C .
C
0/ ] \O
0]
(68)

The compound [Mn(CO),PF;], has also been prepared (70) and a three-
dimensional x-ray analysis of this molecule confirms that the PF; ligands
are trans with respect to the metal-metal bond.

Decacarbonyldirhenium reacts with tertiary phosphines to give substitu-
tion products. Hieber and Freyer (66) have reported the dimeric dia-
magnetic [Re(CO),PPh;]; obtained by treating Re,(CO);, with triphenyl-
phosphine in boiling xylene for 48 hr. Nyman (71), however, later reported
that the product obtained under these conditions was the paramagnetic
Re(CO)3(PPh;),. The Hieber and Freyer compound could be obtained
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only by reducing the reaction time to 10 hr or, better, by ultraviolet
irradiation of a solution of the carbonyl in the presence of the ligand.

The thermal reaction of Mny(CO),, with triphenylarsine has been re-
ported to give the substitution product Mn(CO),AsPh;, which is mono-
meric and paramagnetic (66). However, Lambert (67) later reported that
the same reaction (perhaps carried out at somewhat higher temperature)
gives rise to the diamagnetic, dimeric [Mn(CO),AsPh;),, for which
structure 69 was suggested. Arsenic-bridged compounds of the type 69,

Ph Ph
N S
As

PAERN
(0OC)sMn Mn(CO),

S
As

AN
VRN
h P

(69)

with R being\CH3 and CF,, have been obtained by reacting Mny(CO);,
with cacodyl \\(72) and with the corresponding perfluoro derivative
(CF;),As-As(CF3), (73). A complex of formula Mny(CO)eP(CFj).l,
probably contaiping both iodine and P(CF;), as bridges between the two
manganese atoms, is obtained by the reaction of Mny(CO),, with
(CF,),P1 (74). In agreement with the proposed structure, the compound
shows C—O stretching vibrations at 2101, 2045, and 1985 cm~* due to
terminal carbon monoxide groups. The reaction was shown (75) to be
quite general and to occur according to the following equations:

Mnz(CO)so + (CF3)sPX —> Mna(CO)sP(CF5)X + 2CO (90)
Mnz(CO);o + (CF3)2Asl —> Mn,(CO)sAs(CF3)1 + 2CO 1
with X = Cl, Br, I, SeCF,, or P(CFj),.

A phosphorus-bridged manganese carbonyl has been obtained (76)
from the reaction of Ph,PCl with NaMn(CO); (70). The same com-
pound, 70, can be obtained by direct reaction of Mny(CO),, with tetra-
phenylbiphosphine (72). Hieber and Freyer (68) have briefly mentioned

Ph Ph
\ /
P

P h

7N
(OC)sMn Mn(CO).
N,
P
VRN
Ph Ph

70)
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that heating of Mny(CO),;, with the bidentate phosphine, Diphos, gives
the dimeric Mn,(CO)gDiphos.

c. Sulfur-, selenium-, and tellurium-containing ligands. Substitution pro-
ducts of Mny(CQO),, are obtained by the reaction of the carbonyl with
diphenyltellurium (77) and, indirectly, by the reaction of MnH(CO)s with
diethyl and dibutyl disulfide (78). These compounds, which are dimeric
and diamagnetic and do not show infrared bands at low wavenumbers
suggestive of bridging CO groups, probably have the tellurium- and
sulfur-bridged structures 71 and 72.

R Ph
s Te
(octh/ \Mn(CO)4 (OC),,Mn/ \Mn(CO)4
\S/ ‘\ /
R iy
1) 72

The series of these binuclear complexes has been completed by Welcman
and Rot (79) who described the analogous selenium-bridged compounds
obtained by reacting MnH(CO); with dialkyl diselenides, RSeSeR.
Alkylthio derivatives of technetium, probably having structures similar to
those of the parent manganese compounds, have been described (80). In
this case the preparation requires treating TcCl(CO)s with mercaptans:

50°
2TcCI{CO)s + 2RSH ——— [Tc(CO)SR}): + 2CO + 2HCI 92)
methanol

By reacting ReCI(CO); with thiophenol, Hieber and Schuster (15) obtained
a dimeric, sulfur-bridged compound having the formula [Re(CO).SPh];,
thus:

2Re(CO)sCl + 2C;HsSH —> [Re(CO),SCsHsl: + 2HCI + 2CO 93)

This result was confirmed by Osborne and Stone (81) who also
found that under more drastic conditions a trimer, [Re(CO);SPh],, was
formed. The same compound and some other alkyl analogs were reported
independently by Abel and co-workers (82). They prepared the ethyl
derivatives [M(CO);SEt]; (with M being Mn or Re) by treating
Mn(CO);Br or Re(CO);Cl with bis(methylthio)dimethyltin. The inter-
mediate compound so obtained underwent a spontaneous cleavage and
finally gave the trimer.

PPN AG AW
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The structure represented in 73 has been proposed for the trimeric
manganese and rhenium compounds.

(CO)s

7 N
M(CO)a

M \ /

(73)
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F. Carbonyls\?)f\Group VI Transition Metals

1. Reactions Involving Changes in Oxidation Number

a. Oxidations. The carbonyls of this group are very stable toward air
oxidation. Even in solution they are altered by atmospheric oxygen only
very slowly.

Hexacarbonylchromium is not affected by concentrated HCI,; it is slowly
attacked by H,SO, at room temperature but it is readily decomposed by
nitric acid. Chlorine oxidizes it to CrCl; with evolution of carbon monoxide
and phosgene. It shows a striking resistance to attack by bromine and
iodine at room temperature (1).

Molybdenum and tungsten carbonyls, on the contrary, react readily

~ with bromine. With the molybdenum carbonyl the reaction leads to the

formation of MoBr,. At low temperature (—78°C), however, hexacar-
bonylmolybdenum and liquid chlorine give MoCl,(CO),. The latter is a
yellow, thermally unstable solid (1a).

Reactions of the hexacarbonyls with iodine at elevated temperature
have been reported (2). In sealed tubes at 150°C, Mo(CO)s and W(CO)g
yield the triiodides MI;, whereas Cr(CO)¢ gives products of uncertain
composition.

The reaction of hexacarbonylmolybdenum with fluorine has been studied

~in detail (3). At —75°C, the (occasionally explosive) reaction yields CO,

MoF;, and MoF,. At temperatures above 50°C, the reaction yields
MoFg and MoQO,, with evolution of COF,.

The exceptional resistance of hexacarbonylchromium in comparison
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with the reactivity of hexacarbonylmolybdenum is also shown by the
differences in behavior with sulfur trioxide (4). Cr(CO)¢ is unaffected by
SO; even at 160°C, whereas Mo(CO)s suspended in liquid SO; is
oxidized at —10°C, with formation of the tetracarbonylpyrosulfate
MoO(CO)(SOg),.

Carboxylic acids and B-diketones readily oxidize all the carbonyls of
this group. The solvent and donor properties of these reagents explain the
occurrence of the oxidations, for which an initial carbon monoxide dis-
placement can be postulated.

Hexacarbonylmolybdenum reacts quantitatively with benzoic acid at
160°C, yielding a yellow molybdenum(II) benzoate, sublimable without
decomposition at 420°C in high vacuum (5). With boiling acetic or pro-
pionic acids, the corresponding molybdenum(Il) salts are obtained
(6a).

Several other molybdenum(Il) carboxylates have been prepared (65).
Osmometric molecular weight determinations of the perfluorobutyrate
and of the salicylate showed that they are dimeric (66). Structures with two
bridging and two chelating carboxylate groups were proposed.

The preparation of molybdenum(III) acetylacetonate from hexacar-
bonylmolybdenum has been described (7); the reactions of chromium and
molybdenum carbonyl with acetylacetone and with trifluoroacetylacetone
have been investigated (8). These reactions can be formally visualized as
electron transfer processes from the zerovalent metal to the active proton
of the B-diketone, for example:

M(CO)s + 3(CH3CO),CH: — 3H, + M[(CH;CO).CH]; + 6CO  (94)

It has been reported, however, that the amount of gas evolved was less
than that required by the stoichiometry of reaction 94 and that very little
or no hydrogen was observed in the gas evolved during the reaction.

Temperatures around 120°C are required for converting chromium and
molybdenum hexacarbonyls to the corresponding B-diketonates.

In the presence of ultraviolet irradiation, reactions of the same type
were observed with chromium, molybdenum, and tungsten hexacarbonyls
at lower temperatures (80°C). With hexafluoroacetone and acetylacetone
in benzene or carbon tetrachloride (9), all the carbon monoxide and
hydrogen required by the stoichiometry of reaction 94 is evolved.

Upon thermal decomposition, the carbonyls of this group generally
form adherent coatings of the corresponding metal. However, hexacar-
bonylchromium pyrolyzed at 500°C gives a chromium oxide in which the
O/Cr ratio is 0.86 (10).
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b. Reductions. The following carbonylmetallate anions of Cr, Mo, and
W have been reported:

[M(CO)s]?~, [Mz(CO)y0)?~, [MH(CO)s]™, [MzH(CO)ol™,
[Crs(CO)1el?~, and [Mog(CO)e]?~

Some bi- and trinuclear anions containing hydroxo or methoxo groups
are also known. The anion [Cr,(CO)s(OH);H]?~ is such an example.

Reduction of the hexacarbonylmetals has been performed satisfactorily
by the action of sodium or other alkali metals and by alkali earth metals in
liquid ammonia (11). The reduction can be represented by the general
equation:

M(CO)s + 2Na —> Na;M(CO)s + CO 95)

However, only 5-10%, of the required amount of carbon monoxide was
detected. The rest was reported to form “NaCO” with the excess of the
metal. The exact nature of this reaction by-product was not investigated
(12). During the reduction of Cr(CO)s and Mo(CO)s an appreciable
amount of hydrogen is produced, due to the formation of sodium amide.
The yellow disodium pentacarbonylchromate is stable in anhydrous
ammonia, pyridine, and acetone. It is oxidized by water according to the
equation:
2[Cr(CO)s}2~ + 3H,O —> [Cr2H(CO)10]~ + H; + 30H" 96)

This reaction was studied in detail by Behrens and Klek (13). They also
showed that the ammonium ion in aqueous solution does not form
ammonium salts, but behaves like a Bronsted acid to form the yellow
volatile Cr(CO)sNH,. The same behavior has been demonstrated for the
pentacarbonylmolybdate anion (14).

The reduction of the hexacarbonyls with sodium tetrahydridoborate was
first carried out in liquid ammonia at 40-60°C, in sealed tubes for long
reaction times (14,15). Under these conditions, the decacarbonyldi-
metallates Nay[M,(CO)y0] (with M = Cr, Mo, W) were obtained. The
reaction, which takes place with hydrogen evolution, is represented in the
case of hexacarbonylchromium by the following overall scheme:

2C1(CO)s + 2NaBH, + 6NH; —> Naz[Cra(CO)1o] + 2B(NH)s + 2CO + 7TH; (97)

With hexacarbonylmolybdenum, particularly long reaction times (two
months) are required for the formation of the [Mox(CO);0]*~ anion. It
has been suggested that this reaction takes place through the intermediate
formation of tri- and pentanuclear carbonylmetallates. The trinuclear

-



150 Metal Carbonyls: Preparation, Structure, and Properties

anions [Cr3(CO),4]?~ and [Mo3(CO),,]>~ have been actually isolated (16)
from the reaction of the hexacarbonyls with sodium tetrahydridoborate in
boiling tetrahydrofuran:

3M(CO)s + 2NaBH, —— Nay[M3(CO),4] + 4CO + H; + B;Hs 98)

Both salts, black-green and black-violet, respectively, are converted into
the [M(CO);)?~ anions and the corresponding hexacarbonyls by the action
of carbon monoxide under pressure in sealed tubes at 150°C.

Carbonate ion formation was observed during the reaction of Cr(CO)g
with alkali (1). Later (17), it was reported that the reaction between hexa-
carbonylchromium and alcoholic potassium hydroxide produces a yellow,
not well-defined product, which, upon acidification, gives a volatile sub-
stance tentatively formulated as CrH,(CO);. The existence of this hydrido
compound has never been confirmed.

Further systematic investigations by Hieber and co-workers (18-21)
showed that on warming with alcoholic KOH, Cr(CO)q, and Mo(CO), give
only binuclear carbonylmetallates containing hydroxo- or methoxo
bridges.

With Mo(CO),, no hydrogen evolution or carbonate ion formation is
observed; the reaction therefore is to be regarded as a substitution:

2Mo(CO)s + 90OH~ —— [Mo02(OH)3;(CO)s]*~ + 6HCOO- %9)

For Cr(CO)s, the reaction was interpreted as involving the intermediate
conversion of Cr(CO)¢ to [CrH(CO);]~ ion, which is then oxidized by
water: .

2Cr(CO)s + 60H- —> 2[CrH(CO)s]~ + 2CO3~ + 2H,0  (100)
2[CrH(CO)s}~ + 40H~ + 3H,0 — >
[Cra(OH);H(CO)s1?~ + 2H, + 4HCOO- (101)

The salt K[Cr,H(CO),,] has been isolated in good yields from the direct
reaction of Cr(CO)s with potassium hydroxide (22).

With W(CO),, the course of the reaction is more complicated. At 80-
100°C a part of the carbonyl reacts according to a substitution reaction of
type (99), whereas another part undergoes reduction:

2CH,OH
2W(CO)s + 12KOH — 5 K,[W,(OH),(CO)s(CH;0H),] +
2K,CO; + 4HCOOK + 2H,0 + H, (102)

At 130°C in methanol, a trinuclear carbonylmetallate, formulated as
[W3(OH)(OCH3)H(CO)o(CH;OH)J® - was also obtained.
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It is peculiar to all these reactions that in methanol as solvent, carbonyl-
metallate anions containing methoxo and/or methanol groups are ob-
tained, whereas in ethanol solutions anions containing only hydroxo
groups are obtained.

It should also be mentioned that acidification of the hydroxo-
hydridocarbonyltungstates with mineral acids gave (23) the hydroxo-
hydridocarbonyl W,(OH);H4(CO)s and hydroxoaquohydridocarbonyl
W3(OH),H,(CO),-H,0 (74).

Heating compound 74 in aqueous solution and then adding ammonia
gives W(CO)5(NHj,)s. This is not the only product of the reaction. After
removing W(CO),NHj by filtration and acidifying the filtrate, the tetramer
W,(CO)1(H;0),H,-4H,0 is obtained. The dehydrated compound
W4(CO)12(H~2Q)4H4 can bind 1 mole of benzene per 2 tungsten atoms
rather tightly. .

For a further discussion of some anionic hydridocarbonylmetals, see
Sec. VI

c. Disproportionation reactions. No disproportionation reactions for the
carbonyls of group VI metals in the presence of Lewis bases have been
reported as yet.

2. Substitution Reactions

a. Compounds containing nonaromatic carbon-carbon unsaturation. Heat-
ing or irradiating the carbonyls in the presence of compounds with olefinic
unsaturation usually gives substituted metal carbonyls according to the
general equation:

N /7 (\ s )
M(CO)s + nC=C —> M(CO)s-.| C=C (103)
VAN s N/

For a detailed compilation of the complexes prepared by this type of
reaction, see certain review articles (24-26) and particularly the compre-
hensive monograph by Fischer and Werner (27).

Only some interesting aspects of the reactions of olefinic systems with
the hexacarbonyls of group VI metals and the more recent developments
in this field will be discussed. Reaction 103 has been carried out in most
cases with olefins containing a fully conjugated system, such as butadiene

™ (28); here the yellow crystalline Mo(CO)3(C4Hg), is obtained by use of

ultraviolet irradiation in the presence of mercury. With cyclohexa-1,3-
diene, the complex Mo(CO)4,(CgHg), has been obtained (29). With a
mixture of 1,3,5- and 1,3,6-cyclooctatrienes (30), compounds of types
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M(C0)4(1,3,5-CgH,;) and M(CO),(1,3,6-CsH,,), are formed. For the
latter, only two conjugated double bonds are used for coordination to the
metal. ; :

Complex formation is also possible when the double bonds of an olefin,
even if not conjugated, can assume the correct orientation with respect to
the metal. This is true for cycloocta-1,5-diene (31-34) and bicyclo[2,2,1]-
heptadiene (35) from which were obtained the compounds Cr(CO),CgH,,
(golden yellow, dec. 70°), Mo(CO),CsH;, (vellow, 129-131° dec.),
W(CO),CgH,; (yellow, 141-142° dec.), and Mo(CO),C,;H; (pale yellow,
mp 76-77°).

Leigh and Fischer (34) have shown that the reactions of cyclooctadienes
with the hexacarbonyls of the group VI metals are complicated by iso-
merization of the diolefin. The isomerization is solvent dependent. Cyclo-
octa-1,5-diene is converted into o-xylene in the presence of Cr(CO)s. When
heated with Mo(CO)s and W(CO),, cycloocta-1,3-diene undergoes iso-
merization and complex formation to give compounds M(CO).(1,5-
CsH,;), with M being molybdenum or tungsten.

Olefin complexes of dimethyldivinylsilane (36) (CH,),Si(CH=CH,),
and bicyclo[4,3,0]nonatriene (37) have also been described.

Cr(CO)s and tetracyclone react at 180° to give black crystals of a
material which has no CO groups bonded to the metal; the nature of this
compound has not been further investigated. Mo(CO)g, however, reacts at
160° with tetracyclone to give the complex Mo(CO),(tetracyclone) (38).

A very interesting ligand exchange reaction occurs (39) when tetra-
phenylcyclobutadienepalladium iodide is treated with Mo(CO)g at 80° in
benzene. The brown complex [Mo(CO)s(C,Phy)Il; (dec. 290°) is obtained.
This is believed to be a tetraphenylcyclobutadiene carbonyl complex of
molybdenum. A similar reaction also occurs with W(CO),.

All the compounds just mentioned contain olefins with two or three
double bonds. Complexes in which the unsaturated ligand contains only
one carbon—carbon double bond are more rare. We shall discuss some of
the known examples.

Dicarbonylbis(acrolein)ymolybdenum was obtained by Tate and co-
workers (40) by treating Mo(CO)s(acetonitrile); with the ligand. For the
resulting Mo(CO)(acrolein),, a polymeric structure involving bonding of
the metal to both the C—=C and the C=0 bonds of acrolein was suggested.
Coordination of the aldehydic group through an oxygen electron pair was
considered less probable.

The preparation of monoolefin complexes of group VI metal carbonyls
has also been accomplished by ultraviolet irradiation of Mo(CO)s and
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W(CO)s in the presence of the olefin (41). Complexes of types M(CO);-
(olefin) and M(CO),(olefin), have been obtained (with M = Mo, W) but,
owing to their instability, only Mo(CO)s(propylene) could be isolated and
analyzed. Other compounds (with olefin = ethylene, trans-2-butene, cis-
2-butene) were characterized by their infrared spectra.

Stable monoolefin complexes of chromium, molybdenum, and tungsten
were later prepared by using o-allylphenyldiphenylphosphine (allylphos)
(75) as a chelating agent (42). Compounds of formula M(CO),(ligand) with

Ph Ph
N/
P

\\
L CH,=—CHCH,

(75)

M being Cr, Mo, and W, were isolated by ligand exchange reaction from
M(CO),(norbornadiene). Isomerization of the ligand to o-propenylphenyl-
diphenylphosphine occurred under the reaction conditions. For molyb-
denum, the complex could be obtained, although in lower yield, by direct
reaction of the hexacarbonyl with the chelating ligand. In these compounds,
two coordination positions of the central metal atom are occupied by the
olefinic double bond and by the lone pair on the phosphorus.

The ultraviolet induced reactions of Mo(CO)g or W(CO)s with acetylene

* derivatives have been reported (41) to give pentacarbonyl derivatives of

tungsten, W(CO);R'C,R” (R" =R"=H; R'=CH; R"=H; R =
R” = Et) and the tetracarbonyl derivative W(CO),(C;H,),, whereas
Mo(CO), appears to yield only the corresponding pentacarbonyl deriva-
tives Mo(CO)sR'C,R". However, the compounds were not isolated; their
formulas were inferred from the infrared spectra. The tetracarbonyl
derivative W(CO)4(C,H,), is believed to have a trans configuration

_because it shows one single band at 1939 cm~* in the carbonyl stretching

region.

It is most interesting to note that the thermal reaction of Mo(CO)g or
W(CO), with diphenylacetylene follows a completely different course (43).
By this method, products are obtained which contain tetraphenylcyclo-
butadiene as ligand; this clearly arises from the dimerization of the

. acetylene.

The diethylacetylene derivative W(CO)(EtC;Et); has been obtained from
the reaction of W(CO);(NCMe); with diethylacetylene (44). This com-
pound shows only a single CO stretching vibration at 2035cm~*'. A
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tetrahedral arrangement of the ligands around the metal has been sug-
gested for it. The reaction was later extended (45) to other disubstituted
acetylenes and the methyl and phenyl derivatives were obtained. Mono-
substituted acetylenes were reported to give unidentified products under
the same conditions. The diphenylacetylene derivative W(CO)(PhC,Ph),
was also obtained (46) by simply irradiating W(CO); in the presence of the
ligand.

The ligand replacement reaction between W(CO);(acetonitrile); and bis-
(trifluoromethyl)acetylene does not give the expected W(CO)(F3CC,CF3),
but rather W(F3CC,CFj)s(acetonitrile) (47).

Acetylene derivatives of formally zerovalent molybdenum and tungsten,
K3[Mo(CO)3(CeHy)s] and K3[W(CO)s(C,H,)s]l, have been prepared by
reacting M(CO)3(INH;); with potassium acetylide in liquid ammonia (48).
These complexes are air and moisture sensitive.

b. Cycloheptatriene-, cycloheptatrienyl-, and cyclooctatetraene derivatives.
The cycloheptatrienyl cation C,H7, having the same number of = elec-
trons as the cyclopentadienyl anion C;Hs; and CgHg, is in principle
capable of forming = complexes with transition metals. However, when
Mo(CO) was treated with cycloheptatriene, the expected cycloheptatrienyl
(or tropylium) complex was not formed; instead, cycloheptatriene-
molybdenum tricarbonyl, Mo(CO);C,Hg, was isolated (49). Later tri-
carbonylcycloheptatriene chromium and ring-substituted analogs were also
described (50), and finally W(CO);C,;Hy was reported (51). The physical
properties and infrared C—O stretching frequencies of these compounds
are given in Table 14.

TABLE 14
Cycloheptatriene Tricarbonyls of Cr, Mo, and W

Compound Color Mp (°C) veo (cm~1) Ref.
Cr(C0);C;Hg Red 128-130 dec. 1991, 1921, 1893 50
Mo(CO)3C;H;, Red 110 2000, 1929, 1895 50
W(CO0):C-Hjg Red 117-118 — 51

Strohmeier (52) has reported an improved method for the preparation
of Mo(CO)3C;H;. The first tropylium complex was prepared by Dauben
and Honnen (53) who carried out the hydrogen abstraction from
Mo(C0O);C,H; (76) by using trityl fluoroborate. In agreement with the
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proposed structure for 77, only one proton resonance peak and two infra-
red C—O stretching vibrations have been observed.

-+

@ + (CgHs) 3 CBF————= BF; +(CgHs) 3CH
Mo Mo 104)
C/ AN 7N
o § o § G
(76) an

The Erthorate and the tetrafluoroborate of tricarbonylcyclohepta-
trienylchromium were later prepared by Munro and Pauson (54) who also
studied the reactions of these complexes with several nucleophilic reagents:

[Cr(CO)C/HA1Y + X~ —— Cr(CO)sC H-X (105)

This reaction gave substituted tricarbonylcycloheptatrienechromium com-
pounds, which were later (55) shown to be in the exo configuration.
Reaction of the [Cr(CO)3(C,;H-)]* cation as its perchlorate with NaCgHjs
brings about ring contraction (56) and formation of Cr(CO);C¢He. A
possible mechanism for this reaction has been discussed. The cyclohepta-
triene rings in Mo(CO);C,Hjg and Cr(CO);C,Hj are rather labile; they can
easily be replaced by an aromatic compound such as mesitylene (54), by
amines (57), by phosphines (57), by isonitriles (58), and by alkyl sulfides
(59,60).

Although the cycloheptatrienyl cation contains a delocalized system of
six 7 electrons extended over a seven-membered planar ring, the six
m-electron system in C;Hg and in M(CO);C,Hj is extended over six carbon
atoms and bypasses the CH, group (49).

The x-ray investigation of Mo(CO)3C,Hjg (61) has completely confirmed
the previous structural hypotheses (50). The molecule has approximately
a plane of symmetry passing through the molybdenum atom, the methylene
group and one of the three CO groups. The cycloheptatriene ring behaves
as a triene system, as is clearly shown by the alternating C—C distances.
The CH, group deviates from the plane of the other six carbon atoms
(Fig. 17).

Tricarbonylcyclooctatetraenemolybdenum has been prepared (62) by
reacting tricarbonyldiglymemolybdenum with C¢Hj in hexane at 50°.

¢. Cyclopentadienyl carbonyl derivatives. The group VI metal carbonyls
react with cyclopentadiene in the vapor phase with replacement of carbon
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monoxide by the cyclopentadienyl anion (63). While Cr(CO)y gives
bis(cyclopentadienyl)chromium directly, Mo(CO)g and W(CO), give the
mixed cyclopentadienyl complexes [MoC;H5(CO);]; and [WC;H;(CO)s],
(64).

FIG. 17. View and C—C distances of Mo(CO);C,Hs.

The mixed cyclopentadienylcarbonyl complexes of Cr, Mo, and W can
also be obtained by the reaction of the metal carbonyls with alkali metal
cyclopentadienides in tetrahydrofuran (64) or in dimethylformamide (65):

M(CO); + Na(Li, K)CsHs —> Na(Li, K)IMCsHs(CO);] + 3CO  (106)

with M = Cr, Mo, W.

The alkali metal salts are soluble in water, and on acidification with
acetic acid the corresponding hydrido compounds MH(C;H;)}(CO), are
formed. They are unstable and lose hydrogen with formation of the
corresponding dimeric cyclopentadienyl carbonyls:

2MH(CsH5)(CO)s —> [MCsHs(CO)sla + Ha (107)

In the case of chromium, reaction 107 was found to be reversible. The three
hydrido complexes are yellow crystalline solids, and show increasing
stability from Cr to W. Alkyl cyclopentadienyl metal tricarbonyls have
also been obtained by the following reactions:

Na[MoCsHs(CO)s] + CHsI ——> Nal + CHaMoCsHs(CO)s (108)
Et,O
WH(CsHs)(CO)s + CH,N; ——> N + CHaWCsHs(CO)s (109)

[CrCsHs(CO);], can also be obtained (66) by the direct reaction of
Cr(CsH;), with carbon monoxide under pressure at high temperature; if
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hydrogen is present, CrH(CsH5)(CO); is also formed. In the reaction of
Cr(CsHs), with carbon monoxide and hydrogen, another product that does
not show any acidic property is formed (67). On the basis of infrared and
NMR spectra, this compound has been formulated as cyclopentadienyl-
cyclopentenyldicarbonylchromium(II), Cr(CO),(CsHs)(CsHo) (78).

&

A three-dimensional x-ray diffraction study (68) has established the

‘molecular structure of [MoCsHs(CO);].. In agreement with its infrared

spectrum, the compound does not contain bridging CO groups but only a
metal-metal bond.

The proton resonance spectrum of [MoCsHs(CO);]. has been measured
as a function of temperature (69). At 100°K a transition in line width has
been attributed to an onset of ring reorientation. The potential barrier of
the rotation about the metal-ring bond has been estimated to be about
3.9 kcal/mole.

The dimeric tricarbonylindenylmolybdenum, [MoCoH(CO);]. (mp
185-188°) was first prepared by King and Stone (70). An improved method
of preparing this compound, consisting of treating Mo(CO)s with indene
in ethylcyclohexane at reflux temperature, was published later (71).

Treating Mo(CO)g with triphenylphosphonium cyclopentadienide gave
the complex (79), in which the central metal atom is believed to be bonded
to the cyclopentadienyl system (72). Cyclopentadienyl derivatives are

+/Ph
Z@L —Ph
P\Ph
R
C C
o~ C
5 O

(79)

usually obtained by reacting the hexacarbonyls with fulvenes. Alkyl-
substituted compounds (80) were isolated from the reaction of Mo(CO)s
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ZIN
(81)

and W(CO), with dialkylfulvenes. Here abstraction of hydrogen from the
solvent or from the excess dialkylfulvene must have occurred (73). From
Cr(CO)g and Mo(CO); in the presence of 6-dimethylaminofulvene, com-
pounds of structure 81 were obtained. The positive charge on the nitrogen
is stabilized by the methyl groups (74).

d. Arenecarbonyl derivatives. Three independent research groups (75-77)
found that Cr(CO)¢ reacts with aromatic compounds to give w-arene
chromium tricarbonyls:

Cr(CO)s + arene —— Cr(CO)zarene + 3CO (110)

The same reaction occurs with Mo(CO)g and W(CO),.

A large number of tricarbonylarene compounds, including some con-
taining functional groups on the aromatic ring, have been prepared by
reaction 110 (method A in Table 15).

For a detailed compilation of tricarbonylarenemetal complexes, see the
excellent review by Zeiss (78). Since that review was written, many other
compounds of this type have been described. Some of the new compounds
prepared since then are reported in Table 15.

The mechanism of reaction 110 is of a great interest and it will be dis-
cussed in a later section dealing with mechanistic studies.

‘As a consequence of the observation that Cr(CO)e, but not Cr(arene),,
can eventually be obtained from Cr(CO);arene:

arene arene
Cr(C0O)e ——= Cr(CO)zarene —— Cr(arene). (111

TABLE 15. Arene Chromium-, Molybdenum-, and Tungsten Tricarbonyls

Method of

Compound Color Mp (°C) preparation® Ref.
(p-CsH.Cl)Cr(CO), Deep yellow 88 A 124
(p-CsH,F2)Cr(CO); Deep yellow 111 A 124
(Me3SiPh)Cr(CO); Yellow 72-73 A 125
(MezGePh)Cr(CO); Yellow 79.5-80 A 125
(MesSnPh)Cr(CO), Yellow 78.5-79 A 125
(Indene)Cr(CO); Yellow 97 A 126
(Fluorene)Cr(CO)s Yellow 138-139 A 126
(Phenanthrene)Cr(CO); Orange 158-160 A 70,127
(Pyrene)Cr(€0), Red — A 70
(Thianaphthene)Cr(CO); Yeliow 115 dec. A 70
(Acenaphthylene)Cr(CO), Purple-black ~ 175 dec. A 70
(Anthracene)Cr(CO)a Violet-black 189-192 A 127,128,129
(6,6-Diphenylfulvene)Cr(CO),; Black-brown  203-209 dec. 130
(Paracyclophane)Cr(CO)3® — — A 131
Diphenyl[Cr(CO);]. Orange 215-216 dec. B 132
1,2-Diphenylethane[Cr(CO)s], Yellow-orange 236238 dec. B 132
Stilbene[Cr(CO);]. Red 243-245 dec. B 132
Diphenylmethane[Cr(CO)s]. Yellow-orange 216-217 dec. B 132
trans-(Stilbene)Cr(CO), Red 135-136 A,B 84,132,133
cis-(Stilbene)Cr(CO); Yellow 109-111.5 —° 84
(Diphenylmethane)Cr(CO); Yellow 97-98 A 131,133
(1,2-Diphenylethane)Cr(CO); Yellow 98-100 —4 132
(1,1-Diphenylethane)Cr(CO); —_ 70-71 A 131
trans-(2-Hydroxyindane)Cr(CO), — 132-133 —F 134
cis-(2-Hydroxyindane)Cr(CO); —_ 96-97 — 134
(Indanone)Cr(CO), — 124 A 135
(a~Tetralone)Cr(CO); — 128 A 135
(1,2-(MeO),CsH)Cr{(CO), Bright yellow 116 A 111
(1,3,5-(Me0)3CsH3z)Cr(CO), Yellow 157 A 111
(Benzophenone)Cr(CO), Orange 88-89 A 92,135
(Benzyl chloride)Cr(CO)s Yellow 63-64 — 92
(1,3-(MeOOCYMeO)CsH,)Cr(CO): Red 57-58 A 123
(Benzoylacetone)Cr(CO)s Red 115-117 — 83
(Benzaldehyde)Cr(CO), Red 46.5-47.5 B 80
(1,4-(MeOO0C),CcH)Cr(CO);  Red 128 A 136
(Fluorobenzene)Mo(CO); Yellow — A 137
(Toluene)Mo(CO), Yellow 127-128 A 137
(p-Xylene)Mo(CO); Yellow 139-140 A 137
(Toluene)W(CO); Yellow 140-142 A 138
(p-Xylene)W(CO); Yellow 143-145 dec. A 138

2 Method A = from Cr(CQ)¢ + aromatic compound (Eq. 110); method B = by the
exchange reaction 112. * Several compounds of this type are described in Ref. 131.
¢ Prepared by Wittig reaction from (Benzaldehyde)Cr(CO)s and triphenylbenzyl-
phosphonium chloride. ¢ By hydrogenation of (Stilbene)Cr(CO);. °© By hydrolysis
of the corresponding acetoxyindane derivative. By treatment of (PhCH,OH)-
Cr(CO); with conc. HCI. ¢ By Claisen condensation of acetone on (methyl benzoate)
Cr(CO)s.
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it was thought that in the tricarbonylarenechromium complexes the metal-
CO bond is relatively strong compared with the metal-ring bond. This
view was substantiated by the successful displacement of the aromatic
ligand by another aromatic compound (79) according to the reaction:

Cr(CO)sarene + arene’ == Cr(CO)jarene’ + arene 112)

Apart from its theoretical interest, reaction 112 is very useful in the
preparation of chromiumtricarbonylarenes containing functional groups
on the aromatic ring (method B in Table 15). These complexes sometimes
can be obtained only with great difficulty by the direct reaction 110. Thus,
tricarbonylbenzaldehydechromium can be obtained (80) by exchange of
Cr(CO);(toluene) or Cr(CO)z(benzene) with the diethyl acetal of benz-
aldehyde followed by hydrolysis of the resulting product:

Cr(CO)zarene + <;>-C}-X(OC21'{5)2 =——= arene + @—CH(OC}HQ2

(113)
Cr(CO),
; H,0
CH(OC,H;), —> 2C,H,OH + CHO
(114)
Cr(CO), Cr(CO),

The exchange reaction 112 was also successfully employed for the synthesis
of bis(chromiumtricarbonyl)diphenyl and related compounds by treating
the aromatic compounds with a large excess of benzene- or toluenetri-
carbonylchromium.

Tricarbonylarenechromium derivatives were obtained by reacting
Cr(CO)g with carbethoxyazepines (81) (Egs. 115, 116).

—
‘GN-——COOC,Hs + Cr(CO), 210, @ + products

/|\

CcC
o § ~o

115)

Treatment of Cr(CO)s with 1-methoxycyclohexa-1,3-diene in refluxing
nonane formed Cr(CO);CgHg in 827, yield (82). Other methoxy-substi-
tuted cyclic dienes were shown to undergo this methanol elimination and
aromatization reaction.

H.C
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CH, CH,
=~ .

N—COOG,H, + Cr(CO), 1125 g, NHCOOG,H; + 3CO
_

CH (116)
CH, C/(I:\r\c :
of ¢
§ “o

Chromium tricarbonylarene complexes are usually thermally stable
(Cr(C0O);CsHg, mp 177.5-178° and Cr(CO);CsH3(CHg)s, mp 161.5-163°);
in the solid s}at\e they are ordinarily stable to air.

Trlcarbonylarenechromlum complexes and the molybdenum analogs
have been extenswely investigated in order to establish the degree of
reactivity of the aromatic portion of the molecule. The main interest here is
to compare to reactivity of the aromatic system bonded to the M(CO),
group with the corresponding uncomplexed aromatic compound. The
reactions that have been reported to occur with tricarbonylarenemetal
derivatives are of two different types: (a) reactions on a functional group,
and (b) substitution reactions on ring positions. Esterifications (79), Claisen
condensations (83), Cannizzaro reactions (80), and Wittig reactions (84)
are possible for Cr(CO);C¢Hs and analogs. Of course, substitution reac-
tions are of paramount interest. Friedel-Crafts acylations, isotopic hydro-
gen exchange, and replacement of chlorine by OCHj in Cr(CO),CsH;Cl
have been reported:

AICL
Cr(CO)sCeHs + CH,COCI —> Cr(CO);CsH;COCH; + HCl  (117)
Cr(CO)sCeHsCl + CH0~ —> Cr(CO)CeHsOCH; + CI-  (118)

Particularly interesting are the Friedel-Crafts acylations. The benzene-
(85,86), toluene- (85,87,88), p-xylene- (87), and 1,3,5-trimethylbenzene (87)
derivatives undergo acetylation with CHz;COCI in the presence of AlCl;.
It was found that acetylation of tricarbonyltoluenechromium (87) gives
ortho- and para(methylacetophenone)Cr(CO); in a 1:1.5 ratio, with very
small amounts of the meta isomer. An ortho:meta :para ratio of 1:0.38:
1.18 for the same reaction was reported by Herberich and Fischer (88).
These results should be compared with the acetylation of toluene, which
under analogous conditions gives the para isomer predominantly. There is
no obvious explanation for this as yet.

Brown (89) has attempted to treat the problem of the change in reactivity
of an aromatic system bonded to a Cr(CO); group, compared with the
uncomplexed system. He applied a molecular orbital treatment to a
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transition state of the Wheland type, in which the conjugation is extended
over five carbon atoms of the benzene ring. He predicted that nucleophilic
substitutions should occur much faster in tricarbonylbenzenechromium
than in benzene. On the other hand, only tentative conclusions could be
drawn for the corresponding electrophilic and radical-type reactions. He
concluded that the corresponding reaction rates, however, should not vary
significantly from those observed in uncomplexed aromatic systems. These
predictions were found to be substantially correct. The pseudo-first order
rate constant for reaction 118 was found (90) to be 5.03 x 107% sec™? at
65° in comparison with the immeasurably slow reaction of chloro-
benzene itself. Qualitative results of the same type had been previously
obtained by Nicholls and Whiting (77). Valuable quantitative data on
the reactivity of tricarbonylbenzenechromium have been obtained also
by Anisimov and co-workers (91). They found that Cr(CO),CeHs gives
isotopic hydrogen exchange with C;H;OD in the presence of C,;HsONa.
The rate constant of the reaction is about 1.0 x 107% at 100° (about 50%,
exchange after 20 hr), whereas under analogous conditions benzene itself
does not give any exchange. Provided the mechanism of this reaction is
such that it can be classified as an electrophilic substitution, this result,
combined with the previous one, would suggest that both the electrophilic
and the nucleophilic reactivities of Cr(CO)sarene complexes are consider-
ably enhanced compared with the corresponding uncomplexed aromatic
compounds.

Pettit and co-workers (92) have taken a different theoretical approach to
the problem of chemical reactivity in tricarbonylarenemetal systems.
They first consider that the bonding in M(CO)sarene compounds arises
from two main contributions: donation of electrons from the ligand
to the metal and back-donation from filled 4 orbitals of the metal to anti-
bonding orbitals of the ligand. The effect of the M(CO); group on the re-
activity of the aromatic ligand will depend on the relative importance of
each of these two mechanisms. The enhanced reactivity in nucleophilic
reactions of the tricarbonylarenechromium compounds having been
already well established, Pettit and co-workers tried to collect kinetic and
equilibrium data to show that back-donation predominates in certain cases.
(See Note 3 on page 272.)

Isotopic exchange reactions of tricarbonylarenechromium derivatives
have also been studied. While isotopic exchange with labeled *CO

Cr(CO)sarene + *CO — Cr(**CO)zarene + CO 119)
does not occur (93) at 110°, Cr(CO);CsHs and Cr(CO)3CioHg do ex-

Chemical Properties of Metal Carbonyls 163

change (94,95) their aromatic ligands at 120° with the corresponding **C-
labeled aromatic compounds:

ArCr(CO); + *Ar — *ArCr(CO); + Ar (120)

The rate of exchange increases with the dielectric constant of the sol-
vent (96).

Although the arene ligand is thermally the most labile part of the
M(CO)aarenﬁ molecule, the CO groups are preferably labilized in the
presence of ultraviolet irradiation. For example, reaction 119 has been
shown to occur in the presence of ultraviolet irradiation (97). Also the
photochemical treatment of Cr(CO)zarene compounds with PPhg, pyridine,
dimethyl sulfoxide, and olefins causes the displacement of one of the CO
groups and compounds of the type Cr(CO)j(arene)l. are obtained, in
which L is one of the above-mentioned ligands (98-102, 28). The infrared
spectra of these substitution products have been measured by Strohmeier
and co-workers (98-101). Substitution products have also been described
for the type Cr(CO),(arene)L with L being an acetylenic compound. The
deep violet hexamethylbenzene derivative Cr(CO),(CsMeg)(PhC,Ph) is
stable in air and decomposes at 110° (101).

The infrared spectra of w-arene chromium tricarbonyls in the carbonyl
region have been measured (103,104). In Table 16 some infrared data in the
C—O stretching region are reported.

It has been shown (85,104) that the presence of a Cr(CO); group has a
strong influence on the C—H stretching vibrations, on the skeletal C—C
stretching, and on the C—H out-of-plane bands: the first is decreased in
intensity, the second is shifted towards lower frequencies, and the third
disappears. The two main features of solution spectra of tricarbonylarene-
chromium complexes are as follows.

(a) The presence of usually only two C—O stretching frequencies even
for the analogs of benzene, which suggests that the number of bands is
dictated by the local symmetry of the carbonyl moiety (Cjy,) rather than by
the overall symmetry of the molecule.

(b) The shift toward higher or lower frequencies of the C—O stretching
vibrations caused by electron-withdrawing or electron-releasing groups on
the benzene ring. The latter effect is probably related to the degree of
d,-p. bonding from the metal to the CO group. The shift depends on the
number of substituents on the ring, and very little on their relative position.
This effect is clearly evident from the infrared data in Table 16 for the
series of anisole derivatives.

Intensity measurements of the infrared C—O stretching bands in
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Cr(CO)3(C4Etg) and Cr(CO);C¢Hg have been reported (105). The far-
infrared spectra of some tricarbonylarenechromium complexes have been
measured (106).

Tricarbonylarenechromium compounds have dipole moments (107-109)
ranging from 4 to 6 D, depending on the nature and the number of the
substituents R on the arene groups. The dipole moments are solvent

TABLE 16
C—O Stretching Frequencies of Some Tricarbonylarenechromium

Compounds
Cr(CO); compound veo (cm 1) Ref.
Methyl benzoate 1997, 1930° 103
Fluorobenzene 1996, 1930° 103
Acetophenone 1992, 1923°% 85
Benzene 1987, 19172 103
p-Xylene 1979, 1908“ 103
Mesitylene 1975, 1905¢ 103
Hexamethylbenzene 1962, 18882 103
HexaethylbenZene 1959, 18867 103
MeOCeHs 1975, 1903° 111
1,2-(MeO),CeH, 1969, 1894° 111
1,3-(MeO),CsH, 1970, 1895° 111
1,4-(MeO).CsH, 1971, 1898 111
1,2,3-(Me0O);CgH, 1965, 1888° 111
1,2,4-(Me0)sCsH3 1966, 1889 111
1,3,5-(Me0)3;CsH3 1965, 1888 111

@ Cyclohexane solution.
b CCl, solution.

dependent (109). Since the moments increase with the electron-releasing
ability of the substituent R, it has been suggested that the aromatic ring is
the site of the partial positive charge.

Surprisingly, the proton resonance spectra of tricarbonylarenemetal
derivatives have not been studied very extensively. A preliminary report
(110) disclosed that the phenyl protons of Cr(CO);C¢Hs and some of its
methyl derivatives are shifted to high fields by 1.5-2.0 ppm, compared with
the corresponding uncomplexed aromatic hydrocarbons. Similar results
were obtained for some methoxy-substituted tricarbonylarenechromium
compounds (111).

(See Note 4 on page 272.)

Two-dimensional and three-dimensional x-ray diffraction studies of some
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tricarbonylarenechromium compounds have been reported. The molecular
configuration of the compounds of this class is therefore fully established.
X-ray structures have been reported for tricarbonylbenzenechromium
(112-114), bis(chromiumtricarbonyl)diphenyl (115), tricarbonylhexa-
methylbenzenechromium (116), and tricarbonylphenanthrenechromium
arn.

An early two-dimensional study (112,113) of Cr(CO),C¢H¢ had shown
that the plane containing the three CO groups is parallel to the benzene
ring. The ave;age C—C distance in the benzene ring was found to be 1.40A,
without indication of any significant difference in the six pairs of carbon
atoms. The carbon and oxygen atoms of each CO group are colinear with
the metal; a common threefold symmetry axis goes through the ring, the
metal atom and the three CO groups. A later three-dimensional study (114)
of the same molecule has completely confirmed these results. In particular
this has shown unambiguously that no significant distortion of the benzene
ring from Dg, symmetry occurs, and that all the carbon—carbon distances
are equal, within the experimental error. The molecule of Cr(CO);CsHg
together with some average interatomic distances is represented in Fig. 18.

FIG. 18. Molecular configuration of Cr(CO);CgH;g viewed from
above the threefold symmetry axis.

The foregoing results of the x-ray studies seem to exclude the existence
of alternate carbon—carbon distances in the benzene ring of the tricarbonyl-
arene derivatives of chromium and molybdenum, contrary to what was
suggested initially by Fritz and Manchot (118,119). These authors studied
the infrared solution spectra of Cr(CO);CgHg and Mo(CO),CsH, and the
corresponding deuterated compounds; they concluded that a model with a
threefold axis for the benzene ring was best suited to explain the data. The
same problem existed for dibenzenechromium, Cr(CgHg),, which was
found by x-ray studies to have equal (120) and alternating (121) carbon-
carbon distances. A later electron diffraction study of this molecule in the
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gas phase (122) excludes any significant distortion of the benzene ring from
a sixfold symmetry.

The x-ray structure of tricarbonylhexamethylbenzenechromium (116)
shows that this molecule does not present any special feature compared
with Cr(CO);C¢Hs, apart from an interesting twofold distortion of the
aromatic ring. There are two sets of carbon-carbon distances, two short
bonds of 1.37 A and four longer bonds of 1.44 A. This result, however,
was not considered to be indicative of any special bonding situation in the
complex, because hexamethylbenzene itself may present a similar distor-
tion at ordinary temperature.

By proper substitution of the ring positions of Cr(C0O);CsHs, the sym-
metry elements of this molecule can be destroyed and optical isomers
become possible. This has been confirmed by the isolation of the two
enantiomers of the chromiumtricarbonyl derivative of m-methoxybenzoic
acid (123).

e. Metal carbony! derivatives of heterocyclic unsaturated systems. Hexa-
carbonylchromium and thiophene react to give Cr(CO);C,H,S, a red
crystalline solid (139). The x-ray structure of this compound has been
published (140).

An attempt to prepare a sandwich derivative of pyridine by protecting
the lone pair on the nitrogen was made by Wilkinson and co-workers (141)
who reacted Mo(CQ)¢ with methylpyridinium iodide. This attempt was
unsuccessful because the undesired reaction of iodide ion with the hexa-
carbonyl occurred and formed the complex anion [MoI(CO)s]~ (142a).
However, the chromium salt, [CsHsNCH;][CrI(CO);s], was converted by
heating at 130-150° into a tricarbonyl compound of formula
Cr(CO)s(CH;C;H,N), which was found (142b) to be N—methyldlhydro-

pyridinetricarbonylchromium.

f. Oxygen- and sulfur-containing ligands. Relatively few examples of
substitution products with oxygen- and sulfur-containing ligands are
known for the three hexacarbonyls of the group VI metals. No thermal
reaction was reported (143) to occur between diphenyltellurium and
Cr(CO)e.

Table 17 describes the most representative examples of compounds of
this class prepared to date. The thiourea, thioacetamide, and dimethyl-
formamide complexes have been included in the table in keeping with the
generally accepted view that these ligands are sulfur and oxygen donors,
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respectively. Since these ligands can also potentially act as nitrogen
donors a definitive investigation of the bonding seems desirable.

All the pentacarbonyl derivatives and some of the other compounds
listed in Table 17 were obtained by irradiation of the hexacarbonyls in the
presence of the ligand.

//
g. Nitroggn—céﬁtaining ligands. Several amine-substituted carbonyl com-
pounds of Cr, Mo, and W have been described and most of the known

- examples are listed in Table 18. Their preparation involves treating the

hexacarbonyl with the ligand while heating or irradiating with ultraviolet
light. By the thermal method, mixtures of mono-, bi-, and trisubstitution
products are obtained, whereas the ultraviolet irradiation method
apparently is better for preparing the monosubstituted derivatives,
M(CO);sL.

Both the thermal and photochemical processes give cis bi-, and tri-
substitution products. Mo(CO),py; prepared by ultraviolet irradiation was
found to have a dipole moment of 9.3 D (151), suggesting the cis isomer.

_ This interpretation is supported by the findings of Kraihanzel and

Cotton (152), who reported four bands in the C—O stretching region for
Mo(CO),.py. prepared by the thermal method.

Acrylonitrile complexes of the type Mo(CO),-_,(acrylonitrile),, with n-
being 1, 2 and 3, were prepared by ligand displacement from the cor-
responding acetonitrile complexes (153). On the basis of infrared and
nuclear magnetic resonance data, it was concluded that when ris 1 and 2,
the attachment of acrylonitrile is through the lone pair of electrons on
nitrogen, whereas when 7 is 3 the coordination of acrylonitrile to molybde-
pum is through the olefinic double bond. It is noteworthy that direct reac-
tion of Mo(CO), with a large excess of acrylonitrile at reflux temperature
gave a compound of formula Mo(CO)y(acrylonitrile), (154). A polymeric
structure was suggested for this compound.

The infrared spectra of several amine-substituted group VI carbonyls of
the type M(CO)s_,L, have been recorded by Kraihanzel and Cotton;
assignments of bands and calculation of force constants were reported
(152).

Cotton and Wing (155) have determined the x-ray structure of cis-
tricarbonyldiethylenetriaminemolybdenum and found that the coordination
around the molybdenum is that of a distorted octahedron.

By reaction of Na[MoC,H;(CO);] with p-anisyldiazonium tetrafluoro-
borate, the first known example of an arylazo derivative of a transition
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TABLE 17

Carbonyl Compounds of Chromium, Molybdenum, and Tungsten
with Oxygen- and Sulfur-Containing Ligands

Compound Mp (°C) Color veo (cm~1) Ref.
Mo(CO)s(DMF)* — — 2068, 1924, 1847 144
Mo(CO)s(isopropy! ether)® — — 2079, 1940, 1893 144
Mo(CO)4(OPPhs)2 215 dec. Yellow 2008, 1880, 1848, 145

1797
Mo(CO)a(DMF), 145-148 dec. Yellow 1960, 1922, 1851 146
Mo(CO),(diglyme) 156-160 dec. Yellow 1904, 1834 147
Mo(CO)s(OPPh;)s 221 dec. Yellow 1900, 1775, 1735 145
W(CO)s(ethanol)* — — 2078, 1929, 1885 144
W(CO).(DMF),* — — 1997, 1858, 1832, 144
1791
W(CO),(OPPhs;)- 200 Orange 2000, 1860, 1839, 145
1790
W(CO)s(acetone)® — — 2067, 1920, 1847 144
Cr(C0)sS02° - — — — 148
Cr(CO)s(dimethyl sulfoxide)® 102 dec. Light yellow — 148
Cr(CO)s(tetrahydrothiophene) 27 Yellow — 148
Cr(CO)4(2,5-dithiahexane) 130 dec. Bright yellow 2020, 1914, 1898, 149
1869
Cr(CO)s(3,6,9-trithiaundecane) 130 dec. Yellow 1932, 1818 149
Mo(CO).(2,5-dithiahexane) 148 dec. Yellow 2030, 1919, 1905, 149
1868
Mo(CO);(CH;CSNH;),* 122 Green-yellow 1909, 1798,1783 60
Mo(CO)(3,6,9-trithiaundecane) 145 dec. Off white 1932, 1812 149
Mo(CO)s(tetrahydrothiophene)s  — Pale yellow 1925, 1821 60
Mo(CO)s(dimethyl sulfide),* — Pale yellow 1925, 1799 60
Mo(CO)s(diethyl sulfide);* 90 dec. Gray-yellow 1930, 1826 60
Mo2(CO)s(EtS(CH2).SEt);? 154-157 Yellow 1926, 1811 150
Moy (CO)s(MeS(CHz)2SMe);¢ 148-150 Pale yellow 1930, 1814 150
W(CO)s(dimethyl sulfoxide)® 96 Yellow-green — 148
W(CO0)sSO.? — — — 148
W(CO);s(tetrahydrothiophene) 36 Green-yellow — 148
W(CO).(2,5-dithiahexane) 160 dec. Dark orange 2023, 1910, 1896, 149
1867

2 Jdentified by infrared spectrum only.

v Not isolated, indirect evidence only.

¢ Complexes of this type were suggested to contain a sulfur-metal bond, rather than
an oxygen-—metal bond.

¢ Prepared by ligand exchange from Mo(CO)s(cycloheptatriene).

Chemical Properties of Metal Carbonyls 169

-metal was obtained (156). The product obtained from the reaction has the
formula MoCsHs(CO),(N,CsH,OCHj); it is a red-orange crystalline
solid, soluble in the common organic solvents and insoluble in water.

h. Phosphorus-, arsenic-, and antimony-containing ligands. Representative
examples of complexes obtained from reactions of Cr(CO)s, Mo(CO)g,
and W(CO)s with this type of ligand are presented in Table 19. The reac-
tions normally -irivolve treating the hexacarbonyl with the ligand in the
presence of a solvent. It has been reported (178), however, that ultraviolet
irradiation is required to obtain the tetrasubstitution products of Cr(CO),
and Mo(CO), with Venanzi’s tetradentate ligand (179) tris(o-diphenyl-
arsinophenyl)arsine, As[o-CsH,AsPh,];, whereas in the absence of ultra-
violet light only three positions of the arsine are made available for the metal.

Interestingly, although the organic alkyl and aryl diarsines and di-
phosphines of the type R,E-ER, (E = P, As; R = Et, Me, Ph) give,
according to Chatt and co-workers (180,181), E-bridged complexes of the
two types 82 and 83, (CF;),AsAs(CF3), has been reported (182) to give

R R R
NS /
E (OC)sM<E
/
'S R
(0O:M M(CO),
A N
/ E—>M(CO)s
E /
RN R
R R
(82) (83)

no crystalline complexes with Cr(CO)s. Compounds of the type 82 and 83
have also been reported by Hayter (183).

The disubstitution products, M(CO),L,, can exist in the cis and trans
forms. The same is obviously true for the tri- and tetrasubstituted com-
pounds. The two isomers of Mo(CO),(PEt;), were separated for the first
time by Poilblanc and Bigorgne (184), who also report that isomerization
occurs in solution. The separation of cis and trans isomers of Mo(CO),-
(PPhy), proved more difficult (185). The trans isomer crystallizes first while
the cis isomer can be obtained from the mother liquors. This probably ex-
plains why Hieber and Peterhans (186) had previously obtained only the
trans isomers of M(CO),(PPhg), with M = Cr, Mo, and W. After four
days at 45°C, hydrocarbon solutions of initially pure cis- and trans-
Mo(CO),(PPhs), give identical mixtures of the two isomers, thus demon-
strating the interconversion of one isomer to the other (185). The existence
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TABLE 18
Carbonyl Compounds of Chromium, Molybdenum, and Tungsten
with Nitrogen-Containing Ligands

Compound Mp (°C) Color veo (cm™?) Ref.
Cr(CO)sNH; — Yellow — 157,158
Cr(CO)spy 96 Yellow 2073, 1986, 1938, 152,157,159
1905

Cr(CO)scyclohexylamine 107 dec. Yeliow 2067, 1980, 1935, 152
1890

Cr(CO)sNEt; 5 Lemon-yellow — 160

Cr(CO)spiperidine® 69.5 Yellow — 160

Cr(CO)smorpholine — Yellow 2080, 1992, 1945, 161
1920

Cr(CO)sNCMe 71 Yellow — 162

Cr(CO)4py2 172 dec. Yellow-orange 2020, 1899, 1878, 152,163
1837

Cr(CO)sen > 280 dec. Yellow 2004, 1873, 1855, 152
1810

Cr(CO)s(NH3)3 — Yellow = 158,164

Cr(CO)3pya —_ Red — 163,164

Cr(CO),phen — Deep red — 163,164

Cr(CO).dipy — Deep orange 2010, 1908, 1888, 165
1833

Cr(CO)a(dipy)(NH3) — Black 1873, 1765 158

Cr(CO)aden > 230 dec. Pale brown 1881, 1735 57

Cr(C0O)5(1,3,5-trimethyl- — Yellow ~1900, ~1785, 166

hexahydrotriazine)® ~1770

Mo(CO)sNH; e Yellow — 167

Mo(CO)spy — — 2079, 1987, 1944, 152,168
1890

Mo(CO)scyclohexylamine 102 dec. Yellow 2072, 1983, 1938, 152
1895

Mo(CO)spiperidine® 75-76 Yellow — 160

Mo(CO)smorpholine 105-108 Pale yellow 2074, 1988, 1943, 161
1915

Mo(CO)spyrrolidine 53-55 Pale yellow 2072, 1982, 1940, 161
1910

[Mo(CO)slzpiperazine — Pale yellow 2079, 1980, 1940, 161
1901

Mo(CO)4py2 115 dec. Yellow-orange 2025, 1907, 1881, 152,168
1839

Mo(CO)dipy 150-170 dec. Red 2022,1906, 1877, 57,165
1826

Mo(CO)sphen — Ruby red — 163

(continued
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TABLE 18 (continued)

Compound Mp(°C) Color veolcm™1) Ref.
Mo(CO),(NCMe), 90 dec. Yellow _ —_— 169
Mo(CO),(PhCH=CPhCN)°102-103 dec. Red — 170
Mo(CO)3(NHa)s — — — 167
Mo(CO)spys s —_ Yellow-brown 1888, 1850, 1818, 57,163

T 1746
Mo(CO)s(dipy)(PPha) — Purple 1913, 1820, 1792 171
Mo(CO)aterpy? —— Light red 1901, 1815, 1765 172
Mo(CO),den > 230 dec. Pale yellow 1883, 1723 57
Mo(CO)sphen, — Blue-black 1782, 1720 173
W(CO);NH; — Light yellow — 167
W(CO)spy 114 Light yellow 2076, 1980, 1933, 152,167,174

1895
W(CO)scyclohexylamine — Yellow 2071, 1974, 1929, 152
1894
W(CO)saniline 115-117 dec. Yellow — 174
W(CO)spiperidine® 97 Yellow — 160
W(CO)smorpholine 139-141 Pale yellow 2070, 1979, 1935, 161
1915
W(CO)sNCMe 85 Yellow 2083, 1948, 1931 144,153,169
W(CO);acrylonitrile 74-75 Pale yellow 2079, 1949, 1934 153,175
W(CO),py; ~ 120 dec. Orange 2012, 1888, 1869, 152,167,
1828 174,176
W(CO),phen — Red — 176
W(CO).dipy — Deep red 2008, 1900, 1880, 165,176
1829
W(CO)(NCMe), 100 dec. Yeliow 2021, 1913, 1874, 144,169
1825
W(CO) (acrylonitrile); — — 2011, 1939, 1918, 153
1848
W(CO);terpy? — —_ — 172
W(CO);zden > 230 dec. Dark yellow 1873, 1718 57
W(CO)3(NCMe)s — Yellow 1892, 1776 144,177
W(CO)s(acrylonitrile)s — — 2012, 1980, 1911, 153
1842
W(CO).phen, — Dark blue 1766, 1736 173

2 Disubstitution products also described.

® Several other alkylhexahydrotriazine complexes of Cr, Mo, and W reported.

©’Attachment through the carbon~carbon double bond is believed (170) to occur in
this case, but for further discussion of this, see Ref. 153.

¢ Infrared evidence only; not isolated.
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TABLE 19

Carbonyl Compounds of Chromium, Molybdenum, and Tungsten with
Phosphorus-, Arsenic-, and Antimony-Containing Ligands

Compound Mp (°C) Color veo (cm™1) Ref.
'Cr(CO)sPPh, 127-128 Pale yellow 2066, 1988, 1942 187,194
Cr(CO)sP(OPh); 59.5-60 Colorless 2080, 2000, 1960 187,194
Cr(CO)sP(CH,CH,CN)3 136-137 Colorless 2063, 1988, 1938 187,194
Cr(CO)sP(NMey)s 145 dec. Yellow 2055, 1978, 1932 195
Cr(CO);AsPh; 135-135.5  Yellow 2066, 1988, 1942 187,194
trans-Cr(CO)(PPhs). 251-252 dec. Yellow 2012w, 1949w, 186,187
1897vs
Cr(CO)(P(OPh);). 148-149 Colorless 2038w, 1976w, 187,194
1930vs
Cr(CO).(P(OBu)a)= b, 230 Pale green 2024w, 1960w, 187,194
1906vs
Cr(CO) Diphos® 201 dec. Yellow 2012, 1901, 1877 188,197
Cr(CO)4[CH:(PPh,).]* 170.5-171.5 Yellow 2006, 1915, 1897, 188
1875
Cr(CO)4[0-CsH.(PPho).]* 162-164.5 Colorless 2001, 1906, 1884 188
Cr(CO),[C:H4(AsPhg).] T 173 Yellow 2008, 1893, 1869 198
Cr(CO),Diars 170 Pale yellow 2012, 1922, 1898 199,200
Cr(CO)3(P(OPh);s)s 126-126.5 Colorless 2028, 1961, 1908, 187
1876
Cr(CO)a(PF3)s — Colorless 2062, 2010, 1998 196
Cr(CO)s(v-triars) — Yellow 1923, 1825 201
Cr(CO)sQAS® 279-281 Yellow 1934, 1838 178
cis-Cr(CO);Diphos. 280-280.5 Pale orange 1848, 1708 188
trans-Cr(CO),Diphos. 279-280 Vermilion-red — 188
cis-Cr(CO)q{0-CsHy(PPhs)sle  263.5-266.5 Orange 1826, 1760 188
trans-Cr(CO)z[0-CsH4(PPh,).], Not isolated — 1844 188
Cr(CO)5[CaHa(AsPhs)z]2* 230-233 Yellow 1834, 1769 198
Cr(CO).QAS? 304-305 Orange 1841, 1788 178
Cr(CO).Diars; 226 dec. Yellow 1845, 1771 199,200
Crz(CO)g¢Diphos;®: ¢ 263 dec. Yellow 1923, 1834 197
Crz(CO)s(PEt2)." > 350 Maroon 2003, 1942 180
Mo(CO)sPPh; 138-139 Colorless 2074, 1988, 1946 187,194
Mo(CO)sP(NMe;); 152—-154 dec. Colorless 2066, 1983, 1938 195
cis-Mo(CO)4(PPh;). — — 2020, 1926, 1908, 184
1893
trans-Mo(CO)4(PPh;), 273-275 dec. Yellow 1902 186

{continued)
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TABLE 19 (continued)
. Compound Mp(°C) Color veo (cm~1) Ref.
cis-Mo(CO)4(PEt3). 73 Colorless 2014, 1915, 184,185
1900.5, 1890
trans-Mo(CO)4(PEt3). 58 Yellow 1887 184,185
trans-Mo(CQ), R(QPh)g)z 110-111 Colorless 2055w, 1990m, 187
~~~~ - 1941vs
Mo(CO) Diars 158 Colorless 2026, 1938, 1923, 199,200
1914
Mo(CO),[C:H(AsPh,):] 176 Colorless 2020, 1908, 1879 198
Mo(CO)s(PPhs)s° 160 dec. Yellow 1949, 1908, 1891, 57
1835
cis-Mo(CO)3(P(OPh);)s — Yellow 1898, 1757, 1733 203
Mo(CO)3(PF3)s 89 Colorless 2074, 2026, 1994 202
Mo(CO)3(PClg)a® 85 dec. Yellow 2041, 1989, 1960 57
Mo(CO)a(AsPhs)s 170 dec. Yellow 1957, 1910, 1889, 57
1847
Mo(CO)s(SbPhg)a 220 dec. Yellow 1972, 1945, 1875, 57
1850
Mo(CO).Diars, 231 Pale yellow 1859, 1786 199, 200
Mo2(CO),0P:Me, 141-142 Colorless 2079, 2069, 1990, 180
1954
Mo02(CO)10As:Me, 116.5-117.5 Yellow 2077, 2069, 1992, 180
1954
Mo3(CO)s(AsMey). 310-315 dec. — 2026, 1960 180
W(CO);PPh; 146-147 Pale yellow 2075, 1980, 1939 187,194
trans-W(CO)4(PPhs). 292-294 dec. Yellow 1894 186
W(CO)(P(NMez)s)z 153 Yellow 1870 195
W(CO),Diars 168 Pale yellow 2016, 1923, 1905, 199,200
1885
W(CO);(v-Triars) — — 1930, 1835 201
W(CO).Diars, 237 dec. Bright yellow 1850, 1774 199,200
Wa(CO)1oPsMe,y 162-163 Colorless 2079, 2068, 1981, 180
1946
W,(CO);p0As;Me, 144-146 Yellow 2079, 2070, 1985, 180
1947
W2 (CO)s(AsMey), >350 _— 2018, 1946 180

% Molybdenum and tungsten analogs also described.
® Molybdenum analog also described.
¢ Obtained by ligand exchange from Cr(CO)s(cycloheptatriene).
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of isomers has also been established by Poilblanc and Bigorgne for the
trisubstituted phosphine derivatives Mo(CO);L,.

The infrared spectra of some disubstituted compounds (187) in general
contain two weak bands at higher frequency in addition to the single band
expected for the Dy, symmetry of the trans isomer. This suggests trans =
cis rearrangement in solution. Chatt and Watson (188) also report evidence
for such a rearrangement for substitution products of Cr(CO)e with
bidentate phosphines. ]

Cotton and Kraihanzel (189) have analyzed the infrared spectra of
phosphine-substituted carbonyls of group VI metals in the C—O stretching
region.

Substitution compounds of chromium, molybdenum, and tungsten with
dialkylphosphide anions, PR3, have been reported (190). Their formation
occurs by ligand displacement from M(CO)3(NHj3);:

M(CO)3(NHa); + 3KPPh; — Ki[M(CO)s(PPhz)s] + 3NH; 121
In these compounds the oxidation number of the metal is formally zero.

i. Isonitriles. Cr(CO)g, Mo(CO)s, and W(CO), show a relatively low
reactivity towards alkyl isonitriles (191). Cr(CO)s does not react with
CH,;NC on heating at 100° for several days. With an aromatic isonitrile
the monosubstitution products M(CO); (p-CNCzH,OCHj), with M being
Cr, Mo, W, have been isolated by heating the hexacarbonyls at 130°C for
2-3 hr. The trisubstitution product, Cr(CO)s(CNR);, can be obtained by
ligand exchange from Cr(CO);(NH,),; (164). By the same ligand exchange
reaction but using Mo(CO);C,Hg and Cr(CO);C,H; as starting materials,
other alkyl and aryl isonitrile complexes have been obtained (58).
Bigorgne (192) has reacted Mo(CO)g with phenyl isonitrile and found
that also the bi- and trisubstitution products can be obtained by the direct
thermal reaction. Only mixtures of the three compounds were, however,
obtained and no isolation of the products was apparently attempted.
Murdoch and Henzi have reported (193) that mono-, bi-, and tri-
substitution products of Cr(CO)s, Mo(CO)s, and W(CO), with phenyl-
and cyclohexyl isonitriles can be obtained by the reaction of the halogeno-
pentacarbonylmetal anions [MX(CO);]~ (X = Cl, Br, I) with the ligand.

j. Mechanistic studies. As discussed in the previous sections, the hexa-
carbonyls of chromium, molybdenum, and tungsten react with several
Lewis bases to give substitution reactions of the type:

M(CO)s + nL === M(CO)s;_.L, + nCO (122)
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Reactions of this type have been carried out either thermally or photo-
chemically with different nucleophiles, such as amines, tertiary phosphines,
arbmatic hydrocarbons, and so on. The isotopic exchange reaction

M(CO)s + *CO =— M(*CO)s + CO (123)
falls in the same category.

Kinetic data on reaction 123 are available in the literature for Cr(CO)q
(93), Mo(CO)s (204), and W(CO)g (205). These three reactions have been
found to-be first order in M(CO)s concentration and to be independent
of carbon monoxide concentration. A dissociative reaction pathway was
therefore suggested for the isotopic carbon monoxide exchange:

slow
M(CO)s ——% {M(CO)s} + CO (124)
(M(CO)s} + *CO =25 M(CO), (125)

The activation energies for the exchange reactions are (in kcal/mole):
39 (Cr(CO)s), 30.8 (Mo(CO)g), and 40.4 (W(CO);). These results are con-
sistent with the generally accepted idea that octahedral complexes prefer to
react via dissociative mechanisms and suggest that reactions of the type
represented in Eq. 122 would occur similarly through a coordinately
unsaturated pentacarbonyl species. This was confirmed by kinetic studies
on the reactions of Mo(CO)s with phosphines (206), amines (206), and
aromatic hydrocarbons (207,2074). Zero order kinetics with respect to
the nucleophile concentration were found in all the experiments; when
activation parameters were determined, these were found to be in excellent
agreement with those previously obtained for the carbon monoxide
exchange reactions. The activation energy for the reaction of Mo(CO)g
with 1,2-bis(diphenylphosphino)ethane was found (206) to be 30.1 kcal/
mole, compared with 30.8 kcal/mole for the system Mo(CO)g/*4CO.

The reaction of group VI hexacarbonyls with aromatic compounds
deserves some comment.

M(CO)s + arene —> M(CO)sarene + 3CO (126)

Strohmeier (137) found that the rate of formation of Mo(CQ);CsHs_,R.,
(with R being F, H, Me for n = 1 and Me for n = 2), was only slightly
influenced by the nature of the substituent R.

The same author investigated the kinetics of the reaction of Mo(CO)g
with p-xylene to give Mo(CO);CgH Me,. He reported (208) that the rate
of evolution of carbon monoxide obeyed the following kinetic expression:

d[CO]}
dt

= kV[Mo(CO)]- V [p-xylene] 127
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This result suggested that the formation of the molybdenum complex takes
place by a mechanism more complicated than the one previously postu-
lated by Fischer and co-workers (76). These authors had postulated the
simultaneous displacement of three carbon monoxide groups from the
hexacarbonyl by the aromatic hydrocarbon.

Later, Brown (207) and Werner (207a) and their co-workers studied the
reactions of Mo(CO)g with aromatic hydrocarbons and obtained some
additional kinetic data. Brown operated under pseudo-first order condi-
tions, i.e., with a large excess of the aromatic compound. He found the
reaction to be first order with respect to Mo(CO)¢ concentration but
obviously he could not determine the order with respect to the aromatic
hydrocarbon. Werner showed the reaction to be first order with respect
to Mo(CO)g concentration and independent of arene concentration.
Accordingly, he proposed the following reaction mechanism:

slow + L(rapid)
Mo(CO)e ——>< {Mo(CO)s} __—)E Mo(CO)sL (128)
-CO -CO
Mo(CO)sL. —— Mo(CO),L —= Mo(CO);L 129)

Hexacarbonylmolybdenum therefore reacts by a dissociative mechanism
as was the case for the isotopic exchange reaction with *CO, which was
also found to be independent of carbon monoxide concentration (204).

Both Strohmeier (208) and Werner (207a) probably did not provide for
sufficiently prompt elimination of carbon monoxide from the reaction
mixture. Equilibrium effects can possibly be responsible for both Stroh-
meier’s kinetic expression (Eq. 127) and Werner’s dependence of rate
constants on initial Mo(CO)g concentration and on the aromatic hydro-
carbon used.

In connection with these mechanistic studies on the formation of tri-
carbonylarenemetal compounds, it is pertinent that Sheline and co-
workers (209) found some infrared evidence for the existence of labile
compounds of the type W(CO);L, with L being benzene, substituted
benzenes, or condensed aromatic hydrocarbons such as naphthalene or
anthracene. These species were produced by irradiation of hydrocarbon
solutions of W(CO) and the aromatic compound at room temperature or
lower (— 80 or —180°).

Although kinetic data for photochemical reactions of the type as shown
in Eq. 122 are not yet available, Strohmeier and Gerlach suggested (210,
211) that dissociative mechanisms should also be operative in these cases.
In other words, an unstable pentacarbonyl species should be formed as
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intermediate in the rate determining step, followed by a rapid reaction with
the nucleophile

hy )
M(CO)¢ —— M(CO)¥ ——> {M(CO)s} + CO (130)

This reaction mechanism is supported by the observations (212,213) that
the infrared spectra of the hexacarbonyls change drastically under ultra-
violet irradiatiogy,/For hydrocarbon solutions of W(CO),, three bands at
2075, 19364,r‘/and' 1912 cm~* were detected in the infrared spectrum, sug-
gestive of pentacarbonyl species. At room temperature the half-life of the
newly formed species is about 2 min. When hydrocarbon solutions of the
hexacarbonyls were cooled below the freezing point of the solvent and
irradiated directly in an infrared cell, a more rapid examination of the
produced species was made possible. From observations of changes in the
spectra with temperature, it was concluded that probably the penta-
carbonyl species in the frozen-glass state has a square pyramidal con-
figuration, whereas in the fluid state it is a trigonal bipyramid.
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G. Carbonyls of Groups V and 1V Transition Metals

The number of carbonyl derivatives of groups V and IV transition metals
is limited. The only known example of a carbonyl compound from the
group IV metals is Ti(CsH;5)2(CO)z. A list of the known compounds is
given in Table 20. _

Chemistry of hexacarbonylvanadium. V(CO)g is the only metal car-
bonyl in which the central metal atom does not attain the electronic con-
figuration of the next inert gas. It is paramagnetic, the effective atomic
number of the central metal atom being 35. The tendency of V(CO)e to
complete the shell of 36 electrons and hence form the diamagnetic
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[V(CO)s]~ anion is evidenced by its chemical reactivity. Hexacarbonyl-

_ vanadium undergoes disproportionation in the presence of Lewis bases,

such as diethyl ether, dioxane, pyridine, aliphatic amines, ketones, alde-
hydes, alcohols, and esters (1,2):

3V(CO)s + nB —— [V(B),]IV(CO)]. + 6CO asn

These reactions are usually fast. The salts [V(B),][V(CO)s]; can be iso-
lated and an/gly/zed, although they are extremely sensitive to air. In the
infrared they show one very intense band at 1861-1859 cm~* and another

TABLE 20

Carbonyl Derivatives of groups V and IV Transition Metals

Compound Color Mp (°C) Ref.
V(CO)s Black-green 70 dec. 1,29,30
[V(CO)sl~ Yellow — 1,2
[V(CO)sPPhs]~ Orange — 2,7
V(CO).(PPhj). Yellow 142 dec. 7
VCsH5(CO), Orange 138 10
VC:;Hs(CO)a(butadiene) Red 135140 dec. 22
[VCsHs(CO)3)2~ Yellow — 11
V(CO);C-H~ Dark green 134-137 dec. 23
[Nb(CO)sl~ — — 31
NbC;Hs(CO),4 Orange-red 144-146 32,33
[Ta(CO)s] - Yellow — 31
TaCs;Hs(CO). Red 171-173 33
Ti(CsHs)2(CO)2 Red-brown > 90 dec. 34

weak one at 1894-1895 cm 1. Although the cause of this second band is
not yet clear, this is characteristic of the infrared pattern of the [V(CO)s]~
anion (see Table 21). Only a single C—O stretching vibration should in fact
be observed in the infrared spectrum of the [V(CO)g]~ anion if this had O,
symmetry. The extra band at higher wavenumbers observed in tetrahydro-
furan could result from a proximity effect by the cation with a consequent
distortion of the octahedron. This, in substance, is how Edgell and co-
workers (4) explained the presence of extra bands in the infrared spectrum
of NaCo(CO),.

The value of n in Eq. 131 can vary from 4 to 6, but it is usually 6 with
oxygen-containing Lewis bases (3) such as acetaldehyde, acetone, methanol,
and dimethylformamide.
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The tendency of V(CO)¢ to form the more stable anion is also evidenced
by the oxidative properties exhibited by hexacarbonylvanadium toward
vanadium = complexes, such as V(CzH;),; (5) and V(CgH;Mes), (6). (See
Sec. VIIL)

Very few substitution reactions of V(CO)¢ have been described so far.
The reaction with PPh, gives trans-V(CO),(PPhg), (7). The reactions of
V(CO)¢ with several phosphines of the types PR3, PR,H, and PRH,, have
been reported (8). Tertiary phosphines give derivatives of type (84) or (85)
depending on the nature of R.

V(CO)«(PRs). [V(CO)a(PRa):]:
(34 (85)
R = Ph, Et, Pr R = CeHu

The reactions of V(CO)s with PHs, PHPh, (8) and P,Ph, (9) give
dimeric diamagnetic compounds [V(CO),PR;,]; for which PR,-bridged
structures (86) have been proposed.

R R
\/
P

7N
(0C)V V(CO),
N,
P
7N\
R R
(86)
R =H, Ph

Another substitution reaction is the treatment of V(CO)g with NO,
where the nitrosyl V(CO);NO was reported (2) to be formed. This com-
pound, however, is very unstable; it could not be isolated and only infra-
red measurements of its solution have been carried out.

VC;H;(CO), was first prepared by the reaction of V(C;H;), with carbon

monoxide (10) or, better, with carbon monoxide and hydrogen under

pressure (11). Nevertheless, the cyclopentadienyl compound can also be
obtained (12) in good yield by the direct reaction of V(CO)¢ with cyclo-
pentadiene at about 40°. The reactions of VC;H(CO), with tris(dimethyl-
amino)phosphine, Tdp, (13), bis(trifluoromethyl)dithietene (14), and
dimethyl disulfide (15) have been described. In the first case the monosub-
stitution product VC;Hs(CO);Tdp is obtained. Bis(triluoromethyl)di-
thietene and dimethyl disulfide cause the displacement of all the carbon
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- monoxide groups from VC;Hy(CO), and the formation of dimeric, prob-

ably sulfur-bridged, compounds (87) and (88).

C——-CF3 S—CH4
\ C—CF / s\—cw3
c-:tﬁ—<5% \ S<LCH,
Fyc—C—S S—CH3

87) (88)

By reaction with cycloheptatriene, VC;H;(CO), is converted into the
mixed complex V(CsH;)(C,H,), paramagnetic for one electron; therefore
the central vanadium atom should be regarded as in a zero oxidation state
(16).

The reactions of VC;H5(CO), with acetylene (17), with monosubstituted
acetylenes (17) and with disubstituted acetylenes (18) have been described.
Compounds of the type VC;H(CO),(RC;H) (89), with R being H, Pr, Bu
and ¢-Bu, were isolated. With disubstituted acetylenes, such as the di-
methyl ester of 2-butynedioic acid and bis(trifluoromethyl)acetylene, com-
plexes of composition V(CsHs)o(RC,R) (90), were obtained.

s \\c N,
\ R
R
(89) (90)

R = H, Pr, By, t-Bu R = COOMe, CF;

Tetracarbonylcyclopentadienylvanadium can be acetylated on the five-
membered ring with acetyl chloride in the presence of AlCl; (19-21).

Reactions with aliphatic and cyclic dienes in the presence of ultraviolet
irradiation give compounds of formula VC;H5(CO),(diene) (22).

Y(CO);C,H, has been obtained (23) directly from V(CO)s and C,Hg,
without evolution of hydrogen. Here, as in the previous case of C;Hg, the
hydrogen is probably absorbed by the excess of unsaturated compound
employed. Calderazzo and Calvi have shown (24) that the reaction between
V(CO)g and C;H; gives not only V(CO)3(C;H;) but also a red-brown
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microcrystalline product of formula [V(C;Hg)(C;H)][V(CO)e]. In this
ionic compound, the positive charge is on the cycloheptatrienyl ring, and
the vanadium atom is in a zero oxidation state. In agreement with this
interpretation, the compound has a p, of 1.84 B.M., corresponding
approximately to one unpaired electron.

Tt has been shown (25) that aromatic compounds react with V(CO); at
about 35° to give the ionic red crystalline [V(CO),arene][V(CO)g].

2V(CO)¢ + arene —> [V(CO)qarene][V(CO)s] + 2CO (132)

Later (26a), reaction 132 was shown to be of a completely general charac-
ter and several other methyl-substituted compounds of the same type were
prepared and characterized. The only limitation is the presence of basic
groups on the aromatic molecule. In such a case the competing dispropor-
tionation reaction 131 becomes predominant. Despite that, the anisole
derivative [V(CO).(PhOMe)][V(CO);] could be isolated, although in very
small yields. From the infrared spectra in the C—O stretching region, a
square pyramidal configuration for the [V(CO),arene]* cation was
suggested. -

TABLE 21

Infrared Carbonyl Stretching Frequencies in Derivatives of
Groups V and 1V Transition Metals

Compound veo (em™1) Medium Ref.
V(CO)¢ 1976 Cyclohexane 2
[V(CO)s1~ 1895 w, 1859 vs THF 6
VCsHs(CO). 2019, 1919 Chloroform 35
[VCsHs(CO)s12~ 1748, 1645 Nujol 36
V(CO0);C-H; 1975, 1915 Heptane 23
NbC;Hs(CO), 2000, 1901 CS; 33
[Ta(CO)s]l~ 1850 — 31
TaCsHs(CO). 2020, 1900 CS, 33
Ti(CsH5)2(CO)2 1964, 1883 Benzene 34

1975, 1897 Heptane 26b

Attempts have been made to use the [V(CO),arene]* cations as starting
material for the synthesis of the still unknown V(CO)zarene complexes.
However, all attempts to prepare these complexes from the tetracarbonyl-
arenevanadium (I) compounds were unsuccessful. On the other hand, by
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treatment of [V(CO),Ce¢Hg_,R,]* with sodium tetrahydridoborate, the
cyclohexadienyl compounds V(CO),CsH7_.R, were obtained (27).

[V(CO)CsHs-nRs]* + BHy —— V(CO).CeH,_nR. + 1B:zHs (133)

Similar reactions with NaBD, yielded the corresponding deuterated
compounds. The nuclear magnetic resonance spectra suggested that the
addition of hydrogen occurs at unsubstituted positions of the aromatic
ring. L

No extensive x-ray structural work has yet been done on vanadium car-
bonyl derivatives. A preliminary communication on the x-ray structure of
V(CO);C,H, has appeared (28). The compound appears to have a * piano-
stool” configuration with the planar C, ring approximately parallel to the
plane containing the three carbon monoxide groups.
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VI. HYDRIDO METAL CARBONYLS AND RELATED
COMPOUNDS

M

Transition metals do not give definite hydrides of the type MH,, but
rather have a tendency to give hydrides of the interstitial type (Ti, V) or
other hydrides of more definite composition but indefinite nature (Ni, Co,
Fe, and Cr).

However, when other ligands such as carbon monoxide, tert-phos-
phines, or the cyclopentadienyl anion are bonded to a transition metal,
definite hydrides (although of usually low stability both to air and heat)
are obtained. Some of the hydrido carbonyls and substituted hydrido car-
bonyls of transition metals that have been reported are listed in Table 22.

The isolation and handling of the unsubstituted hydrido metal carbonyls

is usually very difficult because of their volatility and thermal instability;
many of them are unstable even at room temperature.

Hydrido metal carbonyls exist either as neutral species, such as
MnH(CO)s, or as negatively charged species, such as [FeH(CO),] . It is
perhaps worth pointing out that in the latter example, the metal should be
formulated as in a zero oxidation state, if the negative charge is regarded
as being carried by the hydrido ligand.

Some of the hydrido carbonyls behave in aqueous solution as strong
acids, as is the case for CoH(CO),. However, it would be unwise to use this
experimental fact and draw conclusions about the polarity of the metal-
hydrogen bond in the gas phase or in solutions of nonpolar organic
solvents.

For a review on the general subject of hydrido complexes of transition
metals, see Ref. 1.

TABLE 22

Hydrido Metal Carbonyls and Related Compounds

Compound Mp (°C) Color Ref.
CrH(CO);s* —_ — 49
Cr(CsH;)H(CO); 57-58 dec. Yellow 50-52
[Cr2H(CO)10] - — Yellow 14,15,53
Mo(CsHs)H(CO); 50-52 dec. Yellow 50-52
Mo(CsHs)H(CO)4-p[PMe:] 215 Red-orange 22,23
[MoH(CO)s0] -~ — — 14,15,54
W(CsH;)H(CO)s 65.5-67 Yellow 50-52
[W2H(CO),0]1~ — — 14,15
MnH(CO); —24.6 Colorless 4,5

bp ~100°
Mn;H(CO), — Red 16
Mn;H(CO),4(BHs), — Dark red 18
MnoH(CO)g-u[PPh;] 154-155 Yellow 55
MnH(CO)g-u[P(CF3):] — Yellow 56
MnH(CO).PPh, 137-5 Yellow 57
TcH(CO);¢ — — 58
ReH(CO); 12.5 Colorless 59,60
ResH3(CO)0 _ —_— Colorless 20
FeH,(CO), . ca. —70 Light yellow 61
[FeH(CO),]~ —_ Light pink or 62,63
colorless
FesHo(CO)y,° — — 64,65
[FesH(CO)4,]™ — Dark red 13,64
Fe,Ho(CO);3 — Black-brown 21
[FesH(CO),a]~ — Deep brown 21,66
Fe(CsHs)H(CO), -5 Yellow 67
OsH;(CO),* — — 68
CoH(CO), —26 Yellow 69-71
CoH(CO);P(OPh), ~0 dec. — 72
CoH(CO),(P(OPh)3)s - 88 Colorless 73
CoH(CO);PPh, ~ 20 dec. Light yellow 72
CoH(CO)XPF3)s —67 Light yellow 3
FeCosH(CO);2 ~ 100 dec. Black-violet 74
RhH(CO), ca. —11 Pale yellow 75
RhH(CO)(PPhg)s — — 38
IrH(CO),* — — 76
IrH(CO)(PPh;)s — — 38
Ni;H,(CO)e? — —_ 77-80
NigH(CO)o* — Black-violet 81

@ Not isolated in a pure state or of doubtful existence.

b Extrapolated.

¢ Isolated in traces and identified only by infrared spectrum.

4 Isolated as vermilion-red NigHz(CO)s-4NHs.
¢ Nickel analysis only.
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A. Mononuclear Compounds

The preparation of hydrido metal carbonyls involves the use of vacuum
techniques because the hydrido compound formed on acidification of a
carbonylmetallate according to reaction ! must be separated as soon as
possible from the reaction mixture and collected in a cold trap in order to
limit its spontaneous decomposition.

[M(CO),]- + H* —— MH(CO). )}

CoH(CO), is best prepared (2) by acidification, with dilute H,SO,, of the
solution of tetracarbonylcobaltate(I—) obtained from Co,(CO)s by a
disproportionation reaction in the presence of pyridine:

3C0,(CO)s + 12py ——> 2 [CopysliCo(CO),): + 8CO )
2H+ -
[Copys][Co(CO)s)e — 2CoH(CO), + 6py + Co?* 3)

Kruck and Lang (3) have obtained tris(trifluorophosphine)carbonyl-
hydridocobalt, CoH(CO)(PF5)s, in excellent yields by treating Coy(CO)g
either with PF3; and HF or with PF; and hydrogen in the presence of
platinum.

400 atm
2Co02(CO)s + 6PF; + 2HF T) 2CoH(CO)(PF3)s + CoF. + 10CO “4)

240 atm
COz(CO)a + 6PF3 + Hz 70——9

°, 5 days

2CoH(CO)(PF.); + 6CO ®)

The compound shows a remarkable thermal stability: it can be distilled at
80.5° at normal pressure without appreciable decomposition and it is
oxidized by atmospheric oxygen only very slowly.

MnH(CO); was prepared (4,5) by acidification of an aqueous solution
of NaMn(CO); with dilute H;PO,. When the compound must be free_of
water or of any hydrogen-containing substance, the following procedure
is recommended (6). The complex, NaMn(CO);-#THF, obtained from
Mn,(CO),, and Na sand in tetrahydrofuran, is heated at about 60° in vacuo
for several hours to eliminate the tetrahydrofuran of crystallization. The
sodium pentacarbonylmanganate(I—) is then treated with dry hydrogen
chloride at about —10° and the hydride is collected under vacuum in a
container cooled to liquid nitrogen temperature.

The preparation of MnH(CO)s; and Mo(CsH;)H(CO); has been des-

cribed in detail (7,8). The uncharged mononuclear compounds listed in
Table 22 are very volatile. Those with phosphorus-containing substituents
are less volatile and show a relatively high thermal stability. The thermal
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- stability of MnH(CO); is much higher than that of CoH(CO), and

F§H2(CO)4. The latter compounds decompose at room temperature with
evolution of hydrogen and formation of Co4,(CO)g and Fe,(CO),,. For the
cobalt compound this is a reversible process:

2CoH(CO); == Hj + Coz(CO)q ®)

The rate of decomposition of CoH(CO), is proportional to the square of
its concentration (9,9a). This explains why CoH(CO), is relatively stable
in dilute solutions or when diluted with an inert gas (CO, H,, or He—
there is no specific action by any one of these gases). The hydrido com-

- pounds of Co, Fe, and Mn behave as acids in aqueous solution. CoH(CO),

is soluble in either hydrocarbons or water; in aqueous solution, it is as
strong an acid as HCI (9).

The first dissociation constant (10) of FeH,(CO), (K; = 3.6 x 1075 is
comparable with that of acetic acid. MnH(CO); is, however, a very weak
acid (K = 0.8 x 10~7) in aqueous solution (5). Aqueous solutions of the
pentacarbonylmanganates are hydrolyzed according to the following
equation:

[Mn(CO)s]- + H,O—— MnH(CO); + OH~ Q)

In decreasing order, the solubilities in H,O (5) are as follows: for
CoH(CO),, ~3 x 1072 mole/1 at 18°; for FeHy(CO),, 1.1 x 10-3 at
0°; and for MnH(CO);, 1.25 x 10-* at 20°.

VH(CO)s has not yet been isolated as such. Acidification of aqueous
solutions of alkali metal hexacarbonylvanadates gives V(CO)g rather than
VH(CO)s. However, when acidification is carried out in the presence of
diethyl ether (11), the hydrido carbonyl can be extracted as the oxonium
salt [(CoHs),OH]* [V(CO)s]~. The hypothetical VH(CO)q is probably a
strong acid, since its alkali metal salts are stable toward hydrolysis and it
forms the oxonium salt. Although probably complicated by experimental
uncertainties, the potentiometric titration (12) of aqueous solutions of

"VH(CO)¢ supports the view that this compound behaves as a strong acid.

B. Polynuclear Compounds

-Several hydrido polynuclear compounds are known. These are anionic
or neutral species.

Examples of the anionic type are: [FesH(CO),,]-, [Fe,H(CO),3]-, and
[M,H(CO),,0]~, with M being Cr, Mo, and W (see Table 22).

The most readily available of these compounds is [Fe;H(CO),,]". Its

-
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preparation was reported in detail by Case and Whiting (13) and consists
of treating Fe(CO),; with aqueous triethylamine at 80° for 10 hr. Almost
quantitative yields of [NEtzH][Fe;H(CO),;} are obtained as dark red
prisms.

Sodium or tetraalkylammonium salts of the [M H(CO);,]- anions
(M = Cr, Mo, W) can be prepared by the direct reaction of the hexa-
carbonyls with NaBH, or NEt,BH, (14,15). For other indirect methods of
preparing these binuclear species, see Section V-F.

Examples of uncharged polynuclear hydrido complexes are:
Mn,Hx(CO)s (16), MngH,(CO)i; (17), MngH(CO),o(BHg), (18),
TczHp(CO), 2 (or Tey(CO)12?) (19), RegHa(CO)y5 (20), Fe Ho(CO), 5 (21),
and Moy (CsH;) H(CO),-n[PMe,] (22,23).

It is worth noting that Mn,Hy(CO);, MnzH,(CO),,, and
Mn;H(CO),(BH;), have been reported to be obtained by treating
Mny(CO),, with NaBH, in tetrahydrofuran, followed by acidification
with HzPO,. Considering that MnH(CO); is also a product of this reac-
tion, it is soon realized how complex is the chemical behavior of deca-
carbonyldimanganese with respect to NaBH,.

From the reaction of Tc,(CO);, with sodium amalgam, followed by
acidification with H;PO,, extraction with cyclohexane and evaporation of
the solvent, a trinuclear carbonyl compound was isolated (19). To
account for its observed diamagnetism, the compound was regarded
as the hydrido Tcz;Hg(CO),5, although the hydrogen could not be de-
tected either by analysis or by nuclear magnetic resonance measurements.
Formulation of the technetium compound as hydrido is, however,
strongly supported by the isolation of Re;H3(CO),; (20). This compound
was obtained by reacting Re.(CO),, with NaBH, and then acidifying. The
presence of hydrogen was established by direct elemental analysis. On the
other hand, the infrared evidence for the presence of hydrogen in the com-
pound was rather ambiguous; also no proton peaks could be observed in
the nuclear magnetic resonance spectrum. Later infrared and Raman spec-
tra investigations (24) of this rhenium complex were only partially success-
ful in resolving the problem. A very weak band at 1100 cm~! was observed
which on deuteration shifted to 787 cm~1. This band was assigned to a
rhenium-hydrogen stretching vibration. The unusually low wavenumber
for a metal-hydrogen stretching was correlated with the particular bond-
ing situation of hydrogen, which probably bridges two rhenium atoms.

C. Bonding and Structures
Although the nature of bonding in hydrido metal carbonyls has been the
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* subject of many papers, it was only recently that the problem seems to have

been clarified.

CoH(CO),, FeH,(CO),, and MnH(CO); have been extensively investi-
gated, especially by infrared and NMR methods. Of particular value from
structural and diagnostic points of view are the NMR measurements, since

- hydrido metal carbonyls are characterized by proton resonances at high

field, as shown in Table 23.

T TABLE 23
Proton Resonance and Infrared Spectra of Hydrido Metal Carbonyls
and Related Compounds

Chemical shift

Compound 7° from TMS? vm-p (cm~%)  Ref.
Cr(CsHs)H(CO); 15.95 — 52
Mo(CsHs)H(CO); 15.65 — 52
MOz(CsHs)zH(CO)4-[.L [PMCz] 21.73 — 22

(Doublet)
[CreH(CO)10] - 29.17 — 14,15
[Mo,H(CO),0] " 22.15 — 14,15
[W:H(CO)10]~ 22.52 — 14,15
W(CsH)H(CO); 17.55 — 52
MnH(CO); 17.5 1782-3 33,34
MnH(CO)g-u[PPhg] 26.8 — 55
(Doublet)
MnH(CO)g-p[P(CFj3).] 29.07 — 56
ReH(CO); — 1832 60
FeH;(CO), 21.1 — 29
CoH(CO), 20.7 1934 32,82
CoH(CO)(PF3)s 21.4 — 3
RhH(CO)(PPhg); 19.9 — 38
IrH(CO)(PPhg)s 21.2 — 38
IrHCIL(CO)(PEtPh;), 19.0 2008 83
cr =10 — 8.

b TMS = tetramethylsilane.

CoH(CO),, which has been most extensively studied because of the
interest in it as catalyst for the hydroformylation reaction (25,26), will be
discussed more fully. The bonding considerations derived will be generally
applicable to the other hydrido metal carbonyls.
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Some pertinent experimental findings about CoH(CO), are: (a) the com-
pound shows a large proton chemical shift to high field similar to other
hydrido carbonyls of transition metals (27); (b) the compound does not
show infrared bands attributable to O—H stretching vibrations (27-29);
and (c) the compound behaves as a strong acid in aqueous solution,
although its solubility in water is rather low. On the basis of these findings,
it was possible to rule out the first structural hypothesis (30,31) in which
the hydrogen atom was considered as being bonded to the lone pair of
electrons of the oxygen atom. It is now generally agreed that the hydrogen
atom is bonded to the cobalt. Bands involving Co—H vibration modes
have been identified in the infrared spectrum of CoH(CO), (28,29,32). The
Co—H stretching vibration has been located (32) at 1934 cm~1! in the gas
phase, whereas a band at 703 cm ™! is attributable to a Co—H bending
motion. In MnH(CO); the Mn—H stretching vibration is at about 1782
cm™! (33,34). From spectroscopic data (32) it appears that the metal-
hydrogen force constant is higher in CoH(CO), than in MnH(CO);.

Electron diffraction (30) and infrared studies suggest, but do not prove,
that the CO groups are approximately tetrahedrally arranged about the
cobalt atom. )

On the basis of theoretical considerations two structures were proposed.
In one of the structures, the bond is formed by interaction between the d.z
orbital of the metal and the 1s orbital of the hydrogen, the hydrogen being
placed on a Cj; axis of the [Co(CO),] tetrahedron. The Co—H distance was
calculated (35) to be about 1.2 A (= 2.3 au). In another structure postu-
lated by Liehr (36), a tetrahedral arrangement of the CO groups was again
assumed and it was proposed that the hydrogen was bonded to the cobalt
atom through the d,2 (or d,2 _,2) orbital, the hydrogen atom being located
on the fourfold rotation-reflection axis of the tetrahedron. Although no
Co—H distance was deduced, the large chemical shift was interpreted as
due to the shielding of the proton by the high electron density on the metal.

It appears now, however, that the large proton chemical shift in
CoH(CO), does not necessarily imply an exceedingly short Co—H dis-
tance. The NMR data of the hydrido metal carbonyls have been theoreti-
cally explained (37) on the basis of a normal Co—H distance, i.e., between
2.5 and 2.9 au (the sum of the covalent radii for Co—H being 2.8 au). Sup-
port for this theory has been given by the recent preparation of two substi-
tuted carbonyl hydrides of iridium and rhodium, IrHCO(PPh,); and
RhHCO(PPh;);, which show a large chemical shift to high field (38), com-
parable with that of CoH(CO), (see Table 23). The location of hydrogen
in the rhodium complex was shown by an x-ray investigation (39) in which
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- the metal-hydrogen distance was found to be 1.72 + 0.15 A. Preliminary

x-ray data (40) on MnH(CO); have shown that the molecule has approxi-
mately C,, symmetry. The position of the hydrogen ligand was not estab-
lished precisely, but if certain assumptions are valid, the manganese-
hydrogen distance should be in the range 1.4-1.6 A. A further report on
the x-ray structure of MnH(CO); (41) has substantially confirmed the pre-
liminary data. Although the hydrogen position was still not located, further
evidence was gathered that the hydrogen atom should occupy a definite
position around the metal, which is in an approximately octahedral en-
vironment. On the other hand, . an Mn—H distance of 1.28 A was
calculated from the second moment that was obtained in a broad-line pro-
ton nuclear magnetic resonance investigation of a polycrystalline sample
of MnH(CO); at —165° (42).

The view that hydrogen probably occupies a definite position in the co-
ordination sphere of the metal in all the hydrido carbonyl compounds is
also supported by the Raman spectrum of [FeH(CO),] ", isoelectronic with
CoH(CO), (43). This spectroscopic investigation definitely excludes a
tetrahedral arrangement of the CO groups and the number of vibration
modes observed suggests a Cg, symmetry of the molecule. It will be noticed
that a trigonal bipyramidal model with three CO groups in the equatorial
positions belongs to this symmetry group.

The high resolution spectrum of MnH(CO);s in the CO stretching region
has been reported (44).

Sometimes, the metal-hydrogen stretching vibrations are not easily
observed in the infrared spectrum. This is true for the hydrido compound
of rhenium, ReH(CO),(PPhy),, reported by Freni and co-workers (45).

The structures of polynuclear hydrido metal carbonyls present several
interesting aspects. Although not directly located, the hydrogen atom of
Moy(CsH;),H(CO),-u[PMe,] was suggested to occupy a symmetrical
position between the two metal atoms (23). A molybdenum-hydrogen—
molybdenum three-center bond would account for the observed diamagnet-
ism of the compound, the presence of a direct metal-metal bond being
therefore not strictly required.

A similar metal-hydrogen-metal bond has also been suggested to exist
in the compound Mnz;H(CO),o(BHz3), (18). A representation of this mole-
cule is shown in Fig. 19.

The anionic hydrido species of group VI transition metals
[M;H(CO),0]~ have also been suggested to contain the hydrido ligand
symmetrically and equally bonded to both metal atoms (14). This view has
been verified by an x-ray investigation of [Cr,H(CO),0]" as its tetra-
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FIG. 19. Molecular configuration of Mnz;H(CO):o(BH3). (H. D. Kaesz,
W. Fellmann, G. R. Wilkes, and L. F. Dahl, J. Am. Chem. Soc., 87, 2753 (1965)).

Published by permission.

ethylammonium salt (46). It was suggested that the hydrogen, although not
directly located, had to be collinear with the two chromium atoms in order
to preserve the D, symmetry of the molecule. A representation of the
[CroH(CO);,]~ anion as the Dy, model is shown by 1.

Finally, the x-ray structure of [FegH(CO),,]" is of considerable interctst
because of the structural analogies which have been proposed to exist
between this anionic hydrido complex and Fey(CO),, (47). As Fig. 20
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- shows, the anion has been found to have a triangular arrangement of the

iron atoms. Two of the iron atoms have three terminal CO groups. One
unique CO group is in the molecule and this bridges the two equivalent iron
atoms. The hydrogen atom, although not directly located, was assumed to
be symmetrically arranged with respect to the two equivalent iron atoms
and to constitute with them a delocalized three-center metal-hydrogen—
metal bond. The three-center bond would then enable the two equivalent

FIG. 20. A schematic representation of the [Fe;H(CO),:]~ anion.

iron atoms to reach the closed shell configuration; therefore a direct
metal-metal bond between them is not strictly required. In conclusion, the
molecular configuration of [FegH(CO),,]~ consists of two equivalent iron
atoms and a third one with a different environment. The M&ssbauer spec-
tra of the anion (48) are consistent with the established x-ray structure.
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VIL NITROSYL METAL CARBONYLS AND RELATED
COMPOUNDS

Nitrosyl metal carbonyls are those compounds in which both carbon
monoxide and nitrogen oxide are bonded to a transition metal.

The list in Table 24 is not limited to nitrosyl metal carbonyls as defined
above but it is extended to some substituted compounds. Even some com-
pounds which do not contain carbon monoxide have been included. This
is done to provide a broader view of the chemistry of nitrogen oxide com-
plexes. The discussion, however, will be limited mainly to unsubstituted
nitrosyl metal carbonyls.

An excellent review of the coordination chemistry of nitrogen oxide has
appeared (1). Nitrosyl metal carbonyls, however, have been treated only
briefly. ‘Also previous reviews on metal carbonyls have treated nitrosyl
derivatives in a somewhat casual way. It seems therefore justified to have
a separate section dealing with this subject.

Nitrogen oxide can be bonded to metals as NO~, NO, or NO*. For
metal carbonyl nitrosyls it is generally accepted that nitrogen oxide is
bonded to the transition metal as NO*. The bonding can be visualized as
involving a decrease of one unit in the oxidation state of the metal, fol-
lowed by the donation of an electron pair from the nitrosyl cation NO* to
the metal through the nitrogen atom.

It is to be noted that nitrosyl metal carbonyls as defined above contain
the central metal atom in a 1 — oxidation state or lower, depending on the
number of NO groups present and on the charge of the compound.

Since NO* is isoelectronic with carbon monoxide, Seel (1a) proposed
the word “nitrosyl” for those compounds in which nitrogen oxide acts as a
three-electron donor. Two series of diamagnetic metal carbonyl nitrosyls
are known; i.e., the “pseudotetracarbonylnickel” and the *“pseudopenta-
carbonyliron” series:

Ni(CO)s Co(NOXCO)s Fe(NO),(CO); Mn(NO);CO
Fe(CO)s Mn(NO)(CO),

A. Methods of Preparation
Co(NO)(CO),. The reaction by which Mond and Wallis (2) first pre-
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TABLE 24

Mp or bp
Compound Color O Ref.
[NiBr(NQ)].2 Blue-black — 30
[NIiI(NO)],.* Blue-black — 30
NiCsHs(NO) Red-brown bis 4748 9°.31,32
mp —41
Ni(NO)(NO) Light blue — 9¢
cis-[NiI(NO)PPh;]. Blue-black 185-190 dec. 33
NiI(NO)(PPhs). Blue-black 180185 dec. 33
Ni(NO)2(PPhg)2 Dark purple —_ 34
[PACI(NO)],. Deep brown — 35
PdCl1,(NO), Black-brown — 35-37
PtCsH;(NO) Orange mp 64 38
Co(NO)YCO)3 Deep red breo 77.8¢ 39
78.6 2
mp -—1.05 2
—11 40
Co(NO)(PF3)s Red-brown mp —92 41
Co(NOYCO)(PPha), Red mp 130 13
CF3zCo(NO),P(OPh); Red-brown mp 58 42
C;F5Co(NO),PPh; Violet-brown mp 65 43
[CoCI(NO).]. Black — 44,45
[CoBr(NO);]2 Black — 44,45
[CoI(NO);}: Black — 44,45
K[CoCN(NO)(CO).] Red-brown — 46
[RhCI(NO)z]. Black — 36,47
[RhBr(NO).l. Black — 47
[RhI(NO).1, Black — 47
Rh(NO)(PPh;); Deep red 175 dec. 48
Ir(NO)(PPhs)s Orange mp 155-156 49
Fe(NO)(CO), Deep red 50 dec.
mp 18.5
18.1 45
d, 1.568
Fe(NO)(PF3). Red-brown Liguid 41
Fe(NO)(CO)y(m-allyl) Deep red Liquid 50
[FeNO(CO)s]~ Deep yellow — 51
Fe,Hg(INO)2(CO)s Deep red Sublimes 52

(continued)
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TABLE 24 (continued)

Mp or bp

Compound Color O Ref.
Fe(NO):(CO)SbPh; Red-orange 105-115 dec. 13
CF3sCOFe(INO)(CO)(PPhg). Deep red — 53
[FeBr(NO):l. Black —- 30,45
[FeI(NO)zl2 Black — 30,45
[Fe(NO);1ICl1 Black — 54
[Fe(NO)3]Br Black —_ 54
[Fe(NO)3]I Black — 54
[Fe(NO)3;]NO Black-brown 0 dec. 22,55
Ru(NO); (D Red — 24
Mn(NO)(CO). Deep red mp —1.5+0 8
Mn(NO);CO Green mp 27 7,56
Mn(NO);PPh; Deep green 119 dec. 71,57
Mn(NO)(CO);PPh; Red 185-190 dec. 58,59
Mn(NO)(CO)x(PPhjy). Orange 205-210 dec. 59
[MnCsHs(NOXCO).1* . — — 31
[MnC:;Hs(NO)(CO)ls™ Violet > 200 dec. 27
CH;00CMnCs;Hs(NOYCO) Orange mp 56-58 60
Mno(NO)(CO), Deep red ~ 140 dec. 8
Mny(CsHs)a(NO); Dark purple 100 dec. 26
CrCsHs(NO)(CO)q Red-orange mp 67-68 32
[CrCsHs(NO)212 Dark violet mp 158-159 27
[CrCsH5(NO):]Cl1 Greenish ~ 140 dec. 26

yellow

CH3CrCsHs(NO), Green mp 83 61
[CrCsHs(NO)(CO)PFg Olive 143-144 dec. 62
MoCs;Hs(NO)(CO)2 Orange-red mp 85 32
WC;Hs(NOYCO), Orange-red mp 105-107 32
V(INO)(CO)PPh, Orange 88-90 dec. 63
VNO(CO)s° Red-violet — 64

@ Probably n = 4.

b Obtained from Ni(CO), and NO in the presence of cyclopentadiene.

¢ Obtained from Ni(CO), and NO at room temperature in cyclohexane.

4 Extrapolated.

¢ Not isolated, infrared spectrum only.
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pared the compound in 1922 is still probably the best method for its
preparation.

Co2(CO)s + 2NO —— 2Co(NOXCO); + 2CO @

The reaction is fast and quantitative at 40°.

Other methods of preparation involve the oxidation of the [Co(CO),]~
anion by nitrogen oxide (3) or by NaNO, (4). If high pressure reaction
vessels are not available for the preparation of Co,(CO)g, an alkaline solu-
tion of [Co(CO),]~ can be obtained by treating an alkaline solution of
Co?*, containing small amounts of CN—-, with carbon monoxide at
atmospheric pressure. The subsequent treatment with nitrogen oxide gives
Co(NO)(CO)3, which can be separated from the reaction mixture by evapo-
ration under vacuum into a trap at Dry Ice temperature (4a) (587%, yield).

Fe(NO),(CO),. This is prepared by the reaction (5) of nitrogen oxide
and Fe(CO); at 95°. Fe,(CO)y and Feg(CO),, also give the nitrosyl car-
bonyl, but by some complex reactions during which Fe(CO); is also
formed. Fe(NQ),(CO), can be prepared in about 40%, yield by treatment
of an aqueous alkaline solution of Na[FeH(CO),], obtained from
Fe(CO); and aqueous sodium hydroxide, with NaNQO, and acetic acid (4).
Fe(NO);(CO), has more recently been prepared from NOCI and Fe(CO)s;
however, the yields were not high (6).

Mn(NO)3(CO). This compound was prepared (7) by the action of NO
on MnlI(CO); at about 100°. The stability of this compound toward oxida-
tion is lower than that of the cobalt and iron nitrosyl carbonyls mentioned
above.

Mn(NO)(CO),. This was prepared (8) in a rather unexpected way by
the reaction of MnH(COQO); with N-nitroso-N-methyl-p-tolylsulfonamide.
This is the first member of the “pseudopentacarbonyliron series” to have
been prepared.

The simple unsubstituted metal carbonyl nitrosyls are all highly colored
substances that are liquid at temperatures around 30°; the highest melting
point is that of Mn(INO);CO, (27°). They are all very volatile: the extrapo-
lated boiling point of CoNO(CO); is 77.8° at ordinary pressure. Their
covalent character is also evidenced by their large solubilities in organic
solvents and their insolubility in water.

Compounds of a rather different nature are obtained from the reaction
of Ni(CO), with nitrogen oxide. The blue, air and water sensitive solid
obtained from this reaction has been formulated (9) as Ni(NO,)NO.
When the reaction is carried out in the presence of cyclopentadiene and an
amine, the cyclopentadienyl compound Ni(C;Hg)NO is obtained.

-
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No unsubstituted nitrosyl carbonyls of the group VI transition metals
are known as yet. Treatment of Mo(CO), with NO and HCl in ethyl alco-
hol gives the nitrosyl derivative Mo(NO)(C,H;OH);Cl; (9a). By ligand
exchange, Mo(INQO),(PPh;),Cl; can be prepared from it.

B. Chemical Properties

Nitrogen oxide and carbon monoxide groups in Co(INO){(CO); are quanti-
tatively displaced by reaction with bromine (10). Of particular interest are
the reactions of the nitrosylcarbonyls of cobalt and iron with different
ligands. The early work by Hieber and Anderson (11) on the reaction of
Co(NO)(CO); with pyridine has been recognized (12) to be partly incor-
rect. The reaction of Co(NO)(CO); with pyridine gives initially the
substitution product Co(NO)(CO)py., which could not be isolated and
was identified only spectroscopically. Then the system reacts further to give
ionic compounds, probably [Co(py).][Co(CO),],. True substitution prod-
ucts of Co(NO)(CO); and Fe(NO),(CO), have been obtained, however,
with 1,10-phenanthroline (12), 2,2'-dipyridyl (12), triarylphosphines (13),
triarylarsines (12,13), triarylstibines (12,13), alkyl and aryl isonitriles (14),
PCl;, PCI,Ph, and PCIPh, (15).

Malatesta and Araneo (13) made the observation that carbon monoxide
groups, but not nitrogen oxide groups, can be replaced in nitrosyl metal
.~ carbonyls. The products obtained from the substitution reactions there-
fore, are of the type: Co(NO)(CO),L, Co(NO)(CO)L,, Fe(NO),(CO)L,
and Fe(NO),L,. The trisubstitution products of Co(NO)(CO); are not
obtainable directly, even under drastic conditions (12). Similarly, carbon
monoxide, but not nitrogen oxide, is displaced from Mn(NQ);CO;
Mn(NO);P(CgH;); is obtained (7) by treating the nitrosylcarbonyl with
triphenylphosphine. The reactions of Fe(NO),(CO), with alkyl and aryl
diphosphines and diarsines have been investigated (16,17) and found to
give phosphorus- and arsenic-bridged complexes of the type 1. The
analogy between these compounds and Roussin’s red ethyl ester (2) (18) is
evident.

The reactions of Co(NO)CO); and Fe(NO),(CO), with aqueous and
methanolic alkaline solutions have been investigated by Hieber and his co-
workers. Co(NO)(CO); reacts with methanolic KOH to give the tetra-
carbonylcobaltate ion. The following equation has been proposed (19) to
represent the reaction:

3Co(NO)CO); + 9OH- —— 2Co(OH), + [Co(CO)4]~ + 2HCOz
+ 3CO%- + N; + NHs (2)
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From Fe(NO),(CO), and various alkaline systems (20), the nitrosyl-
carbonylferrate anion [Fe(NO)(CO);]- is formed. The same anion is
obtained from the system Fe(NO),(CO),, Na amalgam, and THF.

H,C
- AN
~—~____ R R CH.
N/ I
ON E NO ON S N
NN S N_¥v O N\_/
Fe: Fe Fe Fe
S ON_ N\ SN N
ON E NO ON S NO
VRN |
R R CH,
AN
E = P, As; R = Me, Ph, CF;
a1 @

The reaction of the mercury derivative Hg[FeNO(CO);]l, with tri-
phenylphosphine has been shown (21) to give the substitution product
Fe;Hg(NO),(CO).(PPh;y),. The similar reaction with P(N(CHj,),)s, Tdp,
gives Fe(NO),(Tdp), and the ionic [FeNO(CO)y(Tdp).]J[FeNO(CO),],
depending on the reaction conditions.

C. Bonding and Structures

With few exceptions the compounds in Table 24 contain nitrogen oxide
acting as a three-electron donor to the tramsition metals; i.e., being
bonded as nitrosonium ion NO+. The compound Fe(NO), is a striking ex-
ample of a molecule in which both types of NO (as NO+ and as NO ) are
present. It has been suggested (22) that this compound should probably be
regarded as [Fe(NO)3]* NO~. It has also been proposed (23) that the com-
pound previously reported (24) as Ru(NO); is possibly Ru(NO), and has
a structure similar to that of the iron compound. The main evidence for
these new formulations is the infrared spectrum. As shown in Table 25,
NO ligands absorb in the region between 1700 and 1850 cm~?, depending
on the degree and nature of substitution. The compound Fe(NO), shows a
band at about 1140 cm ~* which has been attributed to the NO -~ group.

An alternative suggestion has been made (24a) concerning the structure
of Fe(NO),. This was regarded as a dimer, (NO);FeN,0,Fe(NO),, with
a trans-hyponitrite group bridging two Fe(NO); units. The same was
tentatively suggested to hold for the ruthenium analog.



TABLE 25

Infrared Stretching Vibrations in Nitrosyl Metal Carbonyls

and Related Compounds

Compound vno (cm™1) veo (cm 1) Ref.
Ni(C;Hs)NO 1833 — 31
[Ni(NO)]NO,, 1845 — 9
PAC;Hs(NO) 1789 — 38
PACI;(NO), 1833, 1818 — 36
PtCsH5(NO) 1739 —_ 38
CoNO(CO), 1822 2108, 2047 65
Co(NO)(CO)(PPhs)2 1717 1956.7 15
Co(NO)(PFa)s 1844 — 41
[CoCI(NO)2]2 1859, 1790 — 66
[CoBr(NO).]: 1858, 1795 — 66
[CoI(NO):]: 1846, 1792 — 66
[RhCI(NO);], 1703, 1605 — 36

1721, 1575 — 47

[RhBr(NO).]. 1718, 1568 — 47
[RhI(NO).]. 1710, 1559 — 47
FeNO(CO),Cs3H5 1761 2038, 1983 50
Fe(NO)(CO), - 1810, 1766 2083, 2034 7
FeoHg(NO)(CO)s 1771, 1744 - 2070, 2051, 67

2007, 1973,

1950
[Fe(CO);sNO]~ 1651 1984, 1881 68
CF3;COFe(NO)(CO)(PPhs3), 1710 1931 53
Fe(NO)(CO)PPhs 1764, 1722 2009 6
Fe(NQO):(PF3)2 1838, 1788 . — 41
[FeI(NO):]2 1818, 1771 — 66
[Fe(NO);]1Cl 1826, 1763 — 66
[Fe(NO);]Br 1821, 1764 —— 66
[Fe(NO);]L 1809, 1763 — 66
[Fe(NO);]NO 1810, 1730, — 22

1140

Mn(NO)(CO), 1759 2095, 2019, 8

1972
Mn(NO)3(CO) 1823, 1734 2088 7
Mn(NO);PPh; 1780, 1697 — 57
Mng(CsH5)3(NO)s 1732, 1510, — 26

1495 ~

[CrCsHs(NO):]ICI 1823, 1715 — 26
[CrCsHs(NO)(CO)] ™ 1873, 1779 2137 62
V(NO)(CO)s 1700 2108, 2064 64

1992
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The frequency shift of the infrared N—O stretching vibration, depend-
ing on whether the nitrosyl group is bonded as NO* or NO -, is explained
in terms of valence bond theory by the following two bonding forms:

=) (+) + =)
M—N=0 M—N=0
B €)) “

Infrared data are valuable because they can help in distinguishing be-
tween limiting forms of bonding, such as 3 and 4. Besides that, when the
predominant bonding form is 3, the central metal atom has a certain
excess of negative charge that can be relieved by virtue of an additional
bond between a filled d orbital on the metal and the correctly oriented p
orbital on nitrogen. Nitrogen oxide in fact has been recognized (15) to be
as good a = acceptor as carbon monoxide or slightly better. The infrared
N—O stretching frequencies are very sensitive to relatively small changes
in bonding. The infrared data of Table 25 illustrate the situation quite
clearly. From what was said before, it is, for example, readily understood
why the NO stretching frequency of [Fe(NO)(CO);]~ is lowered to 1651
cm ™! relative to Fe(NO),(CO),, and why substitution of one or two carbon
monoxide groups in Co(NO)(CO); with a weaker m-electron acceptor such
as PR3, will cause an analogous decrease of the N—O bond order and,
consequently, a decrease of the N—O stretching frequencies.

Fairey and Irving (25) have shown that the infrared frequencies of the
N—O stretching vibrations are considerably solvent dependent, an effect
normally observed also in the case of the C—O stretching vibrations.
Polar solvents shift the NO stretching vibrations to higher wavenumbers
in compounds of the type RuX3(NO)L,, where X is a halogen atom and L
different ligands, such as tertiary phosphines, arsines, and stibines. In
view of this, comparison of infrared solution data are significant only if the
solvent is the same.

Slightly stronger m-acceptor properties of nitrogen oxide compared with
carbon monoxide would be consistent with the previously mentioned ob-
servation that, in Fe(NO),(CO), and Co(NO)(CO)s, only the carbon
monoxide groups can be displaced by triarylphosphines or other ligands.
In fact, an increased d,—p, bond from the metal to the NO ligand will
strengthen the metal-nitrogen bond with respect to the metal-carbon bond.

Rather few examples of polynuclear nitrosyl compounds are known.
For Mny(CsHs)s(NO); and [Cr(C;Hs)(NO),l,, structures containing NO
bridges have been proposed (26,27). Also the dimeric [MnCsH5(CO)(NO)],
has been suggested to have NO bridges (28). These suggestions have been
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made on the basis of infrared bands attributed to N—O stretching modes
and occurring at unusually low frequencies. X-ray structural work to
elucidate this point would be desirable. :

No x-ray studies have been published for any of the known nitrosyl
metal carbonyls. An early electron diffraction investigation (29) of
Fe(NO),(CO), and Co(NO)(CO); has, however, been reported. This indi-
cated that in both compounds the nitrogen oxide and carbon monoxide
ligands are in a tetrahedral arrangement around the central metal atom.
The following distances have been found, and are compared with those in
Ni(CO), obtained by the same method.

Compound Distances (A)
M—C Cc—O M—N N—O
Fe(NO)2(CO), 1.84 + 0.02 1.15 + 003 1.77 £ 002 1.12 + 0.03
Co(NO)(CO); 1.83 £+ 0.02 1.14 + 003 1.76 + 0.03 1.10 + 0.04
Ni(CO), 1.82 £ 0.02 1.15 =+ 0.03 — —

It is interesting to note that, while in metal carbonyls the C—O distance
(mean value about 1.16 A) is higher than in the free carbon monoxide
molecule (1.128 A), the N—O distance in Fe(NO),(CO), and Co(NO)CO);
is somewhat lower than in nitrogen oxide (1.15 A).

REFERENCES

1. R. J. Irving, Rec. Chem. Progr., 26, 115 (1965).

la. F. Seel, Z. anorg. allgem. Chem., 249, 308 (1942).

2. R. L. Mond and A. E. Wallis, J. Chem. Soc., 1922, 32.

3. G. Bor and B. Mohai, Acta Chim. Acad. Sci. Hung., 12, 57 (1957); Chem. Abstr.,
52, 5192 (1958).

4. F. Seel, Z. Anorg. Allgem. Chem., 269, 40 (1952).

a. A. A. Blanchard and P. Gilmont, J. Am. Chem. Soc., 62, 1192 (1940).

J. S. Anderson and W. Hieber, Z. Anorg. Allgem. Chem., 208, 238 (1932).

D. W. McBride, S. L. Stafford, and F. G. A. Stone, Inorg. Chem., 1, 386 (1962).

C. G. Barraclough and J. Lewis, J. Chem. Soc., 1960, 4842.

P. M. Treichel, E. Pitcher, R. B. King, and F. G. A. Stone, J. Am. Chem. Soc., 83,

2593 (1961).

9. R. D. Feltham and J. T. Carriel, Inorg. Chem., 3, 121 (1964).

9a. F. Canziani, U. Sartorelli, and F. Cariati, Ann. Chim. (Rome), 54, 1354 (1964).

10. G. W. Coleman and A. A. Blanchard, J. Am. Chem. Soc., 58, 2160 (1936).

11. W. Hieber and J. S. Anderson, Z. Anorg. Allgem. Chem., 211, 132 (1933); Chem.

Abstr., 27, 2646 (1933).

12,
13,
14.
15.
16.

17.
18.
19.
20.

21.
22,
23.
24,

Nitrosyl Metal Carbonyls and Related Compounds

W. Hieber and J. Ellermann, Chem. Ber., 96, 1643 (1963).

L. Malatesta and A. Araneo, J. Chem. Soc., 1957, 3803.

L. Malatesta and A. Sacco, Z. Anorg. Allgem. Chem., 274, 341 (1953).
W. D. Horrocks and R. C. Taylor, Inorg. Chem., 2, 723 (1963).

W. R. Cullen and R. G. Hayter, J. Am. Chem. Soc., 86, 1030 (1964).
R. G. Hayter and L. F. Williams, Inorg. Chem., 3, 717 (1964).

J. T.Thomas, J. H. Robertson, and E. G. Cox, Acta Cryst., 11, 599 (1958).

W. Hieber and J; Ellermann, Chem. Ber., 96, 1667 (1963).

W. Hieber, H. Beutner, and J. Ellermann, Chem. Ber., 96, 1659 (1963).
R. B. King, Inorg. Chem., 2, 1275 (1963).

W. P. Griffith, J. Lewis, and G. Wilkinson, J. Chem. Soc., 1958, 3993.
C. C. Addison and J. Lewis, Quart. Rev. (London), 9, 115 (1955).

W. Manchot and W. J. Manchot, Z. Anorg. Allgem. Chem., 226, 385 (1936).

24a. J. B. Raynor, J. Chem. Soc. (A), 1966, 997.

25.
26.
27.
28.
29.

30.
31.
32.

33.
34,
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

M. B. Fairey and R. J. Irving, Spectrochim. Acta, 20, 1757 (1964).
T. S. Piper and G. Wilkinson, J. Inorg. Nucl. Chem., 2, 38 (1956).
R. B. King and M. B. Bisnette, J. Am. Chem. Soc., 85, 2527 (1963).
R. B. King and M. B. Bisnette, Inorg. Chem., 3, 791 (1964).
O

209

. Brockway and J. S. Anderson, Trans. Faraday Soc., 33, 1233 (1937); Chem.

L.
Abstr., 31, 8299 (1937).
W. Hieber and R. Nast, Z. Anorg. Allgem. Chem., 244, 23 (1940).

T. S. Piper, F. A. Cotton, and G. Wilkinson, J. Inorg. Nucl. Chem., 1, 165 (1955),
E. O. Fischer, O. Beckert W. Hafner, and H. O. Stahl, Z. Naturforsch., 10b, 598

(1955).

W. Hieber and 1. Bauer, Z. Anorg. Allgem. Chem., 321, 107 (1963).
W. P. Griffith, J. Lewis, and G. Wilkinson, J. Chem. Soc., 1961, 2259.
J. Smidt and R. Jira, Chem. Ber., 93, 162 (1960).

W. P. Griffith, J. Lewis, and G. Wilkinson, J. Chem. Soc., 1959, 1775.
W. Manchot and A. Waldmiiller, Chem. Ber., 59, 2363 (1926).

E. O. Fischer and H. Schuster-Woldan, Z. Naturforsch., 19b, 766 (1964).

B. Mohai and G. Bor, Narturwiss., 44, 325 (1957).

P. Gilmont and A. A. Blanchard, Inorg. Syn., 2, 238 (1946).

T. Kruck and W. Lang, Angew. Chem., 76, 787 (1964).

W. Hieber, J. Muschi, and H. Duchatsch, Chem. Ber., 98, 3924 (1965).
W. Hieber and E. Lindner, Chem. Ber., 95, 2042 (1962).

W. Hieber and R. Marin, Z. Anorg. Allgem. Chem., 240, 241 (1939).
H. Soling and R. W. Asmussen, Acta Chem. Scand., 11, 1534 (1957).
R. Nast and M. Rohmer, Z. Anorg. Allgem. Chem., 285, 271 (1956).
W. Hieber and K. Heinicke, Z. Naturforsch., 14b, 819 (1959).

W. Hieber and K. Heinicke, Z. Anorg. Allgem. Chem., 316, 321 (1962). -

M. Angoletta, Gazz. Chim. Ital., 93, 1591 (1963).

H. D. Murdoch, Z. Naturforsch., 20b, 179 (1965).

W. Hieber and H. Beutner, Z. Naturforsch., 15b, 323 (1960).

W. Hieber and H. Beutner, Z. Anorg. Allgem. Chem., 320, 101 (1963).
W. Hieber, W. Klingshirn, and W. Beck, Chem. Ber., 98, 307 (1965).
W. Hieber and W. Beck, Z. Naturforsch., 13b, 194 (1958).

W. Manchot and E. Enk, Ann. Chem., 470, 275 (1929); Chem. Abstr., 23, 3869

(1929).



210 Metal Carbonyls: Preparation, Structure, and Properties

56. C. G. Barraclough and J. Lewis, Proc. Chem. Soc., 1960, 81.

57. W. Hieber, W. Beck, and H. Tengler, Z. Naturforsch., 15b, 411 (1960).

58. R. F. Lambert and J. D. Johnston, Chem. Ind. (London), 1960, 1267.

59. W. Hieber and H. Tengler, Z. Anorg. Allgem. Chem., 318, 136 (1962).

60. R. B. King, M. B. Bisnette, and A. Fronzaglia, J. Organometal. Chem., 4, 256
(1965).

61. T. S. Piper and G. Wilkinson, Chem. Ind. (London), 1955, 1296.

62. E. O. Fischer and P. Kuzel, Z. Anorg. Aligem. Chem., 317, 226 (1962).

63. R. P. M. Werner, Z. Naturforsch., 16b, 478 (1961).

64. W. Hieber, J. Peterhans, and E. Winter, Chem. Ber., 94, 2572 (1961).

65. R. S. McDowell, W. D. Horrocks, and J. T. Yates, J. Chem. Phys., 34, 530 (1961).

66. W. Hieber and A. Jahn, Z. Naturforsch., 13b, 195 (1958).

67. W. Hieber and W. Klingshirn, Z. Anorg. Allgem. Chem., 323, 292 (1963).

68. W. Beck, Chem. Ber., 94, 1214 (1961).

VHI. CATIONIC METAL CARBONYLS AND RELATED
COMPOUNDS

The existence of cationic metal carbonyl species has been postulated for
some years. The dramatic change in the infrared spectrum of penta-
carbonyliron upon addition of organic nitrogen bases was attributed by
Wender and co-workers (1) to the presence of the hexacarbonyliron cation
formed according to the disproportionation:

IFe(COYs s [Fe(CO)oJ?* [Fe(CO)a]2 - )

Although the occurrence of disproportionation (1) is debatable in view
of a later investigation by Edgell and co-workers (2), the original paper by
Wender and co-workers has the merit of having drawn attention to the
possible existence of cationic metal carbonyls. Further, it was also sug-
gested that enneacarbonyldicobalt, Co,(CO),, was formed when Co,(CO)q
was treated with carbon monoxide at high temperature and pressure. The
ionic structure [Co(CO);]*[Co(CO),]~ was then considered. Unfortu-
nately, the instability under normal conditions of pressure and tempera-
ture of this new carbonyl precluded the study of its properties (3). However,
the assignment of an ionic structure to Coy(CO)y has been indirectly con-
firmed by the closely related reaction (4,5) of Coy(CO)g with triaryl- and
trialkylphosphines. Tonic compounds have been isolated from this reac-
tion:

Cox(CO)s + 2PR; —> [Co(CO)s(PRys)e]* [Co(CO)]~ + CO )

The cation formed is in fact the phosphine-substituted analog of
[Co(CO)s]™.
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Evidence for the existence of the thermally unstable species
[Co(CO),ROH]* has been obtained. The cation is formed when Co,(CO)g
is treated with alcohols (6).

However, unsubstituted cationic metal carbonyls have been isolated and
characterized only lately. One of the most common methods of preparation
requires the use of (a) a halogeno metal carbonyl, (b) a Lewis acid capable
of abstracting a halide anion from it, and (c) a ligand in order to saturate
the coordination number of the metal. The preparation of [Mn(CO)e]*
(7-9) from MnCI(CO);, carbon monoxide under pressure, and AlCl; typi-
fies this:

MnCI(CO)s + CO + AICl; —— [Mn(CO)e]*{AICL]~ A3)

The cation [Re(CO)g]*, isoelectronic with [V(CO)s]~ and [Ta(CO)¢]-
was prepared by Hieber and Kruck (9) by a similar method from the dry
reaction of Re(CO);Cl with carbon monoxide at 85-95° and 300-500 atm.
The [Tc(CO)g]* cation was obtained similarly (10).

From preliminary experiments (9) it seems that the cationic species
[Fe(CO)s}?* and [Os(CO)s]?* can also be obtained from the halogeno-
carbonyls FeCly,(CO), and OsCl,(CO),. The tetrachloroaluminate of
[Re(CO)q]* is stable to 205° and dissolves in water without decomposition.
In contrast, the manganese complex, [Mn(CO)¢l* is rapidly reduced to
[Mn(CO);]-, which is in turn hydrolyzed to MnH(CO);, according to the
overall reaction:

[Mn(CO)s]* + HyO —> MnH(CO); + H* + CO, @

In addition to the unsubstituted cationic species many other complex
cations containing both carbon monoxide and other ligands have been
prepared. A cationic substituted metal carbonyl has been obtained (11) by
the reaction of MnBr(CO); with refluxing mesitylene in the presence of
AlCl;. This reaction, which gives the cation [Mn(CO);CsH;Me,]*, has
been extended (12) to the preparation of the benzene, toluene, hexamethyl-
benzene, and naphthalene analogs.

Cyclopentadienyl-substituted cationic metal carbonyls can be prepared

‘in several different ways. [FeC5H5(C0)3I]+ and [FeCs;H;(CO),C;H,]*

have been obtained (13) by the reaction of the cyclopentadienylhalogeno
metal carbonyl with carbon monoxide (or ethylene) in the presence of
AlBr; as halogen acceptor:

FeBr(CsH:)(CO), + AlBr; + CO —— [FeCsHs(CO);]AIBr, (&)
FeBr(CsHs)(CO)z + AlBrs + C2H4 —_— [FCC5H5(CO)2C2Hg]AlBr4 (6)
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[MoC;H;(CO),]* and [WC;H;(CO),]* have been synthesized similarly
(8,13). [FeCsH(CO);3]* can also be prepared under carbon monoxide
pressure from Fel(C;H;s)(CO), in aqueous HPF 4 (14) or by treatment (15)
of FeCl(C;H;)(CO), with NaBPh,, thus:

CO
FeCl(CsHs)(CO); + NaBPhy —— NaCl + [FeCs;Hs(CO);] *BPhy ()]

In a more complicated system [CrC;H;(CO),]Br, was obtained (16) from
Cr(CsH;)H(CO);, carbon monoxide, and boron trifluoride etherate.

Hydrocarbon-substituted cationic species are also obtained by either
hydride abstraction from or protonation of w-olefin metal carbonyl com-
pounds. A few examples of these types of reactions will be given here. The
cycloheptatrienyl complex [Mo(CO);C,H;]* was obtained (17) from the
following reaction:

Mo(CO)3CsHe + (CsHs)sCBF, — [Mo(CO);C;H-1"BF; + (CeHs)sCH (8)
The same hydride abstraction reaction applied to tricarbonylcyclohexa-

1,3-dieneiron gives the tricarbonylcyclohexadienyliron cation (18). Pro-
tonation of neutral diolefin complexes (19,19a) gives w-allyl systems:

H,C

\ H,C +
CH - AN
(OC);Fe C|H —> |(CO),Fe <——/CH (9)
™~/ HC
H,C |

CH,

Similarly the treatment of the cyclooctatetraene complex Fe(CO);CgHg
with HBF, (20) gives the cation [Fe(CO);CgHyl*, which has been shown
(21) to have a bicyclic structure: tricarbonylbicyclo[5,1,0]octadieniumiron

cation (1). N

Fe(CO)a

)

A substituted methylcyclopentadienyliron cation is obtained (22) by
protonation of a tricarbonylfulveneiron derivative:

Cationic Metal Carbonyls and Related Compounds 213

‘ P [ ]
c A cH
AN \
Fe Fe
— Q/ Ne OC/ N
ol c ‘o
o5 0 e’

Finally, cationic carbonyl complexes of vanadium can be obtained by
using V(CO)s as an oxidizing agent. The cation [V(CsHs),(CO).]*, has

- been prepared (23) by the reaction of V(CO)s with V(CsHs), and carbon

monoxide at atmospheric pressure and room temperature:
V(CsHs)s + V(CO)s + 2CO —> [V(C;5Hs)2(CO),][V(CO)s] an

The reaction of V(CO)g with aromatic hydrocarbons (24) has also been
shown to give cationic tetracarbonylarenevanadium(l) complexes:

2V(CO)s + arene —> [V(CO).arene] *[V(CO)s]~ + 2CO (12)

The mechanism of formation of these arenevanadium compounds prob-
ably involves the intermediate formation of unchanged substitution
products of V(CO)s, which are then oxidized to the final products by a
second molecule of hexacarbonylvanadium:

—CO -CO

V(CO)s + arene —— [V(CO)sarene] —— [V(CO),.arene] 13)
+CO +CO

[V(CO).arene] + V(CO)s —> [V(CO),arene]*[V(CO)sl~ (14)

Physical Measurements. The two colorless cations [Mn(CO)¢]* and
[Re(CO)s]* are diamagnetic and, in accordance with a probable octa-
hedral arrangement of substituents, have only one C—O stretching fre-
quency, at 2101 and 2083 cm ™!, respectively.

TABLE 26

Carbonyl Stretching Frequencies and Intensity Measurements in
Isoelectronic Hexacoordinate Metal Carbonyls

Ix 10-7
Compound ve-o (cm™1) (cm x mol~! x 1)  Solvent
[Mn(CO)e]* 2090 34.8 THF
[Cr(CO)e] 1896 70.7 CCl,
[V(CO)el~ 1859 130.8 THF




TABLE 27

Substztuted Cationic Metal Carbonyls and Infrared Data in the
Carbonyl Stretching Region

Cation veo (cm™1) Ref.
[Co(CO)s(PPhs).]* — 4,5
[Cox(CO)4Diphos]?* 2000, 1950 27
[FsCeCoCsHs(CO). 1+ 2140, 2080 27a
[FsCoCoCsHs(CO)YPPhy)]1+ 2080 27a
[FeCsHs(CO)s]+ 2132, 2079, 1996 8,13-15,28
[FeCsHs(CO)y(ethylene)] 2083, 2049 13
[FeCsHs(CO)o(propylene)]™ — 29
[FeCsH5(CO)o(butadiene)] + — 29¢
[FeCsHs(CO)o(cyclohexene)]* — 29
[FeCsH5(CO)CaH,]* 2131, 2079 300
[Fe(CO)s(cyclohexadienyl)]* — 18
[Fe(CO)s(1-methyl-7-allyD)]* 2150, 2085 19
[Fe(CO)s(pentadienyl)] + 2120, 2072 31
[Fe(CO)s(1,5-dimethylpentadienyl)] + 2111, 2060 31
[Fex(CO)4(CsH;s).PMes]+ 2038, 2026, 2015, 32

1992, 1970, 1942
[Mn(CO)s(ethylene)] + 2165, 2083, 2062 7
[Mn(CO)sPPh;]+ 2138, 2086, 2046 33,34
[Mn(CO)4(PPh;),]* 2003 33,34
[Mn(CO)4(TePhy).]* — 35
[Mn(CO)sCsHgl™ 2083, 2024 12
[Mn(CO);CsHsMes]+ 2070, 2016 11,12
[Mn(CO);Diphos,] + 1897 27,36
[CrCsH5(CO), 1 2114, 2037 16
[MoCsHs(CO), 1+ 2128, 2041, 1980 8
[Mo(CsHs)CO(CgHig)1+ 2013 37
[MoCsH5(CO)s(ethylene)] + 2105, 2053, 2006 13
[MoCsHs(CO);NH;:]* 2070, 2008, 1980¢° 38
[Mo(CO)s(cycloheptatrieny)]+ 2028, 1987, 1949 17
[WCsH:(CO)4 1" 2128, 2028, 1965 8
[WCsHs(CO)CsHgl* ¢ 2009 37
[W(CO)s(CsMeg)CI 2080, 2020, 2005° 39
[WC5sH5(CO)s(ethylene)] + 2105, 2053, 2004 13
[WCsHs(CO);NH;1+ 2058, 1976, 1953¢ 38
[V(CsH5)o(CO)1* 2050, 2010 23
[V(CO).CsHgl* 2068, 2018, 1986 24

¢ Only one double bond of buta-1,3-diene is coordinated to the central atom.

® Obtained by addition of dry
FeCsHs(CO),CH,C.H.
¢ For the tetraphenylborate.

to the

o-propargyl compound
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Comparison of infrared spectra (25) in the isoelectronic series
[Mn(CO)g}*, Cr(CO)g, [V(CO)g]~ shows a regular decrease in the C—O
stretching frequency and a regular increase in the intensity along the series
(see Table 26). The frequency shift is in agreement with the corresponding
increase of negative charge on the metal.

hydride and water respectively, do not exchange with **CO (26). All the
cations listed in Table 27 are diamagnetic and most are not stable in water,
[FeCsH5(CO),(C,H,)]* being one of the exceptions.
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IX. HALOGENO METAL CARBONYLS AND
RELATED COMPOUNDS

A. Introduction

The known halogeno metal carbonyls are listed in Table 28. The substi-
tuted analogs have been excluded from the list, with the exception of those
of cobalt, for which unsubstituted compounds are not known or at least
not well established. The discussion will be limited to halogenocarbonyls
of the transition metals with the exclusion of the group IB metals, from
copper to gold. Halogenocarbonyls containing hydrocarbon ligands, such
as FeBr(CsH;)(CO), or FeBr(C;H;)(CO); will not be discussed.

The preparation of halogeno metal carbonyls can be carried out, es-
pecially with the second and third row of group VIII metals, by treating
the metal halides with carbon monoxide at high temperature with or with-
out the use of a halogen acceptor. Carbon monoxide itself can act as a
halogen acceptor, forming phosgene and phosgene analogs, COX,. Halo-
genocarbonyls of iron and group VII transition metals are, however, better
prepared by treatment of the corresponding metal carbonyls with halogens.

Halogeno metal carbonyls can be considered formally as coordination
compounds of metals whose oxidation state is equal (for the uncharged
compounds) to the number of halogen atoms attached to it. Oxidation
states of 1+ and 24 are often encountered in this class of compounds.
Zero oxidation states are found in some negatively charged compounds,
such as [CrCI(CO);]".

Infrared data on halogeno metal carbonyls are very helpful for structural
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. TABLE 28
Halogeno Metal Carbonyls and Related Compounds

Compound Color Mp (°C) Ref.
[Pd,CH(CO)z], Yellow 150 dec. 5
[PACI;CO), ~————  Yellow — 4
PtCl,(CO). Colorless 103 8,11,101
PtBr(CO), Colorless 75 sublimes 11
PtIz(CO). Cherry red 40 sublimes 11
[PtCl(CO)]. Brick red 195 8,11
[PtBra(CO)l. Red 187 11,15,102
[PtI.(CO)]1. Violet 140 11,15
Pt.Cl,(CO); Orange 123 8,11
Pt;Br.(CO); Brick red 142 11
[PtCl:(CO)]- Yellow 2202 11,15,19
[PtBrg(CO)] - Golden yellow 245¢ 11,15
[PtI;(CO)]~ Orange-red 230¢ 11,15
PtF(CO), Pale yellow Sublimes 9
[Col(CO)]. Black-brown — 21
CoI(CO)s(PPh;) Dark brown 185 dec. 22
CoBr(CO)(PPhs),” Brown 107-108 dec. 22,23
Col(CO)o(PPhg).? Brown 97-100 dec. 22,23
[RhCI(CO).], Ruby red 125.5 2,25,26
[RhBr(CO),l. Brown 118 25,26
[RhI(CO),]. Orange 114 25
[Rh(CN)Y(CO);). Blue — 103
[RhF3(CO).]. Orange-red — 9
[RhCIx(CO).1~ Pale yellow 81 dec.© 33
[RhBry(CO).]1~ Pale yellow 86 dec.© 33
[RAI(CO).]~ Mustard yellow 78 dec.c 33
[RhyBrs(CO)5)% - Orange-red 174 dec.© 33
IrCl,(CO), Colorless 140 dec. 32,36

" IrBry(CO), Pale yellow — 36
IrIx(CO), Light yellow — 36
IrCI(CO)s Light brown — 36
IrBr(CO); Brown —_ 36
IrI(CO), Deep brown — 36
IrT5(CO), Deep red — 37
[Ir1s(CO).l2 Brown-red —_ 37
Ir.Is(CO)s Dark red — 37

(continued)
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TABLE 28 (continued)

Compound Color Mp (°C) Ref.
[IrBr(CO);]~ Yellow 190 dec.® 40
[Ir1,(CO).]1~ Red 2102 37,40
[IrBrsCO]~ Pink 293¢ 37
[IrIs(CO)] - Brown-red 308 37
[IraCly(CO),]~ Brown 225 dec.® 40
[Ir2Bry(CO).]~ Dark brown 250 40
[IrI . (CO)]- Red 273¢ 37,104
[Irs16(CO).] - Brown 260° 40
[Trzle(CO)412 - Light red 2842 37
[Ir1;CO] - Brown 256¢ 37
[IrIz(CO):1- Green-yellow 158¢ 37
Fel,(CO)s — — 53,54
FeClx(CO), Yellow -— 47
FeBr(CO), Brown-red — 47,48
Fel,(CO), Red — 47
Fe,I(CO)s White -5 56
FeICI(CO), Deep yellow — 105
FelBr(CO), Red-brown — 105
[FeClx(CO):l. Deep brown — 105
[Fel(CO).l. Deep brown — 106
[FeI(CO).l. — — 106
Rul(CO), Golden yellow > 140 dec. 1,68
[RuCl,(CO).]. Lemon-yellow — 63
[RuBr,(CO):l. Light orange —_ 63
[Rul(CO).l. Ochre — 63,64
[RuBr(CO)1, Colorless —_— 67
OsCl(CO), Colorless — 69
OsBrx(CO), Colorless and — 69

light yellow
OsIx(CO), Yellow and — 69

deep yellow
[OsBr(CO)4l2 Yellow — 69
[OsI(CO)4]2 Yellow-orange — 69
OsCl(CO)s Colorless 269-273 70
OsBry(CO); Yellow — 69
OsI;(CO); Deep yellow —_ 69

(continued)
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TABLE 28 (continued)

Compound Color Mp (°C) Ref.
[OsBrz(CO).l. Yellowish — 69
[OsI(CO)o)i~— Light yellow — 69
MnCKCO); Pale yellow — 75
MnBr(CO)s Yellow — 75
MnI(CO)s Orange — 75,76
Mn(SCN)(CO)s Golden yellow — 107,108
[MnCl(CO)4]» Orange — 75
[MnBr(CO).]. Brown — 75
[MnI(CO),]: Dark brown — 75
[MnClx(CO).]~ Pale yellow — 74,95
[MnBry(CO),] - — — 74,95
[MnIz(CO).]~ Deep red — 74,95
[MnzCla(CO)s}? Yellow — 74
[Mn;Br(CO):12~ — — 74
[MnoIo(CO)s12— Red — 74

" TeCI(CO)s® Colorless — 87,109
TcBr(CO)s — — 87,109
TcI(CO)s? — — 87,109
[TcCI(CO), ) — — 87,110
[TeBr(CO)4],¢ — — 87,110
[TcI(CO),4]o¢ — — 87,110
ReCI(CO)s Colorless — 77,78,111
ReBr(CO)s Colorless — 77,78
Rel(CO)s Colorless — 76-78
[ReCI(CO),]= Colorless — 112
[ReBr(CO)4l2 Colorless — 112
[ReI(CO).}2 Yellow — 112
[ReBrg(CO).]~ Pale cream — 113
[Relz(CO).1- Pale yellow — 113
[Rels(CO)3]2~ Colorless — 113
[Re.Brsz(CO)-}1~ Colorless — 113
[Re I (CO)s12~ Colorless — 113
Crl(CO)s Deep blue — 96
Cr2I(CO);0 Red — 97
[CrCKCO)s]~ ¢ Yellow — 100

(continued)
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TABLE 28 (continued)

Compound Color Mp (°C) Ref.
[CrBr(CO)s1~ Yellow — 100
[CrI(CO)s]~ Yellow — 98,100
MoClL,(CO), Yellow —_ 97a
[MoCI(CO)s]~ Yellow — 100
[MoBr(CO)s]~ Yellow — 100
[MoI(CO);5]~ Yellow — 98-100
[WCI(CO)s] - Yellow — 100
[WBr(CO)s]~ Yellow — 100
[WI(CO)s]~ Yellow — 98,100

2 For the tetraphenylarsonium salt.

b According to Ref. 22 the compound crystallizes with one mole of benzene.
¢ For the tetraethylammonium salt.

4 Identified by infrared spectrum only.

considerations. This class of compounds is characterized by C—O stretch-
ing vibrations at very high wavenumbers, sometimes as high as that for
CO in the gas phase (see Table 29). This can be attributed to the inductive
effect of the strongly electronegative halogen groups.

The halogeno metal carbonyls for which complete x-ray structures are
known are Rul,(CO), (1), [RhCI(CO),], (2), and [MnBr(CO),}, (3); for
the latter two, halogen-bridged structures have been found. Moreover,
from the infrared data available for binuclear or polynuclear compounds,
no C—O stretching vibrations at relatively low wavenumbers are observed.
The conclusion, therefore, is that CO bridges are not common in this class
of compounds and that the links between the monomeric units are the
results of metal-metal bonds (as probably in [Mn,X;(CO)g]?~) or of halo-
gen bridges (as, for example, in [MnBr(CO),],).

B. The Nickel Subgroup

While halogeno metal carbonyls of nickel are not known, several com-
pounds of palladium and platinum have been reported.

A compound of formula PdCl,(CO) was obtained by Manchot and
Konig (4) by the action of carbon monoxide on an ethanol suspension of
palladium(II) chloride at 0°. The compound is readily decomposed by
water. Although its molecular weight is not known, it is probably a dimer
similar to the analogous platinum compound (see below).

Halogeno Metal Carbonyls and Related Compounds 221

TABLE 29

. Infrared Carbonyl Stretching Vibrations of Some Halogeno Metal Carbonyls

Compound veo (cm~1) Medium Ref.
PtCl(CO)., ™ 2200, 2162 CCl; (nujol) 7
PtBry(CO)., 2178, 2132 — 11
PtI(CO), 2132, 2144 — 11
[PtC1,(CO)]. 2152 Nujol 16
[PtBr,(CO)}. 2130 Nujol 16
[PtI(CO)]. 2112 Nuyjol 16
Pt,Cly(CO)s 2114, 2079 — 11
Pt:Br,(CO); 2096, 2061 — 11
[PtCl,CO]~ 2083 —_— 11
[PtBrsCO] - 2070 — 11
[PtI,CO] - 2061 — 11
Col(CO)3(PPhs) 2060, 1966 THF 22,114
CoBr(CO)x(PPhs), 1972, 1910 Nujol 23
Col(CO),(PPhs), 1972, 1910 Nujol 23
[RhCI(CO).l. 2107, 2095, 2043, 2016 Gas 26
[RhBr(CO).). 2107, 2092, 2042, 2018 Gas 26
Irl13(CO)s 2178, 2114 Nuyjol 37
[IrIz(CO);)2 2123, 2087 Nujol 37
Ir;16(CO)s 2118, 2074, 2041sh Nujol 37
[IrI(CO)g] - 2020, 1941 Nujol 37
[Iral(CO), ]2~ 2100, 2070 Nuyjol 37
[IrI,(CO). 12 ¢ 2109, 2074 Nujol 37
FeCl(CO), 2164, 2124, 2108, 2084 C.Cl, 51
FeBry,(CO), 2150, 2108, 2098.5, 2074 CsHi, 51,115
Fel(CO), 2131(m-s), 2086(vs), 2062(s), CgH;4 51

2047(vw)
Rul,(CO), 2068(s), 2097(s), 2106(vs), CCl, 68
2119(w), 2161(m)
[Rul;(CO).]. 2050, 1995 — 64
MnCKCO); 2138w, 2054s, 2022w, 1999m CCl, 109
MnBr(CO)s 2133w, 2050w, 2019w, 2001m CCi, 109
Mnl(CO)s 2125w, 2044s, 2016w, 2003m CCl, 109
[MnCl(CO).]: 2104w, 2045s, 2012m, 1977m CCl, 110
[MnBr(CO)4). 2099w, 2042s, 2011m, 1975m CCl, 110
[MnI(CO).]. 2087w, 2033s, 2009m, 1976m CCl, 110
[MnClx(CO),]~? 2098vw, 2026s, 1986w, 1936s C,H,Cl, 95
[MnBr;(CO)4] % 2098w, 2026s, 1990m, 1939s C,H,Cl, 95

{continued)
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TABLE 29 (continued)

Compound veo (cm™1) Medium Ref.
[MnI,(CO).]-? 2082m, 2006s, 1986s, 1939s  C,H,.Cl, 95
[MnoCl,(CO)s]?>~®  2022s, 1931s CHCl, 74
[MnyBrz(CO)s12-%  2022s, 1922s CHCl, 74
(MnzI(CO)sl2—® 2020s, 1910s CHCl, 74
TcCI(CO)s 2153w, 2057s, 2028w, 1991m CCl, 109
TcBr(CO)s 2150w, 2056s, 2027w, 1995m CCl, 109
Tcl(CO)s 2146w, 2055s, 2024w, 2000m CCl, 109
[TcCHCO).), 2119w, 2048s, 2011m, 1972m CCl, 110
[TcBr(CO).). 2116w, 2046s, 2012m, 1973m CCl, 110
[TcI(CO).]. 2108w, 2042s, 2012m, 1975m CCl, 110
ReCI(CO)s 2156w, 2045s, 2016w, 1982m CCl, 109
ReBr(CO)s 2150w, 2045s, 2016w, 1984m CCl, 109
Rel(CO); 2145w, 2042s, 2013w, 1987m CCl, 109
[ReC(CO),4lz 2114w, 2032s, 2000m, 1959m CCl, 110
[ReBr(CO).]2 2113w, 2031s, 2000m, 1964m CCl, 110
[ReI(CO).]z 2106w, 2029s, 2001m, 1965m CCl, 110
[CrCKCO)s]~® 2056w, 1912s, 1875m KBr 100
[CrBr(CO)s] - 2058w, 1906s, 1875m KBr 100
[CrI(CO)s]-® 2055w, 1930sh, 1914s, 1853m KBr 100
Cr.I(CO);0 2021, 1998.5, 1986 CeHi2 97
[MoCI(CO)s]-? 2064w, 1913s, 1871m KBr 100
[MoBr(CO)s]-® 2064w, 1914s, 1875m KBr 100
[MoI(CO)s]-* 2061w, 1974sh, 1925s, 1860m KBr 100
[{MolI3(CO)4] - ¢ 2065, 2003, 1994, 1961, 1941 Halocarbon 116
[WCKCO)s]-? 2061w, 1904s, 1869m KBr 100
[WBr(CO)s]-* 2064w, 1904s, 1868m KBr 100
[WI(CO)s]-® 2058w, 1926sh, 1911s,1840m KBr 100
[WIs(CO).]~© 2067, 1995-1983, 1949, 1930 Halocarbon 116

¢ For the tetraphenylarsonium salt.
¥ For the tetraalkylammonium salt.
¢ For the methylpyridinium salt.

A chlorocarbonyl of formula [Pd,CI(CO),], has been obtained by
Fischer and Vogler (5) by treatment of PdCl,(PhCN), with carbon mon-
oxide. The molecular weight of this diamagnetic compound is unknown.

The anion [Pd;Cl,(CO);]J>~ was reported by Hel’man and Meilakh (6)
as the ammonium salt and a structure with CO bridges was assigned to it.
The presence of CO bridges, however, appears to be unlikely in this type
of compound and, moreover, the existence of that binegative anion is not
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certain. Irving and Magnusson (7) have, in fact, reported that the anion
isolated by the Russian workers was actually [PdCI,(CO)]~.

Three types of halogenocarbonyls of platinum, PtX,(CO),, [PtX;(CO)],,
and Pt,X,(CO); are known from the studies of Schiitzenberger (8) who
prepared the chl&ro\\c\ierivatives by passing carbon monoxide and chlorine
over platinum sponge at-250°. In addition, the anion [PtXs(CO)]~ has
been described. All the uncharged halogenocarbonyls of platinum are vola-
tile and soluble in the common organic solvents. Resistance to hydrolysis
decreases in the order [PtX,3(CO)]- > [PtXx(CO)]; > Pt,X,(CO); >
PtX,(CO),; stability to heat usually increases from the iodo to the chloro
derivatives.

It is worth mentioning that a compound of formula PtF4(CO), has been
prepared by Sharp (9) by reacting PtF, with carbon monoxide under
pressure. If this compound had to be considered a true fluorocarbonyl,
platinum would be ten-coordinate and would thus have the oxidation
state of + 8, which is rather unusual. Jergenson (10) has suggested an ionic
formulation for the compound, namely (COF)4 (PtF¢)?2~. A more ex-
tended investigation of the platinum fluoro derivative and of the rhodium
compound [RhF3(CO),],, also prepared by Sharp (9), seems desirable,
because of the great theoretical interest in such compounds. These two
compounds are, in fact, the only known examples of “fluorocarbonyls.”

PtX,(CO),. In this series, besides the chloro, the bromo and iodo
derivatives are also known. The latter two were prepared by Malatesta and
Naldini (11) by the action of carbon monoxide under pressure (180-210
atm) at about 105° on H,PtBrg and PtI,. The chloro and bromo deriva-
tives are stable. The iodo compound is less stable and is easily converted
even at room temperature into [PtI,CO],, with evolution of carbon mon-
oxide. The chloro derivative also loses carbon monoxide at high tempera-
ture; it melts at 103° but then solidifies again, the next melting point being
195°. This is due to the following reaction:

2PtX,(CO), —> 2CO + [PtX.COl], (1)

PtCl,(CO), is diamagnetic (12). Chatt and Williams (13) have measured
its dipole moment (4.65 + 0.5 D) and concluded that the compound has a
square planar cis configuration.

. Compounds of the type cis-PtX,(CO)(PR;) with X being Cl, Br, and I,
and R being Et, Pr, and Bu, have been isolated from the reaction of the
dimeric halogen-bridged [PtX,(PR;)], compounds with carbon monoxide
(14).

[PtX,CO};. The bromo and iodo derivatives have been obtained from
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the corresponding chloro derivative by treatment with HBr or HI (15).
These compounds can also be prepared by reaction 1. Although they
were initially assumed to be dimeric, the molecular complexity as
[PtBr,CO], was later established by Irving and Magnusson (16). Since
there are no stretching vibrations in the infrared spectrum which can be
attributed to bridging CO groups, these authors concluded that [PtCl,CO],
has the symmetric trans configuration (1):
O
Cl Cl C
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[PtCL,(CO)], exchanges its carbon monoxide with *CO instantaneously
at 25° in benzene (17). The [PtX,(CO)]; compounds react with mono-
dendate (L = NHj;, pyridine, p-toluidine) or bidentate (LL = 2,2'-di-
pyridyl) ligands to give PtX,(CO)L and [PtX(CO)LL]* [PtX53(CO)]~ (18),
respectively.

[PtX,(CO)}~. The [PtX3(CO)]~ anions, with X = CI, Br, I, have been
described by Mylius and Foerster (15). The first one was obtained by re-
acting [PtCl,(CO)], with HCI; the two others from [PtCly(CO)}~ by
exchange with HBr and HI. Malatesta and Naldini (11) have shown that
the reactions of dry H,PtCls, K,PtCl,, H,PtBrg, and H,Ptl; with carbon
monoxide give, among other products, the [PtX3(CO)]~ anions. The anion
[PtCi3(CO)}~ has also been obtained from an aqueous acid solution of
[PtClg]2~ and carbon monoxide (19). By successive addition of pyridine
the anion was separated as the pyridinium salt, [CsH;NH][PtCl3(CO)].

Pty X,(CO);. Theiodo derivative of this class has not yet been reported.
The chloro and bromo derivatives have been obtained (11) in a pure state by
controlled decomposition at room temperature of solutions of the corres-
ponding PtX,(CO), compounds in anhydrous benzene. Not much is known
about the structure of these compounds. However, since the infrared spec-
trum does not show bands attributable to bridging CO stretching vibra-
tions, the compounds should contain halogen bridges rather than CO
bridges as originally proposed (20).

C. The Cobalt Subgroup

No stable unsubstituted halogenocarbonyls of cobalt are known. Some
years ago a compound, unstable at room temperature and having the
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composition Col,(CO), was obtained by the reaction of Col, with carbon
monoxide under pressure at room temperature (21).

" The halogenation of [Co(CO);PPhs]~ with CF,I gives the triphenyl-
phosphine-substituted iodocarbonyl CoI{CO);PPh; (22). The analogous
CoX(CO)z(PPﬁg)& compounds have been prepared and their infrared
spectra and dipole ‘moments measured (22,23). They are nonpolar com-
pounds, very soluble in tetrahydrofuran.

A substance reported as having the composition Rh,Cl,O-3CO was ob-
tained (24) from RhCl;-H,;0O and carbon monoxide at 140°; this is prob-
ably identical with the [RhCHCO),], product later prepared by Lagally (25).
This is a ruby red, volatile substance, soluble in organic solvents. Its infra-
red spectrum, in the gas phase, and its dipole moment (1.64 + 0.3 D) have
been measured (26). From cryoscopic measurements in benzene, the com-
pound was found to be dimeric in solution. The x-ray structure published.
by Dahl and co-workers (2) has, however, shown that the compound is a
polymer in the solid state. The structure presents several interesting fea-
tures (see Fig. 21). Two planar [RhCI(CO),] units are bonded together
through chlorine bridges to form an angle markedly different from 180°.
The dimeric units are then joined together by metal-metal bonds. The
rhodium atoms are essentially in an octahedral environment. The volatility
of the compound and the molecular weight measurements can be explained
by assuming that the metal-metal bonds are easily broken in solution. In
the reactions discussed later, the chlorocarbonyl of rhodium is considered
to react as a dimer in solution.

Rh

FIG. 21. Molecular configuration of [RhCI(CO).], (L. F. Dahl, C. Martell, and
D. L. Wampler, J. Am. Chem. Soc., 83, 1761 (1961)). Published by permission.
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The reactions of the chlorocarbonyl of rhodium with nitrogen bases (27),
with alkyl- and arylphosphines, arsines and stibines (27,28), and with tri-
arylphosphites (29) have been described. With L = arylphosphines, aryl-
arsines, or arylstibines, the following reaction occurs:

[RhCI(CO).z]: + 4L —> 2CO + 2RhCI(CO)L, )
2

For arylstibines, however, Hieber and co-workers (27) have reported that
the addition compound RhCI(CO),L; is obtained. The experimental con-
ditions apparently are the same as those reported by Vallarino (28). Later
work (29a) would imply that the product of the reaction between
[RhX(CO),]; (X = Cl, Br) and SbPh; does contain hexacoordinate rho-
dium and should be formulated as RhCI(CO)(SbPhy),.

The tetracoordinate substitution products (2) obtained by reaction 2
should be trans square planar since they are diamagnetic and show a low
dipole moment (between 2.5 and 3.6 D). Tetracoordinate rhodium com-
plexes of the type 2 (with L. = PPh;) have also been obtained by an interest-
ing reaction consisting of boiling RhCIl; with the ligand in solutions of
2-methoxyethanol (30). The CO group in the complex arises from the
solvent.

Finally, when L = pyridine, two moles of ligand are added per rhodium
atom in the complex, according to the reaction:

[RhCKCO);], + 4CsHsN —> 2RhCHCO)x(CsHsN), 16)

No reaction occurs with the bidentate 1,10-phenanthroline. This led
Hieber and co-workers to suggest that the compound obtained from reac-
tion 3 is a halogen-bridged dimer in which the two pyridine groups in each
unit are frans to each other.
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The *CO isotopic exchange reactions of

[RhCHCO).]2, RhCI(COYPPhs)., and RhClz(CO)(PPhs).

have been investigated. The unsubstituted halogenocarbonyl (17) and
RhCI(CO)(PPhg), (17,31) were found to exchange their CO instanta-
neously with **CO even at low temperature (0 and —20°, respectively).
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The analogous reaction with RhClg(CO)(PPhy), was found (32) to be
slower and independent of carbon monoxide concentration. The follow-
ing dissociative Syl mechanism was therefore suggested for the latter

reaction: ’ \

Rhc1‘;;(g0)(PPha)2 = RhCls(PPhy); + CO @

Vallarino (33) has described the preparation of halogenocarbonyl-
rhodates by addition of halide ions to [RhX(CO),],. The products of this
reaction are the [RhX;(CO).]~ anions, with X being Cl, Br, and I:

[RhX(CO)lz + X~ ——> [RhX(CO).]" &)

Bonati and Wilkinson (34) have described a mixed acetylacetonato-
carbonyl complex of rhodium obtained by reacting a solution of
[RhCI(CO),], with acetylacetone:

[RhCI(CO).]2 + 2CsHsO0, —— 2Rh(CsH,0:X(CO), + 2HCL (6)

The halogenocarbonyl compounds of iridium were first described by
Manchot and Hieber and their co-workers (35,36). Their chemistry was
then extensively studied by Malatesta and his co-workers (37-40) and
several new types of compounds were discovered. A wide range of halo-
genocarbonyls of iridium are now known, including some anionic species.
The dihalogenodicarbonyl compounds, IrX,(CO),, and the tricarbonyls,
IrX(CO)4, were prepared by the reaction of IrX; with carbon monoxide at
atmospheric pressure at about 150°. IrX,(CO), and IrX(CO), are decom-
posed rapidly by water. Iodocarbonyl compounds of iridium, IrI3(CO),,
(IrI3(CO),)s, and Ir,14(CO); have been obtained (37) by the reaction of
iridium tri- and tetraiodides with carbon monoxide at high temperature
and pressure.

Anionic halogenocarbonyls of iridium were first obtained by Malatesta
and Sandroni (38) by reacting mixtures of Irl; and KI with carbon mon-
oxide under pressure at 80-250°. The salts K[IrI,(CO),] and K,[IrI;(CO)]
were obtained in the same manner. The relative amounts of the two salts
depend on the IrI;:KI ratio employed (39); the addition of a halogen
acceptor such as copper has no effect on the reaction. The presence of
copper has, however, a marked influence on the reaction of potassium
hexabromoiridate with carbon monoxide, K,[Ir;Br;(CO),] being formed
(40). K;3[IrBrg], K [IrBr;(CO)], and K[IrBr,(CO).] are intermediate prod-
ucts of the reaction and were actually isolated from the reaction of K,IrBrg
with carbon monoxide at 220° and 220 atm, in the absence of copper (40).
The infrared spectrum of K [Ir;Br;(CO),] in which the two iridium atoms
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areinanaverage oxidation state + 1.5, does not show bridging CO stretching
vibrations. This suggests the presence of chlorine bridges joining the two
iridium atoms.

Many phosphine-, arsine-, and stibine-substituted halogenocarbonyls
of monovalent, bivalent, and trivalent iridium have been reported
(39, 41-43). In Ref. 43 the preparations of Ir,H,Cl,(CO).(PEt;), and
IrHCl,(CO)(PEt,Ph), are reported.

Of particular interest is the monovalent iridium complex IrCI(CO)(PPhg),
obtained by the reaction of IrCls-nH,O with triphenylphosphine in the
presence of alcohols (44). This complex has been reported (45) to absorb
1 mole of oxygen at room temperature in benzene solution. The oxygen
adduct has the formula IrCI(O.)(CO)(PPh;); and its x-ray structure has
been reported (46). The most interesting feature of the structure is the posi-
tion of the oxygen atoms relative to the iridium atom. They are equidistant
from the Ir and 1.30 A from each other; that is, at a distance greater than
in molecular oxygen (1.20 A) but shorter than in a normal peroxide

(1.48 A).

D. The Iron Subgroup

The three dihalogeno tetracarbonyls of iron, FeX,(CO),, have been pre-
pared by the action of halogens on Fe(CO); (47,48). These compounds are
somewhat soluble in organic solvents. The resistance to heat and hydroly-
sis increases from the chloro to the iodo derivative. FeCly(CO), and
FeBr,(CO), are decomposed immediately by water, whereas Fel,(CO), is
hydrolyzed only upon heating. Fel,(CO), is diamagnetic (12,49) and should
therefore be considered as a d2sp® complex of iron(II). Weiss (50) suggested
an octahedral cis configuration for Fel,(CO),, on the basis of dipole
moment measurements (3.69 D). The infrared spectrum is in agreement
with this suggestion. Four C—O stretching vibrations (51) and two metal-
halogen stretching vibrations (52) at 217 and 238 cm~* (for FeBry(CO),)
are in fact observed. Infrared evidence has been obtained for the existence
of trans-Fel,(CO),, which was prepared by exposure of the other isomer
to light (52a).

Hieber (53) suggested that the reaction leading to the formatlon of
Fel,(CO), goes through an intermediate “adduct,” Fel(CO)s, which is
stable only at very low temperature. Fel,(CO)s was also mentioned in the
abstract of a paper by Wojcicki and Farona (54). Fel,(CO), was found(17)
to exchange all four carbon monoxide groups with *CO rather rapidly at
31.8°, the exchange being dependent on the carbon monoxide concentra-
tion. Later (55) it was made known, however, that the exchange between
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FeX,(CO), (X = Br, I) and.**CO is inhibited by addition of free halogen
and is promoted by light and that the previously observed dependence on
‘CO concentration was \an artifact due to these secondary effects.

It has also been reported (56) that by reacting Fe;(CO),, with iodine in
tetrahydrofuran, Fe ZIZ(C\O)B is obtained as a colorless solid below its
melting point (— 5°). \

Halogenocarbonyls of iron with a lower content of carbon monoxxde
FeX,(CO),, and FeX(CO),, have also been synthesized (see Table 28).

Hieber and Muschi (57) have reported that FeBry(CO), is reduced by
sodium amalgam according to the following equation:

FeBra(CO), + 4Na —— Na,[Fe(CO),] + 2NaBr (@))

The resulting sodium tetracarbonylferrate, however, reacts with the un-
converted FeBry(CO),; the net result is decomposition to iron metal:

FeBr,(CO)s + Na,[Fe(CO)4] —> 2NaBr + 2Fe + 8CO ®)

The substitution reactions of FeX,(CO), with triphenylphosphine, tri-
phenylarsine, and triphenylstibine have been described (58). The carbon
monoxide evolved and the disubstitution products, FeX,(CO),L.,, were iso-
lated. In the reaction of Fel,(CO), with SbPh,, the monosubstitution
derivative Fel,(CO); (SbPh;) is obtained. Similarly, the monosubstitution
derivatives FeXy(CO),(TePh,) are obtained from FeBr,(CO), or Fel(CO),
and diphenyltellurium (59). Phosphine disubstituted compounds are more
easily obtained (60) by direct carbonylation of FeX,(PRg),, as for example:

1 atm
FeCl,(P(C2H5)s)2 + 2CO m FeClz(CO)2(P(C2Hs)3)2 (¢)]
- °, ays

Mono-, bi-, and trisubstitution products can be obtained by reacting
FeX4(CO), (X = Br, I) with alkyl or aryl isonitriles (61,62), for example:

Fel.(CO)4 + 3p-CH3CeHNC —— 3CO + Fel,(CO)}p-CHzCsH.NC): (10)

The infrared spectra of the isonitrile derivatives have been measured (62)
and the conclusion was reached that CO groups are better 7 acceptors than
isonitriles.

The halogenocarbonyls of ruthenium [RuX,;(CO),], were obtained by
Manchot and Konig (63) by the action of a stream of carbon monoxide on
anhydrous ruthenium trihalides at 210-290°. These compounds show a
remarkable resistance to hydrolysis; the iodo derivative is attacked only
with difficulty by dilute sulfuric and hydrochloric acids. Irving (64) has
studied the chemical and physical properties of the diamagnetic iodo
derivative (65), assigning to it a halogen-bridged polymeric structure.
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[Rul,(CO),}, reacts with nitrogen bases (64) such as pyridine, 2,2'-di-
pyridyl, acetonitrile, aniline, and ammonia and with triphenylphosphine,
triphenylarsine, and triphenylstibine (66) to give diamagnetic addition
compounds of the type Rul,(CO),L,.

A halogenocarbonyl of ruthenium with a lower content of carbon mon-
oxide, [RuBr(CO)],, has also been obtained (67) by treatment of RuBr;
with carbon monoxide under pressure at about 185° for 8 hr.

No halogenocarbonyls of the type RuX,(CO), had been reported until
Dahl and his co-workers (68) prepared the iodo derivative, Ruly(CO),,
by treating Rul; with carbon monoxide under pressure at 170° in the pre-
sence of copper for 24 hr. X-ray analysis of Rul4(CO), showed that the
ruthenium atom is in an essentially octahedral arrangement and that
the two iodine atoms are cis to each other (1). This indirectly confirms the
conclusions about the structure of Fel,(CO),.

Halogenocarbonyls of osmium, OsX5(CO),, OsXo(CO);, [0sX(CO), 1,
and [0sX(CO),],, have been described by Hieber (69) and by Manchot (70)
and their co-workers. It is interesting to note that in the series OsX,(CO),,
the bromo and iodo derivatives have been described as existing in two
forms having different colors (69). This is probably due to the existence of
cis and trans isomers but this point requires further investigation.

Halogenohydridocarbonyls of bivalent ruthenium and osmium of
formula MHX(CO)(PRj); are obtained by treating the metal halide or a
complex metal halide with a tertiary phosphine in an alcohol solvent
(2-methoxyethanol or ethylene glycol) (30). These reactions are usually
carried out in the presence of sodium or potassium hydroxide. For
example, OsHCI(CO)(PEt,Ph); is obtained by boiling OsCl;(PEt,Ph);
with KOH in ethyl alcohol (30). The presence of sodium or potassium
hydroxide, however, does not seem to be indispensable. Compounds of
formula MHX(CO)(PPhy); were in fact obtained simply by heating
(NH,),OsXs or RuCl, with the tertiary phosphine in an alcohol solvent
(71). Substituted nonhydridic halogenocarbonyls of ruthenium,
RuCl,(CO),(PR;),, in both cis and trans forms, were obtained (30,72) by
boiling the complex salt [Ru,Cl;(PEt,Ph)s]Cl with potassium hydroxide
in allyl alcohol. The very interesting question of the origin of the hydrido
and carbon monoxide groups in these complexes has been partially
answered. Vaska and DiLuzio (73) found by deuteration methods that, in
the course of the reaction between K,IrClg and PPh; in ethyl alcohol, the
hydrido group in the final product, IrHCIl,(PPhg),, originated from the «
hydrogens of the alcohol. Chatt, Shaw, and Field (72) studied the reaction
of [Ru,Cl;(PEt,Ph)¢]Cl with ethyl alcohol in the presence of alkali and
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noticed that methane was formed. They suggested that the reaction takes
Pplace according to the following stoichiometry:
!

[Ru.Cl3(PEt,Ph)s]Cl + 2KOH + 2C,H,OH — >
2ZRuHCI(CO)(PEt.Ph); + 2CH, + 2KCl + 2H,O (1)

It was postulated that the formation of the final hydridocarbonyl com-
pound takes place via an initial ruthenium—ethoxide complex, followed by
hydrogen transfer to ruthenium. Methane elimination and carbonyl group
formation would then occur in a second step.

E. The Manganese Subgroup

Halogenocarbonyls of manganese, technetium, and rhenium of the
series MX(CO); and [MX(CO),], have been reported. As for manganese,
the anionic species [MnXy(CO),]2~ and [MnyX,(CO)g]*~ are also known
(74). In this series, resistance to heat and hydrolysis increases from chlor-
ine to iodine.

The monomeric MX(CO)s compounds are obtained by treatment of the
corresponding metal pentacarbonyls with halogens (75-77):

[M(CO)s}z + Xa ——> 2MX(CO)s 12)

However, the three rhenium derivatives ReX(CQ); were originally pre-
pared directly by the carbonylation of ReCl;, ReBr;, and K, Rel, at 200~
230° and 200 atm, in the presence of copper as halogen acceptor (78).
Mnl(CO); was first isolated from the products of the carbonylation of
Mnl,; under pressure (76).

The infrared spectrum of MnX(CO); in the carbonyl stretching region
is in agreement with an octahedral arrangement of ligands around the
central metal atom (Cy, symmetry) for which three fundamental bands are
expected (79). Four bands are actually found with high resolution optics;
the fourth band is a weak band at about 2010 cm~? that has been attri-
buted to a *3C—O stretching vibration mode (80).

The manganese MnX(CO); compounds react with nitrogen bases (81)
at 40-70°, with diphenyltellurium (59), with triphenylphosphine,
triphenylarsine, and 2,2’-dipyridyl (75) at 120°, with 2,5-dithiahexane and
3,6,9-trithiaundecane (82), with o-phenylenebis(dimethylarsine) and 1,2-
bis(diphenylphosphino)ethane (83), and with phenyl isocyanide in ethanol
(84) at 60° for 3 hr, to give usually disubstitution products MnX(CO),L,
or MnX(CO);LL (where L is the monodentate and LL the bidentate
ligand).
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The reactions of ReX(CO); with nitrogen bases had been described
some years ago by Hieber and Fuchs (85). With pyridine (at 120-240°) or
with 1,10-phenanthroline  at about 80°, disubstitution products
ReX(CO);py, and ReX(CO)zphen were obtained. The substitution prod-
ucts from the binuclear halogenocarbonyls [MX(CO),], usually are the
same as those from MX(CO);. It is interesting to note that the reactions of
ReX(CO); with liquid ammonia, p-tolyl isonitrile at 100°, and PPh, at 110°
give saltlike compounds of the type [Re(CO),L,]* X~ (86).

The halogenopentacarbonyls of technetium give substitution products
of the type TcX(CO);L,, with X being Cl, Br, and I, and L being PPh,,
py, and phen (87). The reactions were carried out at 50-70° and it was
reported that the reaction conditions were not critical since only disubstitu-
tion products were obtained, regardless of temperature and ratio of re-
actants. However, for manganese, the nature of the substitution products
and the degree of substitution depend considerably on the reaction condi-
tions and on the nature of the ligand employed. With phenyl isonitrile, the
trisubstitution product MnBr(CQO),(CNPh); was also obtained using
diglyme as solvent (84). Monosubstitution is possible at room temperature.

Angelici and Basolo (88) have studied the kinetics of the reactions of
MnX(CQO); with a variety of ligands at room temperature:

MnX(CO)s + L —— CO + MnX(CO),L (13)

It was found that the reactions are independent of L and therefore a
dissociative mechanism was postulated.

MnX(COLL + L' —— CO + MnX(CO);LL’ (14)

Reaction 14 has also been studied kinetically (89); its rate is independent
of the nature and concentration of L’. The rate of reaction depends,
‘however, on the nature of L and on the atomic number of X. This again
suggests a dissociative mechanism.

Two of the three possible geometrical isomers of the species
MnX(CO)z;L,; have been identified (90). Cis- and trans-MnBr(CO);-
(P(OPh);), have been isolated and characterized by infrared spectra and
dipole moment measurements. The isomerization of the cis form has been
found-to be a first order process.

MnBr(CO); is a valuable starting material for the preparation of new
carbonyl complexes of manganese. For example, by treatment of
MnBr(CO); with dithiobenzoic acid (91) or with sodium diethyldithio-
carbamate (92), the complexes (4) and (5) were obtained.
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s
(OC)4Mn/ \ECPh/ EtzNC{ \Mn(CO)4
\S/ / &S/

|

@ )]
The isotopic CO exchange Teaction
MnX(CO); + CO —s MnX(**CO)s + CO s

had been studied by Wojcicki and Basolo (17) and their results have been
confirmed by Hieber and Wollman (93). The rate of exchange in toluene
at 31.8° decreases from MnCI(CO)g to MnI(CO);s and one of the five carbon
monoxide groups exchanges more slowly than the other four. (See Note
5 on page 272.) A possible explanation for the latter result is that the
Mn—C bond trans to X is stronger than the Mn—C bond trans to CO. The
exchange is dependent on MnX(CO); concentration and independent of
carbon monoxide concentration.

The x-ray structure of [MnBr(CO),); has been published (3). In this
molecule, the two manganese atoms are in an approximately octahedral
configuration, with the bromines occupying bridging positions between the
two [Mn(CO),] units. The nonbonding distance between the two man-
ganese atoms is 3.74 A, considerably longer than the manganese—manga-
nese distance (2.92 A) in Mn,(CO),, (94). Clearly there is no metal-metal
interaction. It has been pointed out that the krypton configuration is
reached if each manganese in an oxidation state + 1 is regarded as receiving
four electrons from the two bridging bromine atoms.

The anions [MnXy(CO),]~ and [Mn,Cl,(CO)3]2~ have been obtained
by the action of tetraalkylammonium halides on MnX(CO)s; and
Mny(CO),, (74,95):

R.NX + MnX(CO)s —> R N{MnX,(CO),] + CO 16)
2R4NX + Mny(CO)yo —> (R¢N)2[Mn,X,(C0);] + 2CO an

Angelici (95) has reported that the [MnX,(CO),]~ anions probably have
the cis configuration since they show four C—O stretching vibrations in
the infrared spectrum.

¥. The Chromium Subgroup

The only neutral halogenocarbonyls of this subgroup described until
now are Crl(CO)s, Cr,I(CO),,, and MoCly(CO),. The two iodo derivatives
were both obtained by iodine oxidation of the [CrI(CO);]~ anion (96,97).
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CrI(CO); is a paramagnetic, deep blue substance, which is very sensiti\fe
to air and which readily decomposes at room temperature. MoClz(C.O)4 is
a yellow thermally unstable substance prepared from Mo(CO)g and liquid

chlorine at —78°C (97q).

The [MI(CO);]- anions are obtained by reacting the hexacarbon?rls
with methylpyridinium iodide (98), and by the reaction of Mo(CO)s with
tetraalkylammonium halides or KI in diglyme (99). More receptly (100),
the complete series of the [MX(CO);]~ anions has been descn?:oed; he_re
M = Cr, Mo, and W, and X = Cl, Br, and I. The preparation again
involves treatment of the hexacarbonyls with tetraalkylammonium halides:

NEtX + M(CO)s —— NEt,[MX(CO);] + CO (18)
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X. ALKYL METAL CARBONYLS

A. Introduction

Transition metals as such are usually reluctant to form o bonds to carbon
atoms (1). The research of the last years has led, however, to the synthesis
of many stable compounds containing alkyl groups o-bonded to transition
metals, such as Mn(CO);Me (2), mp 94-95.5°, and FeCsH4(CO),Me (3),
mp 78-82°. It will be immediately noticed that these two compounds con-
tain, in addition to the methyl group, a cyclopentadienyl ring and/or
carbon monoxide as substituents, to which can be assigned the role of
stabilizing the metal-carbon bond. It is worth mentioning that Lewis bases
also can contribute to stabilization of metal-alkyl compounds; this is true
for the complex CrPh;- 3THF described by Herwig and Zeiss (4). Trialkyl-
phosphines enhance the stability of analogous compounds; for example,
trans-bis(triethylphosphine)diphenylplatinum, mp 176-180°, which was
synthesized by Chatt and Shaw (5).

Although the stabilization of metal-alkyl ¢ bonds can be attributed to
the presence of additional substituents in the molecule, the reasons for the
stabilization may not be the same in all the cases mentioned above. Chatt
and Shaw (6) have discussed the stability of mixed alkyls of transition
metals in terms of energy separation between the MO bonding orbitals
and the MO nonbonding or antibonding orbitals. For a more detailed
discussion of the metal-carbon bond in metal alkyls, see the review by
Richardson (7).

The following discussion will be restricted mainly to pure alkyl metal
carbonyls, i.e., those compounds containing, in addition to the alkyl group,
carbon monoxide as the only ligand. However, some examples of
phosphine-, arsine-, and stibine-substituted alkyl carbonyls, such as
Co(CO);(PPh;)COMe, will be discussed and are also reported in Table 30.
Cyclopentadienylalkylcarbonyls, such as F eCs;Hs(CO);Me and #-allyl metal
compounds, are not included systematically in the table, but reference will
be made to them whenever it seems necessary for a more comprehensive
discussion of the general subject.



TABLE 30

Carbonyl Alkyl and Acyl Derivatives of Transition Metals

Compound Color Mp (°C) Ref.
NiC;H;(CO)CF3, Red Liquid 67
NiCsHs(CO)C,F5 Red-purple Liquid 67
NiCsHs(CO)CsF4 Red-purple Liguid 67
NiCsHs(PPhs)Me Dark green 115-118 dec. 68
Co(CO),Me Light yellow —44 10
Co(C0),COMe Yellow —33 22
Co(CO),CF3 Yellow 13 11,23
Co(C0O),C,F5 Yellow-red —30 11,13
Co(CO)4n-C3F Yellow-orange Liquid (—33) 11,13
Co(C0),CF,CF.H Yellow Liquid 69
Co(C0O)¢C7F1s Yellow-brown 30 13
Co(C0O),CsFs Pale yellow 38-39 69
Co(C0),COCF; Yellow 4 23
Co(C0O),COC,F5 Deep yellow —33 13
Co(C0O),CO0OCMe; Yellow Liquid 70
Co(CO);(PPh3)COMe® Yellow 123 dec. 20,21
Co(CO)(P(OPh)3)2Me . Pale yellow ~50 57
Co(CO)3(PPh3)COCH,CH,OH Yellow-brown 95-100 dec. 71
Co(CO)3(PPh;)CF; Colorless 168 23
Co(CQO)3(PPh3)C.Fs Yellow 145 13
Co(CO)3(AsPh3)C:F5 Deep yellow 134 13
Co(CO)s(SbPh3)C.Fs Brown-yellow 120 13
Co(CO)3(PPh3)COC,F5 Lemon yellow 138 13
Co(CO)3(PPh3)COCF; Yellow 172 23
Co(C0O),SiCl; — — 72
Rh(C;H)I(CO)CF; Dark red 168-169 73
Ir(CO)2(PPh3),COOMe Colorless 124 74
Fe(CO)(NO)(PPh3)2:COCF; Deep red — 75
Fe(CO)(C,yF )2 Colorless 77 76
Fe(CO)(CyFs)2 Pale yellow 62-63.5 77
Fe(CO)4(CsF7)2 Pale yellow 88-90 77
FeCsHs(CO).Me?® Caramel 78-82 3
Fe(CsHs)(CO),COOMe Yellow-orange 34-36 18
Fe(CsHs)(CO)CH.SMe Yellow-brown Liquid 78
RuCsHs(CO);Me Colorless 39-40 79
RuCs;Hs(CO)Et Colorless -5 79

Mn(CO)sMe Colorless 94-94.5 2,80

(continued)

TABLE 30 (continued)

Compound Color Mp (°C) Ref.
*Mn(CO)sEt Pale yellow  Liquid 81
Mn(CO)sPh Colorless 52 9
Mn(CO)sCH,Ph Pale yellow 37.5-38.5 2
Mn(CO)sCOMe Colorless 54-55 9
Mn(CO);COPh Colorless 95-96 9
Mn(CO);COEt Colorless 57-59 82
Mn(CO);COPr Colorless 45-46.5 82
Mn(CO)sCOCH,Ph Colorless 91.5-93 82
Mn(CO)sCOCsH. Me Yellow 98 24
Mn(CO)sCF; Colorless 85 24,40
Mn(CO);C.Fs Colorless 15-17 12
Mn(CO)s(iso-C3F+) Colorless 2 11
Mn(CO)s(n-C3F-) Colorless Liquid 11,12
Mn(COsXCF,).H Colorless Liquid 11
Mn(CO)s(CF.),Cl Pale yellow Liquid 11
Mn(CO)s(5-methyl-2-furoyl) Yellow 87-89 83
Mn(CO)sCF,CF.H Colorless 30.5-31.5 84
Mn(CO);CF,CFCIH Pale yellow 4142 38,84
Mn(CO)sCFCICF.H Colorless 51-52 38
Mn(CO)sCOCH.CI Yellow 89-91 29
Mn(CO)sCOCH,CH,Cl Yellow 56-58 29
Mn(CO)sC(CF;3)=CHCF; Yellow Liquid 84
Mn(CO)s(o-allyl) Lemon yellow Liquid 85,86
Mn(CO);COCH,F Colorless 6769 29
Mn(CO)sCOCHF, Yellow 32-33 29
Mn(CO)sCOCF; Pale yellow 57 11,24,40
Mn(CO)sCOC,F5 Pale yellow 49-50 12
Mn(CO)sCO(iso-C3F-) Pale yellow 34-37 11
Mn(CO)sCO(n-C3F7) Pale yellow Liguid 11,12
Mn(CO)sCO(CF,)Cl Pale yellow 39-40 11
Mn(CO)sCO(CF3)H Pale yellow 22-23 11
Mn(CO)sCO(CF,):H Colorless 46.5-47 84
Mn(C0O)sCOOEt Light yellow  59.5 87
Mn(CO)sCH,CH,COOMe Colorless 60.5 88
Mn(CO)sCOCsH,COMN(CO); Colorless — 88
Mn(CO)sCOCH.CH,COOH — 97-98 dec. 88
AMn(CO)s(CH3z)s[Mn(CO)s] Yellow 64-65 " 89
IMn(CO)51CO(CF3):CO[Mn(CO)s] Pale yellow 105-106 89
[Mn(CO)51(CF2)s[Mn(CO);5] Colorless 161 89
Mn(CO)sCsFs Pale yellow 121-122 90,91
Mn(CO)sCF.CF,Me Colorless 4142 37,38

{continued)
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TABLE 30 (continued)

Compound Color Mp (°C) Ref.
Mn(CO);CF,CF,Ph Colorless 36-37 38
Mn(CO)4(CgH1:NH)COMe Yellow 97-97.5 32
Mn(CO)(P(CsH11)3)COMe Lemon yellow 103 92
Mn(CO),(P(CsH11)3) COCF3 Lemon yellow 98 92
Mn(CO)(PEt;)Me Light yellow 1.5-2 92
Mn(CO),(P(OPh);)Me Light yellow 72 92
Mn(CO)(PPh;)CH; Yellow 102 92
Mn(CO)(P(CsgH11)3)Me Lemon yellow 122 dec. 92
trans-Mn(CO)(PPh3)CF.CF.CH,3 Pale yellow 160 dec. 69
Re(CO)sMe Colorless 120 93
Re(CO)sPh Colorless 4647 94
Re(CO)sCH;Ph Light yellow  33-34 94
Re(CO)sCeFs Colorless 152 15
Re(CO)sCF.CF;H Colorless 45-45.5 95
Re(CO)sCF,CF,CF; Colorless 60-60.5 95
Re(CO)sCOMe Pale yellow 80-81 94
Re(CO)sCOPh Canary yellow 120 dec. 94
Re(CO)sC:F5 Pale yellow 3940 12
Re(CO)sCsF- Pale yellow ~27 12
Re(C0O)sCOC,Fs Pale yellow 81-83 12
Re(CO)sCOC;F- Pale yellow 54 12
Re(CO)sCOCsFs Cream 114 15
CrCsH(CO)sMe Yellow — 3
MoC;H(CO)sMe© Yellow 124 dec. 3
MoCsHs(CO)sEt Yellow 77.5-78.5 3
Mo(indenyl)(CO)s;Me Yellow-orange 91-93 dec. 96
MoCsHs(CO)s(o-allyl) Pale yellow Liquid 97
Mo(CsHs)(CO);CH,SMe Yellow 6667 78
WCsHs(CO)sMe® Yellow 144.7-145.3 3,98
WC;Hs(CO);Et Yellow 93-93.5 dec. 3
WCsHs(CO)s(o-allyl) Pale yellow 24-26 99
[W(CO)sCOCsH5]~ — — 16

e Other acyl cobalt tricarbonyl triphenylphosphines, Co(CO)3;(PPh;)COR are

reported in Ref. 21 with mp and analyses.

® For many other carbonylalkyl- and carbonylacylcyclopentadienyliron complexes,

see Refs. 14, 41, 90, and 100.

¢ For several other examples of carbonylalkyl- and carbonylacylcyclopentadienyl

complexes of molybdenum and tungsten, see Refs. 41 and 99.

!
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B. Methods of Preparation and Properties

The first examplé of a stable unsubstituted alkyl metal carbonyl was
reported By/ Closson, Kozikowski, and Coffield (2), who obtained
Mn(CO)sMe from NaMn(CO); and dimethyl sulfate or methyl iodide in
tetrahydrofuran.

NaMn(CO)s + CHsX —> Mn(CO)sCH, + NaX 16))

Yields as high as 75%, were later obtained (8) by operating at —40°C,
using diethyl ether as solvent and a 507, excess of dimethyl sulfate as
methylating agent. Coffield and co-workers (9) also reported the prepara-
tion of acylmanganese pentacarbonyls Mn(CO)sCOR, obtained by the
reaction of acyl chlorides with NaMn(CO); and further sublimation of the
volatile acyl derivatives.

NaMn(CO); + RCOCI —> NaCl + Mn(CO)sCOR @

Shortly after the discovery of Mn(CO)sMe, the compound Co(CO),Me,
the first in the series of alkylcobalt tetracarbonyls, was prepared by Hieber
and co-workers (10) by a reaction substantially similar to (1). The other
members of the cobalt series and fluoroalkyl and fluoroacyl analogs were
later prepared by three different groups: Hieber and co-workers in Ger-
many, Heck and Breslow in the United States, and McClellan in the
United States (see Table 30).

The perfluoroalkylmanganese, -rhenium, and -cobalt carbonyls cannot
be prepared directly from the corresponding sodium or lithium carbonyl-
metallates and perfluoroalkyl halides, but they can be obtained by thermal
decomposition of the corresponding perfluoroacyl metal carbonyls (11,12)

R,COCI + NaM(CO), —> M(CO0),COR; + NaCl 3

heat
M(CO),COR, —> CO + M(CO).R,

The tetracarbonylperfluoroacylcobalt compounds are more easily pre-
pared by using the anhydrides of the perfluoroacids (13) as acylating agents,
for example:

(C.FsCO),0 + NaCo(CO)y;—> CyFsCOzNa + Co(C0),COC,Fs “4)

- King and Bisnette (14) and Stone and co-workers (15) found that perfluoro-

alkyl metal carbonyl derivatives can be readily obtained by reacting
perfluoroolefins or perfluorobenzene with carbonylmetallates. For
example, [FeC;H:;(CO),]- and Cg¢F¢ give FeC;H;(CO);CsFs, and
[Re(CO);5]1~ gives Re(CO);CFs.
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Of particular interest is the preparation of the anions [W(CO);COMe}~
and [W(CO);COPh]- obtained by reacting W(CO), with the correspond-
ing lithium alkyls. These compounds represent the first known example of
metal-carbon bonds in an anionic metal carbonyl (16). An anionic
acylmanganesepentacarbonyl, namely [MnI(CO),COMe]-, was later
prepared by Calderazzo and Noack by the direct reaction of Mn(CO);Me
with lithium iodide (17) (see Sec. X-C).

King has obtained a carbomethoxy compound of manganese formulated
as MnCsH5(CO)(NO)COOMe. This compound is in principle separable
into two optically active enantiomers since all its four ligands are different

18).

( I\)/Iononuclear compounds containing cobalt-silicon bonds have been
prepared by the reaction of octacarbonyldicobalt with silicon hydrides.
So, for example, Coy(CO)s and SiHCl; were mixed at liquid nitrogen
temperature and on gradually warming to room temperature the reaction
took place. The Co(CO),SiCl; so obtained is a volatile material that can be
separated by distillation at room temperature (19).

Alkyl and acyl metal carbonyls are colorless or slightly colored volatile
substances that are usually solid at room temperature. Care is necessary,
however, in subliming acyl derivatives if high purity is required, since
decarbonylation can occur to some extent in the gas phase. Crystallization
at low temperature in an atmosphere of carbon monoxide has been used (8)
to obtain very pure Mn(CO);COCHs.

Although pentacarbonyl alkyl- and pentacarbonyl acyl compounds of
manganese and rhenium are very stable towards oxidation and are
reasonably stable thermally, the corresponding compounds of cobalt show
a much lower stability and are usually stable only at temperatures below 0°.
Few alkyl- and acyl cobalt tetracarbonyls have been isolated in a pure
state; in many cases they have been converted into the more stable
triphenylphosphine derivatives and isolated as such (20,21).

Co(CO)R + P(CsHs)s —> CO(CO)SP(CeHs):zCOR ()
Co(CO),COR + P(CgHs); —> CO + Co(CO)sP(CsHs)sCOR (6)

The thermal stability of the cobalt compounds can also be increased by
substituting perfluoro groups for the acyl and alkyl groups. Thus, although
Co(C0),COMe starts to decompose (22) at —20° and decarbonylates to
Co(CO),Me even at lower temperatures, the corresponding perfluoro
derivative, Co(CO),CF; is a liquid reasonably stable at room temperature
(mp 13°) in an inert atmosphere. An increase in chain length in the
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perfluoroalkyl series also enhances the thermal stability: pentadecafluoro-

_ heptylcobalt tetracarbonyl, Co(CO),C,F,s, is a yellow-brown solid (13)

which meltsat 30° and decomposes at 120°,

The thermal stability of perfluoroalkyl- and perfluoroacylcobalt tetra-
carbonyls has been attributed (23) to the inductive effect of the fluorine
atoms, which withdraw negative charge from the cobalt atom:

Z\
FsC—Co—C=0

This seems in agreement with the infrared spectra of alkyl and acyl metal
carbonyls (24,25). It will be seen (Table 31) that perfluoroalkyls and per-
fluoroacyls show a considerable shift of the terminal CO stretching bands

TABLE 31

Carbonyl Stretching Frequencies in Alkyl-, Perfluoroalkyl-, Acyl-, and
Perfluoroacyl Metal Carbonyls

Compound Vo=o (cm™1) vo=o (cm~1) Medium Ref.
Mn(CO)sC.F5 2130w, 2072w, 2038vs, — C.Cl, 25
o 2023s, 2002w, 1983vw

Mn(CO)sCOC;Fs 2127m, 2069w, 2038vs, 1659 C.Cly 25
2022s, 2002w, 1980vw

Mn(CO)sMe 2108m, 2102w, 2010vs, — C,Cly 25
1989s, 1979w, 1949vw

Mn(CO);CF; 2144w-m, 2050vs, 2025s — CeH, 2 24

Mn(CO)sCOMe 2116w-m, 2053m(sh), 1640 KBr 24
2009vs, 1994s 1650 CCl, 82

Mn(CO)sCOCF; 2139w-m, 2035vs, 1643 KBr 24
2002m(sh)

Re(CO)sCOMe 2131w-m, 2068m, 2061m, 1617m CCl, 94
2045m, 2018vs, 2001m-s,
1976w-m

Co(CO);Me 2111m-s, 2036vs —_— Gas 23

Co(CO),COCF; 2127m-s, 2041vs 1685 Liquid 23

to higher frequencies. This shift is attributed to a decreased d,-p, bonding

between the metal and the CO ligand as a consequence of the high electro-
negativity of the perfluoro group.

Acyl- and perfluoroacyl metal carbonyls are usually characterized by a
strong band at 1640-1685 cm !, which has been attributed to the C—O
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stretching vibration of the acyl group. Usually, pentacarbonylalkyl- and
pentacarbonylacyl derivatives of manganese and rhenium show three main
bands in the carbonyl stretching region with the intensity sequence of
medium-—very strong-strong from about 2110 cm ~* to about 1990 cm ™ * for
the terminal carbon monoxide groups. This is in agreement with an octa-
hedral arrangement of substituents, (C,, symmetry). Some of the weak
bands on the lower frequency side have been assigned to **C—O stretching
vibrations (25). Orgel (26) has pointed out that extra bands, some of
medium intensity, are present in the infrared data published by Hieber and
co-workers for the pentacarbonylalkyl compounds of manganese and
rhenium and the corresponding acyl derivatives. A possible explanation
for these bands, in the case of the acyl derivatives, could be the presence of
alkylmetal pentacarbonyls in equilibrium with the acyls, especially for
solution spectra.

However, Orgel has also indicated the possibility that complexes of the
type Mn(CO);R could show up to a total number of five C—O stretching
vibrations when the alkyl group R is not symmetrical with respect to the
metal-carbon bond. This prediction has been recently confirmed experi-
mentally for some pentacarbonylalkyls of manganese and rhenium, such
as Mn(CO),CF,CFHCI (27).

1t has since been pointed out that the symmetry of the organic residue
attached to the metal is not solely important in determining the number of
infrared active C—O stretching vibrations (of the terminal CO groups) in
M(CO);R, with M being Mn or Re (28). The presence of a heavy halogen
atom on the B carbon atom of the organic residue also seems to be an
important factor. For example, Mn(CO);CFCICF,CHj; shows only three
C—O stretching vibrations, whereas Mn(CO);CF,CFCIlH has five bands.

Calderazzo and Noack (29) have studied the ketonic C—O stretching
vibration region at about 1650 cm~! of some halogen-substituted
acylmanganesepentacarbonyls of the type Mn(CO);COCH,X and
Mn(CO);COCHX, with X being F and Cl. From the complex infrared
pattern observed and from measurements at different temperatures down
to —32° it was concluded that rotational isomers existed in compounds
of that type. It was suggested that different rotamers of compounds con-
taining the grouping CH;X—C(=0)—Mn arise from restricted rotation
about the carbon—carbon bond, and that this situation results in the appear-
ance of more than one infrared band for the ketonic group.

Dipole moment data on several alkyl- and acylmanganesepentacarbonyls
and similar derivatives of rhenium have been published (24). X-ray work on
an alkyl metal carbonyl, MoC;H;(CO);Et, has been published (30).
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C. Carbonylation Reactions

' Particular ifiterest has been recently shown in carbon monoxide insertion
reactions. The interest in this field was originated by the important observa-
tion (9) that alkylmanganesepentacarbonyls under carbon monoxide
pressure can be transformed into the corresponding acylmanganesepenta-
carbonyl derivatives:

Mn(CO)R + CO ::_—: Mn(CO)sCOR 1)
Later it was found (8) that reaction 7 can occur even at ordinary pressure,
using solvents with reasonably high dielectric constants; this opened the
way to obtain reliable kinetic and thermodynamic data for the reaction.

Coffield and co-workers (31) showed that by carrying out reaction 7
with labeled *CO, an acylmanganesepentacarbonyl with an unlabeled
ketonic group was obtained. This experiment clearly indicated that the
carbon monoxide inserted into the carbon-metal bond did not come
directly from the gas phase. An indirect confirmation to this yet un-
published isotopic experiment came from the discovery that formation
of acylmanganesecarbonyls from alkylmanganesepentacarbonyls could
take place by using different nucleophiles, L, other than carbon monoxide,
such as amines (32,33), triphenylphosphine (33,34) and tertiary phosphines
in general (35):

Mn(CO)sR + L — Mn(CO)(L)YCOR (8)

Calderazzo and Noack (17) have found that reaction 8 can also be carried
out with charged nucleophiles, such as I~ :

Mn(CO)sCH; + Lil —— Li[MnI(CO),COCH:;] (&)]

The lithium salt obtained by reaction 9 has been isolated in a pure state.
It seems, therefore, that any reagent capable of forming a coordinative
bond to manganese can potentially promote the carbonylation reaction.
The main requirement seems to be that the alkylpentacarbonylmanganese
has to be provided with a ligand which can saturate its coordination
number once the alkyl group has been converted by some mechanism (see
below) into the acyl group. There are, however, exceptions, because mole-

" cules which are capable of forming coordinative bonds do not always

induce the carbonylation reaction. This prevails for phenyl isocyanide (36),
which has been reported to react with Mn(CO);Me to give the dimeric
Mn,(CO)o(CNPh) and Mn,y(CO)g(CNPh),. The reaction conditions were,
however, rather drastic (tetrahydrofuran at reflux temperature); it is not
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excluded that the primary product of the reaction is the still unknown
Mn(CO),(CNPh)COMe. The behavior of Mn(CO)sMe with fluoroolefins
is also somewhat peculiar. Stone and co-workers (37,38) have reported that
CF,—CF, reacts at 95° according to the equation: :

Mn(CO)sCHs + CFz = CF; ——> Mn(CO)sCF:CF:CHs (10
The expected Mn(CO),(CF;CF,)COMe was not obtained.

The reactions of Mn(CO)sMe and Mn(CO)sPh with butadlene (39) in
which 1:1 adducts are formed are of considerable interest. Structure 1

R = Me, Ph
H,C—C”* | C—COR
| | R = Me, Ph
H/ n\H
o & “o
/N
0] (0}

has been assigned to the compounds obtained from these reactions. The
initial step of the reaction has been suggested to be a coordination of the
double bond of the diene to manganese with a consecutive or a simultan-
eous formation of the acyl group.

Several alkyl metal carbonyls other than Mn(CO);sR have been reported
to give carbonylation or decarbonylation reactions. Pentacarbonylper-
fluorobenzoylrhenium decarbonylates to pentacarbonylperfluorophenyl-
rhenium (15): :

130°
Re(CO);COCgHs —> Re(CO)sCsH; + CO - ap

Carbonylation reactions have been reported to occur with tetracarb(_)nyl-
alkylcobalt compounds Co(CO),R (22). Cyclopentadienylalkyls of iron,
FeCsHs(CO).R, also undergo carbonylation (40). King and Bisnette (41)
have reported that dicarbonylacylcyclopentadienyliron complexes can
easily be decarbonylated to the corresponding alkyl derivatives under
ultraviolet irradiation:

uv
FeCsHs(CO).COR —— CO + FeCsHs(CO):R (12)

' McCleverty and Wilkinson (42) have, however, reported that the thermal
carbonylation—decarbonylation reactions of carbonylalkylcyclopenta-
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dienyl compounds of the type MC;H5(CO),R can sometimes be compli-

. cated by secondary reactions. Thus, heating MoC;H;(CO);Et at 100°

causes transfer of the ethyl group from the metal to the cyclopentadienyl
ring, the main product being [Mo(C;H,C,H)(CO);1..

A point of considerable interest is the mechanism of reaction 7 and of
related reaction 8. Calderazzo and Cotton obtained kinetic and thermo-
dynamic data for reaction 7, with R = CH,. This was found (8) to be
first order both in Mn(CQO);Me and carbon monoxide concentrations in
2,2"-diethoxydiethyl ether. The same authors found (43) that the rate of
reaction 7 was largely influenced by the nature of the alkyl group R at-
tached to the pentacarbonylalkylmanganese. Electron-withdrawing sub-
stituents such as CF; cause a remarkable decrease in the rate of formation
of the acyl derivative, whereas electron-releasing groups such as Pr and Et
have a favorable kinetic influence. Second order kinetics were also found
(33) for the reaction of Mn(CO);sMe with cyclohexylamine in slightly
polar solvents. An apparent change in the reaction mechanism was

- however observed for the reaction of Mn(CO)sMe with amines (33) and

triphenylphosphine (34) in 2,2’-diethoxydiethyl ether. Both these reactions
were found to be independent of the ligand concentration; the explanation
proposed (34) is that a solvent-assisted mechanism was operating in these
cases.

Reaction 9, i.e., the carbonylation of Mn(CO)sMe by iodide, was found
to be dependent on iodide concentration, although also a pseudo-first order,
solvent-assisted mechanism is probably operating simultaneously (44).

It appears therefore that the reactions of alkylmanganesepentacarbonyls
with different nucleophiles usually follow second order kinetics. Pseudo-
first order reactions can, however, occur in the case of solvation of the
intermediate. Second order Kinetics are consistent both with a mechanism
of the type:

+ L(slow)

pid
Mn(CO)sR ==~ Mn(CO),COR Mn(CO)4(L)COR 13)

or with the direct displacement reaction of the Sy2 type:

Mn(CO)sR + L 5—101) Mn(CO)(LYCOR (14

.whereas a dissociative mechanism of the Syl type:

slow + L(fast)
Mn(CO);R + L ——> Mn(CO),COR ———> Mn(CO)4(L)COR (15)

appears not to be the prevailing one. Mechanism 14 or a similar one in
which L is a solvent molecule is the preferred one.
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The reactions of pentacarbonylacetylmanganese with different nucleo-
philes have also been studied (34,44):

Mn(CO)sCOCH; + L — CO + Mn(CO)4(L)COCH, 16

The products of the reaction are the same as those from reaction 8, the
only difference being that carbon monoxide is evolved. The latter can be
measured and therefore the kinetics can be studied gasometrically.
Reaction 16 is independent of nucleophile concentration and more
important, takes place with the same rate constant (k_;) previou.sly
found (8) for the decarbonylation of Mn(CO);COMe (reverse of reaction
7). This suggests that the reverse of reactions 7 (with R = CH;) and 16
takes place by the same mechanism.

Incidentally, tetracarbonylacylcobalt compounds had also been found
by Heck (45) to react with tertiary phosphines with evolution of carbon
monoxide and formation of Co(CO);(PR;)COR, the reaction being inde-
pendent of the ligand concentration.

Two different reaction mechanisms can be postulated to explain why
reaction 16 is independent of ligand concentration. They are represented
below.

slow

A) Mn(CO);COCH; —— Mn(C0O),COCH; + CO

fast

Mn(CO).COCH; + L —— Mn(CO)(L)YCOCHs

kg
(B) Mn(CO)sCOCH; —= Mn(CO);CH; + CO

Mn(CO);CH; + L —“7_(’___ Mn(CO)(L)COCH;

Only (A) can be considered as a true dissociative mechanism of the Syl
type.

How the acetyl group is formed in the course of the carbonylation reac-
tion 7 is another question. Several mechanisms are possible; all are reduc-
ible to two main types, namely the CO-insertion mechanism (2) and the
methyl migration mechanism (3). This latter was the one proposed

R Ry O
|L/CO | /C
OC—Mn—CO OC—Mn—CO
o | c” |
o- ¢ o~ ¢
o e}
(2) 3)
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earlier (43) and for which Mawby, Basolo, and Pearson (46) have recently
found some additional experimental evidence. These authors investigated

' the decarbonylation of trans-tetracarbonyltriphenylphosphineacetylman-

ganese and found that the corresponding cis-alkyl derivative was formed:
trans-Mn(CO),P(CsHs):COCH; ——= cis-Mn(CO),P(CsH;s);CH; + CO an

This result can be best explained by assuming that the decarbonylation
occurs by a mechanism of methyl migration. By the principle of micro-
scopic reversibility, the same has to be true for the reverse process, i.e.,
for the carbonylation process.

Although the mechanism of methyl migration (3) appears most likely,
some details are still to be investigated.

If one considers a carbonylation reaction induced by a nucleophile
different from carbon monoxide, such as:

Mn(CO)sR + L —= Mn(CO)(L)COR (18)

an important question arises: In which position, with respect to the alkyl
group, does the ligand attack the central metal atom to give the acylated
product? Reactions of type 18 have been found (17) to give both cis and
trans isomers. The answer to the question may come from investigating
which geometrical isomer forms first in the course of reaction 18. There are
indications in the literature (46,47) suggesting that the zrans isomer is
first formed.

Finally, it is worth mentioning that FeC;H;(CO),Me and its ethyl and
phenyl analogs have been found to react with liquid SO, (48) to give a
sulfonyl derivative, for example:

FeC:;Hs(CO):CH; + SOz —> FeCsHs(CO)(SO.CH,) 19

The infrared spectra rule out the presence of acy! derivatives.

D. Alkylcobalt Tetracarbonyls and the Hydroformylation (Oxo) Reaction

There is some chemical (49,50) and infrared (51) evidence that acyl-
cobalt tetracarbonyls are formed during the oxo reaction (52); i.e., the
reaction by which aldehydes are formed from olefins, carbon monoxide,

and hydrogen in the presence of Co,(CO):

AN yd Coa(CO)s |
C=C +CO+H; — > —C—C— 0
\ 100-160° ;

l
100-250atm  f Ao

The main concern is to find an explanation for the inhibiting effect of
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carbon monoxide on the rate of formation of aldehydes (53-55). We will
see that, despite the considerable efforts of the past years, the answer to
this problem has not yet been found. ‘ ,
Breslow and Heck (22) have found that, as previously sl.mown for alkyl
manganese pentacarbonyls, Co(CO),R adds carbon monoxide t(;) fprrp the
corresponding acylcobalt tetracarbonyls. These had a characterfstlc infra-
red band at about 1720 cm~! attributed to the C—O stretching of the
acyl group:
Co(CO):R + CO > Co(CQ);COR [¢3))

These authors also found that after preparing alkylcobalt tetracarbonyls
from NaCo(CO), and alkyl halides in diethyl ether, a band at 1720 cm™!
could be observed in the reaction mixture; this finding was pre.sented‘as
evidence for the existence of acylcobalt tricarbonyls in equilibrium with
alkylcobalt tetracarbonyls, according to the equation:

Co(CO);R — Co(CO);COR . +(22)

The inhibiting effect of carbon monoxide was explained on the assumption
that alkyl- and acyltricarbonyls are the active species in the h.ydroformyla-
tion (oxo) reaction, whereas the acyltetracarbonyls are inactive (56):

Co(CO);R. — Co(CQO);COR
—coTl+co +col 23)
Co(C0O),COR

The overall mechanism of the oxo reaction was presented as follows:

Cco
CoH(CO); + RCH=CH; —> Co(CO);CH;CH:R —>

H,
Co(CO)sCOCH,CH,R —> CoH(CO); + RCH,CH,CHO  (24)

Heck (57), howéver, has recognized that, although the band at abogt
1720 cm~! may be suggestive of an equilibrium between the (_:obalt tri-
carbonyl and cobalt tetracarbonyl species (see Eq. 2.2), it qlust in fact be
attributed to acylcobalt tetracarbonyls in equilibrium with alkylcol.aalt
tetracarbonyls according to Eq. 21. This interpretation was based mainly
on the spectroscopic work of Marko6, Bor, and co-workers (51), who
investigated the gas phase infrared spectrum of Co(CQ).;MF and the solu-
tion spectra of several acylcobalt tetracarbonyl derivatives. The latter

compounds show a band at about 1720 cm~* attributed to the acyl group;.

the same band is observed in the spectrum of Co(CO),Me, the cqnclusion
being that the extra acyl band in the spectrum of Co(CO),Me is due to
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some Co(CO),COMe. The carbon monoxide necessary for this conversion

. probably arises-from partial decomposition of the complex.

* An alternative interpretation of the 1720 cm ! band in the spectrum of
Co(CO)4R has been given by Hieber and his co-workers (23) who believe
the band is due to ketones formed according to the following equation:

2C0(CO)R — > RCOR + $Cos(CO)a + $Cos(COY @25)

The presence of ketones among the decomposition products of Co(CO),Me
and Co(CO),Et has been confirmed (58). This may be a better explanation,
since an inspection of the infrared data of Table 31 shows that the acyl
band of Co(CO),COR should be somewhere around 1680 cm ! rather than
at 1720 cm~—*

Whatever is the explanation for the band at 1720 cm -1, it appears that
the existence of acylcobalt tricarbonyls as chemically or physically detect-
able species in equilibrium (in appreciable concentration) with the cor-
resp‘é'ﬁ'ding tetracarbonyl derivatives is no longer tenable. Acylcobalt

. tricarbonyls can be, of course, intermediates (45) in some substitution
~ reactions of Co(CO),COR, as in eq. 26:

Co(CO),COR + P(C¢Hs)s —> CO + Co(CO)s(P(CsHs)s)COR (26)

but their role in the hydroformylation reaction in connection with the
inhibiting effect of carbon monoxide is still not clear.

E. Enneacarbonyltricobalt Alkanes and Related Compounds

Since they formally belong to the class of alkyl metal carbonyls, the

- enneacarbonyltricobalt alkanes, corresponding to the general formula

Co3(CO)yCX will be discussed here briefly.

They were first prepared a few years ago (59) from the reaction of
methanol solutions of the acetylenic complexes Co,(CO)sRC,H with
dilute sulfuric acid. The dark purple diamagnetic solids were recognized as
having a triangular arrangement of the cobalt atoms, but their structures
were not completely elucidated until degradative chemical reactions were
undertaken by Kruerke and Hiibel (60). These authors were able to show
that the compounds had to be considered as Co3(CO)yC-CH_R and they

: suggested structure 4 with a carbon atom joined to the three cobalt atoms.

Since then, many other compounds of the same class have been prepared
by new and improved methods of synthesis (61-63). By direct treatment of
Co0,(CO); or Coy(CO),, or solutions of the [Co(CO),]~ anion with halo-
genated compounds, several derivatives have been prepared (see Table 32).



252 Metal Carbonyls: Preparation, Structure, and Properties

For example, Co,(CO); or the [Co(CO),]~ anion reacts with CCl, to give

the complex Coz(CO)yCCL

The mechanism of formation of these compounds has not yet been
clarified. Ercoli and co-workers (63) found that, in the reaction between

/N
©C )aCoTC‘? Co(CO),

(CO),
(4

Co4(CO)s and CCl,, yields of approximately 507, were obtained; they
proposed the following stoichiometry:

5C02(CO)s + 3CCly —> 2C04(CO)sCCl + 4CoCl; + 22CO + [CCl,] @n

TABLE 32

Enneacarbonyltricobalt Alkanes and Related Compounds

Compound Color Mp (°O) Ref.
Co3(CO)oCH Dark purple 105-106 62,63
Co3(CO)sCCH3; Dark purple 185 dec. 59,61,63
Co3(CO)sCCH,Ph Violet 68 60
Co3(C0O);CBu Dark purple — 59
Co3(CO)CF Dark purple 75-76 61,63

" Co3(CO),CCl Black-violet 131-133 61-63
Co3(C0O)CBr Black-violet 130-132 63
Co3(C0),CI Black-violet 96-98 63
Co3(C0O)CCF; Black-violet — 61
Co3(CO),CPh Black-brown — 61,62
Co3(C0O)CCOOH Black-brown — 61
Co3(C0O)oCCOOMEe Deep violet 108-109 62,63
Co3(CO)sCCOOEt — 4445 61,63
[Cos(CO)sCl2 Brown — 62
Co3(CO)eSi(CH=CHy) Purple-black — 101
Co3(C0O)sCCH=CHCOOH Red-violet 177 dec. 64
Co3(C0O)sCCH.CH,COOH Violet 136-137 dec. 64
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The formation of the esters Cos(CO),CCOOR (R = Me, Et) by alcoholy-
sis of Cos(CO)3CBr is particularly interesting. The carbon monoxide inser-
tion has been postulated to occur via an intermediate Coz(CO)yCCo(CO),.

Very interestingly, an enneacarbonyltricobalt derivative was isolated (64)
from the carboxylation of acetylene in the presence of Co,(CO); as
catalyst—a synthesis of succinic acid. This cobalt derivative contains a
CH,CH,COOH organic residue bonded to the Coz(CO),C backbone.

All compounds of this class show analogous chemical and physical
properties. Their infrared spectra have been measured (59,61,62,65) ; those
in Ref. 62 and 65 seem to be particularly accurate. Four stretching fre-
quencies in the region of terminal CO groups are observed; their position
depends on the nature of the substituent X. The absorption bands are in
the ranges 2116-2101(w-m), 2066-2054(vs), 2047-2038(m) and 2034—
2018(w—m). There are no bands in the bridging carbonyl region, in agree-
ment with the proposed structure 4.

Cetini and co-workers (66) have studied the isotopic **CO exchange
reaction of the compounds Coz(CO),CX, with X being F, Cl, Br, H, and
COOMe. The nine carbon monoxide groups are not kinetically equivalent;
only three of them exchange at reasonable rates between 35 and 55°. The
rate of exchange decreases in the sequence F > Cl > Br > H. In the case
of the ester derivative, Coz(CO);CCOOMe, only one carbon monoxide
group seems to exchange and, moreover, this was shown not to be that of
the ester group. These kinetic results appear difficult to explain on the basis
of structure 4.

Recent x-ray work (66a) has shown that the compound Cog(CO);CCH;
does have the structure shown in 4.
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XI. MIXED METAL CARBONYLS

A. Introduction

The term “mixed metal carbonyls” requires definition. Strictly speaking
these are compounds in which two or more different metals are present,
each of them carrying some coordinated carbon monoxide groups. It
follows from this definition that mixed compounds of this type are possible
only with transition metals. However, several authors have departed from
this definition and included any compound containing carbon monoxide
and two or more different metals joined together by direct covalent metal—
metal bonds in the category of mixed metal carbonyls. Thus, that all the
metals in the compound should have carbon monoxide as a ligand is not
strictly required.

We shall use the term ““mixed metal carbonyls” in the broader sense, but
we shall divide these carbonyls into two categories:

(A) Compounds containing only transition elements
(B) Compounds also containing nontransition elements

This classification is unambiguous except for compounds like PhyPAu-
Mn(CO);. However, since a zero oxidation state is to be assigned to both
metals, this compound should be classified as belonging to category B.

All mixed metal carbonyls have several properties in common. They are
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usually soluble in organic solvents; some have sharp and definite melting

_ points, otherstanbesublimed. In other words, the properties are essenti-

ally those of covalent compounds. If we consider a mixed metal carbonyl
formed by two different transition metals (class A), each of them carrying
some ligands of unspecified number and nature,

LM’ — ML,
@

this unit exists as a separate entity in the crystal, in solution, or in the gas
phase. The alternative interpretation of such a compound as a salt

{LaM']*[M"La]~
@)

is to be excluded in view of the properties mentioned above and because the
ions are not detectable (conductivity measurements, infrared data in the
C—O stretching region, failure of metathetical reactions, etc.).

In addition, formulation 2 would generally lead to a cation not attaining
the next inert gas configuration. Infrared data are important in deciding
rapidly and conclusively between formulations 1 and 2. If, for example, an
ionic formulation for the compound CsH;5(CO),FeMn(CO); is taken into
consideration, carbonyl stretching vibrations of the anion [Mn(CO)s]-
at rather low wavenumbers should be observed, apart from second order
effects. This is not the case.

As far as compounds of class B are concerned, the nontransition ele-
ments entering the combinations are contained in a region of the periodic
table comprised between group IB (Cu, Ag, Au) and groups IVA and VA
(Ge, Sn, Pb, and As, Sb, Bi) with values of clectronegativities ranging from
1.44 (mercury) to 2.20 (arsenic) (see below).

In these compounds we find typical metallic elements like mercury, gold,
tin, and lead or boundary elements (metalloids) such as germanium, arsenic,
antimony, and bismuth. It will be noticed that combinations of the
latter three elements in their trivalent state with metal carbonyls are not
included in this section; they are discussed separately when treating the
substitution reactions of the single metal carbonyls.

In the table in Scheme IV, the elements known to give mixed metal

-carbonyls of type B are reported, together with those which commonly give

ionic carbonylmetallates. For each element the Allred and Rochow (la)
electronegativity values are reported. A special case is represented by
beryllium for which largely covalent mixed metal carbonyls should be
capable of existence, although none have yet been reported.
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A final remark concerns the definition of the oxidation numbers of the
coordinating elements in mixed metal carbonyls. For compounds of class
A, no ambiguity is possible; unless anionic ligands (cyclopentadienyl,
halogen) are present, the oxidation number of all the metals is zero.

Li Be

0.97 1.47

Na Mg

1.01 1.23 e imeemmomoemoanenoeas .
K Ca ': Cu Zn Ga Ge As 5

0.91 1.04 LTS 1.66 1.82 2.02 2.20
Rb Sr Ag cd In Sn Sb

0.89 0.99 L1.42 1.46 1.49 1.72 1.82
Cs Ba L Au Hg I Pb B |

0.86 0.97 1.42 1.44 1.44 1.55 1.67

Elements known or likely to give ionic carbonylmetallates;
--------- elements known or likely to give mixed metal carbonyls of type B.

Scheme IV

For example, (CO)sMnCo(CO),, contains zerovalent manganese and
cobalt with 47 and d° configurations, respectively. The compound
(CO),CsHsFeMoCsH4(CO); contains, however, iron(I) (d") and molyb-
denum(l) (d°).

For compounds of class B, the oxidation number is easily found
according to the general rules and considering that metal-metal bonds
should be regarded as perfectly homopolar. So, for example, in PhyPAu~
Mn(CO)s, the oxidation number of both gold and manganese is zero; in
(CO),Fe(SnR,),Fe(CO),, the oxidation number of iron is zero and that of
tin is two.

A general discussion of compounds containing metal-metal bonds can
be found in Ref. lec.

B. Methods of Preparation

Compounds of type A, i.e., combinations between two or more transition
elements, are prepared in a straightforward way by reacting a halogeno-
carbonylmetal with carbonylmetallates of alkali metals. The following
reactions are examples of this method.
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NaMn(CO)s + ReCl(CO)s — NaCl + {CO);MnRe(CO)s ¢}
NaCo(CO); + MnBr(CO)s —> NaBr + (C0),CoMn(CO)s @
NaCo(CO), + Fe(CsHs)(CO)ol —— Nal + (CO),CoFeCsHs(CO), 3)
NaRe(CO)s + Fe(CsHs)(CO).Cl —> NaCl + (CO)sReFeCsHs(CO):  (4)

Reactions of this type are usually carried out in an ether, such as tetra-
hydrofuran, and occur very rapidly. The extension of these reactions to
metal carbonyls of other groups can face limitations due to the unavail-
ability of the starting materials, such as neutral and stable halogenocar-
bonyls of group VI metals, for example. Other special methods which,
however, could be generalized and used for the preparation of other com-
pounds of the same type are given below.

The anion [FeCoy(CO),,]~ was prepared (2) by reacting Co,(CO)g with
Fe(CO)s in the presence of acetone. The reaction is probably very complex
and the anion is finally obtained as [Co(acetone)s][FeCo,(CO); 5],

Ultraviolet irradiation of a hexane solution of Fe(CO); and Mn,(CO),,
results in the formation of the mixed metal carbonyl (3):

uv
Mn3(CO);0 + Fe(CO)s —_——>h [(CO)sMnl.Fe(CO), + CO o)
exane

Kruc.k and Hofler (4) have found that, by warming a tetrahydrofuran
solution of the salt [Mn(CO)e][Co(CO),] to room temperature, formation
of the mixed metal carbonyl takes place:

o

20
[Mn(CO)s][Co(CO),] perg (CO)sMnCo(CO); + CO )

Similarly, hexacarbonylrhenium(l)-tetracarbonylcobaltate(—1I), when
heated at 60°, is converted into enneacarbonylrheniumcobalt (5).

The simplest method for preparing mixed metal carbonyls of class B is
to treat an alkali metal carbonylmetallate with a halogeno, a cyano-, or a
hydroxo-derivative of the nontransition element:

PhsSnCl + NaCo(CO), ——> PhsSnCo(CO), + NaCl )
PhyPbBre + 2NaCo(CO)s — PhyPb[Co(CO),]: + 2NaBr (8)
ZnBr; + 2NaCo(CO)y, —— Zn[Co(CO).]; + 2NaBr )

(CO)sMnSn(CH;),Cl + Na[MoC;Hs(CO)s] —>
NaCl + (CO);MnSn(CH,):MoCsHs(CO); (10)

All the above reactions can be carried out in nonaqueous solvents (usually
tetrahydrofuran) in which the mixed metal carbonyls are soluble and so
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can be separated easily from the insoluble alkali halide. Altern:‘ﬁltlvely, thei
reactions can be done in aqueous solvents, so tl}at the.mlxed meta
carbonyls precipitate and can be recovered by filtration. This m'ethod has
often been used to prepare mixed compounds of cobalt and iron froTn
alkaline aqueous solutions of [Co(CO),]~ or [Fe(CO),)?~. For example:

3[Fe(CO)]?~ + 2(Pb(OH)J*~ + 12H* —> PbFes(CO)iz + Pb?* + 12H,0 (1)
3[Fe(CO) >~ + 2As03- + 12H* ——> As;Fes(CO)y + CO + 6H:O  (12)
2[Co(CO)]~ + HgCly —> HgCox(CO)s + 2C1- (13

The mercury derivatives of iron carbon){l, HgFe(CO), (§) an(:‘
(HgC1),Fe(CO), (7), were prepared by treating aqueous solutions o
mercuric sulfate and mercuric chloride with Fe(CQ)5 at room temperatu.re.

If high pressure facilities are available, a csmvement method of Prepar:ing
mixed compounds of cobalt is the direct action of carbon monoxide un er
pressure on a cobalt(Il) salt in the presence of the proper met.al. By this
method, Hieber and Teller (8) obtained cobalt carbonyl derivatives of
three different types, namely MCo,(CO)s (M = Zn, Cd, Hg, SI;‘),
MCo,(CO);3 (M = In, Tl), and MCo(.CO)‘} (M = TI). In the case of the
zinc compound, the reaction can be written as:

200° ’
2CoBry; + 3Zn + 8CO —— ZnCox(CO)s + 2ZnBr; (4
350 atm
15 hr

The best results are obtained with the bromide' and the iodide. In the case
of the mercury compound, HgCoy(CO)g, it is preferable to start from
cobalt metal and a mercuric halide:

150°
HgX, + 3Co + 8CO ——> HgCox(CO)s + CoX, as
200 atm
(X = Cl, Br, T)

Octacarbonylmercurydicobalt can also be prepar‘ed (9) in a more ‘dirftct
and simple way by treating Coy(CO)s with mercury in hexane. Quantitative
yields have been reported by this method.

hexane
Cox(CO)s + Hg ——5 HgCox(COJs 16)

Hieber and Breu (10) were unable to obtain alkylmercurycarb.onylcobalt
derivatives by the reaction of CoH(CO), with alkylmercu'ry halides. Com-
pounds of this type were later prepared by Kahn and Bigorgne (11). who
described the compounds Fe(CO).(HgR), (R = Me, Et). These were ob-
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tained by reacting [Fe(CO),]2~ with RHgCl. Alkylmercury derivatives of
tantalum have been reported by Keblys and Dubeck (12).

. [Ta(CO)s]~ + RHgCl —— Ta(CO)sHgR + Cl- an

Infrared data excluded the possibility that these compounds could be
formulated either as [RHg]*[Ta(CO)q]~ or as RHgCOTa(CO);. They must
therefore be regarded as compounds of heptacoordinate tantalum.

C. Reactions of Mixed Metal Carbonyls

The reactions of mixed metal carbonyls have not been studied very
extensively. These compounds are decomposed by iodine in pyridine,
usually with quantitative evolution of carbon monoxide, unless a stable
iodocarbonyl derivative is formed during the degradation process. This is
the case with the compound NiC;Hs(CO)3FeCsH; which, on reaction
with iodine (13), evolves only part of the carbon monoxide, the rest
remaining bonded to iron as Fel(C;H;)(CO),.

The most extensively studied reactions are the substitutions of carbon
monoxide by other ligands, such as triphenylphosphine, amines, etc.

Hieber and Breu (10) have reported that (C4H;)3SnCo(CO), reacts with
PPh; to give a monosubstitution product:

(C4H5)3SnCo(CO), + PPhy —> CO + (C4Hg)sSnCo(CO);PPh, (18)

Some reactions of HgCo,(CO), with different electron donors have been
reported (14). Substitution products of HgCo,(CO); are obtained with
PEt;, PPhy, AsPh;, and SbPh,,.

HgCoz(CO)s + 2L ——> HgCo,(CO)Ls + 2CO (19)

With other ligands, HgCo,(CO), loses mercury as the metal, followed by
the reaction characteristic of Co,(CO), with the particular ligand used;
i.e., substitution (with P(OR);)

HgCo2(CO)s + 2L —> Hg + [Co(CO);L]; + 2CO 20)
or valence disproportionation (with NHg, pY, or phen):
3HgCos(CO)s + 12L. —— 3Hg + 2{CoLg}[Co(CO),], + 8CO Qn

Nyholm and Vrieze (56) reported a case of metal-metal bond cleavage by
molecular hydrogen. In benzene, the complex ClIHg-IrCl,(CO)(PPhy),
reacts with hydrogen to give mercury metal, some mercurous chloride and
the hydrido IrCl,H(CO)(PPh,),. Lewis and Wild (15) reported that bis-

o
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(halomercury)tetracarbonyliron compounds such as Fe(CO),(HgCl),,
react with amines to give disubstitution products. For example:

Fe(CO).(HgCl), + 2py ——> Fe(CO).py2(HgCh. + 2CO 22)

The compound (CO)(CsH;)Fe(CO),Ni(CsH;), to which a structure with
two bridging CO groups was assigned (13), reacts with diphenylacetylene
to give the two units, [FeCsH(CO),]; and Nig(CsH;s)o(PhC,Ph).

Substitution reactions have also been reported (16a) for the complex
Ph,PAuMn(CO)s. With triphenylphosphine, triphenylphosphite, tri-
phenylarsine, and pyridine, monosubstitution products PhPAuMn(CO),L
are obtained at 120°:

120°
PhsPAuMn(CO)s + L ——> PhsPAuMn(CO).L + CO 23)

The interesting point here is that cis compounds are obtained by this
reaction, whereas Mn,(CO),, gives tertiary phosphine substitution pro-
ducts containing the phosphine ligand trans with respect to the metal-metal
bond (16b).

Gorsich (17) has described a substitution reaction of PhgSnMn(CO)s
with triphenylphosphine:

Ph;SnMn(CO)s + PPh; l—> Ph3SnMn(CO),PPh; + CO 24

The same author (17) also reported the reaction of the mixed metal car-
bonyl with tetraphenylcyclopentadienone. The structure of the product
has been elucidated by infrared measurements (18) and an x-ray diffraction
study (19). Cleavage of the metal-metal bond occurs during this reaction
with formation of a triphenylstannoxy derivative of tetraphenylcyclo-
pentadienyltricarbonylmanganese:

SnPh
o O/ 3
Ph Ph Ph Ph
Ph,SnMn(CO), + RN +2c0 (@9
Ph Ph Ph Ph
Mn(CO),

A very interesting cleavage of a tin—-manganese bond in MegSnMn(CO);
followed by insertion of tetrafluoroethylene in between the metal atoms of
that bond has been reported by Clark and Tsai (20):
50°
CF3;=CF; + MesSnMn(CO)s m MeszSnCF.CF.Mn(CO)s (26)

The reaction fails to occur in the absence of ultraviolet irradiation.
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D. Bonding and Structures

In our classification of mixed metal carbonyls it is clear that class A
compounds represent only a special case of binuclear metal carbonyls such
as Coy(CO)g and Mny(CO),,. Since the formation of metal-metal bonds
depends essentially on the size of the half-filled overlapping orbitals it is
reasonable to assume that the metal-metal bond dissociation energy of
(CO)sMn—-Re(CO); would be intermediate between those of Mny(CO), g
and Rey(CO);o. When transition elements of the same vertical triad are
known to give unmixed binuclear or trinuclear metal carbonyls, there is no
reason to doubt the existence of the corresponding mixed carbonyls
arising from all- the possible combinations of the mononuclear units. So,
for example, compounds such as FeRuy(CO),, or Fe,0s(CO),, should be
stable and capable of existence, once the method for their preparation is
found. However, a question arises here. The half-filled orbitals responsible
for the formation of the metal-metal bonds increase in size on descending
a vertical triad of transition metals. As a direct consequence, formation of
polynuclear metal carbonyls occurs preferentially through direct metal—
metal bonds rather than through bridging CO groups. In this connection,
the structure of Feg(CO),, is to be compared with that of Ru3(CO);, and
Os3(CO), 5. The question is then whether the yet unknown FeRu,(CO),,
would contain bridging CO groups. No x-ray structures have yet been
reported for mixed metal carbonyls of the first class. Infrared data can,
however, be used to assign tentatively some of the structures.

The compound C;H;Ni(CO),Fe(CO)C,H, was found to have infrared
C—O stretching vibrations at 1975, 1836, and 1806 cm~! and it was
concluded (13) that its structure should be one of the type shown below
with both terminal and bridging CO groups (3). The tetranuclear

0

8.,

AN
7™ Fe Ni——@
A

I

0

(3)

OC

FeCo3gH(CO),, has an infrared spectrum in the C—O stretching region
very similar to that of Co,(CO),; (2). In particular a band at 1890 cm~?
is present which can be attributed to bridging CO groups. That none of the
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bands observed in this region is due to a metal-hydrogen stretching
vibration is shown by the fact that a very similar pattern, although shifted
to low wavenumbers, is present in the spectrum of the corresponding anion
[FeCos(CO)y2] . )

Another compound for which a CO-bridging structure h.as be.en pro-
posed (21) is (CO)3Co(CO),FeCsHs(CO), again on the basis of infrared
measurements. Most of the other mixed metal carbonyls do not show
infrared C—O stretching vibrations at low wavenumbers and consequently
were considered to contain only direct metal-metal bonds. In particular, it
is noteworthy that both (C0O),CoMn(CO); (4,21) and (CO)4C01.{e(CO)5: (5
seem to prefer an arrangement without CO bridges, at least in sol}xtlon,
whereas one of the parent carbonyls has a CO-bridged structure in the
solid state.

Few structural data are available at present for mixed metal carbonyls of

" the second class, i.e., with nontransition elements. The x-ray structures
of Ph;SnMn(CO),PPh; (22), PhySn[Mn(CO);sl» (23a? and (Triars)Cu—
Mn(CO)s (23b) have been published only in a preliminary form. In the
first molecule, a colinear arrangement of tin, manganese, and phosphorus
was found, substantially with tin in a tetrahedral and manganese in an
octahedral environment, as expected (see Fig. 22).

FIG. 22. View of the molecule PhsPMn(CO),SnPh; in the b axis projection. The
central atoms are, from left to right, P, Mn, and Sn (R. F. Bryan, Proc. Chem. Soc.,
1964, 232). Published by permission.

For Ph,Sn[Mn(CO);], the four bonds from the tin atom were found
to form angles considerably different from those expected for a rF:gular
tetrahedron. The Mn—-Sn-Mn angle was found to be 117° and it was
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suggested that the distortion arises from mutual repulsion of the two
- Mn(CO); groups. Two-series of mixed iron carbonyl derivatives of tin and
lead are known (see Table 33 for specific references):

(RsSn),Fe(CO)s  [R,SnFe(CO).),

(RsPb);Fe(CO), [R:PbFe(CO).}.

The dialkyllead and dialkyltin compounds, originally thought to be mono-
meric, were later recognized to be dimeric by Hein and Heuser (24) and by
King and Stone (25), respectively. Tin- or lead-bridged structures of the
type shown in structure 4 are probable for these compounds. Extensive

0
o ¢ R 8CO
~ o
e Fe
C/;\M/|\C
C
o 8 R, O ©

(4)

spectroscopic studies of octacarbonylmercurydicobalt have been pub-
lished. Infrared data in the C—O stretching region (26) indicate the ab-
sence of bridging CO groups. The Raman spectra of CdCo,(CO); and
HgCoy(CO)g (27) are consistent only with a linear arrangement of the
three metal atoms Co-Hg-Co. The observed Raman spectrum of the
cadmium derivative is in agreement with a Dy, symmetry of the molecule,
as shown in Fig. 23. The Raman spectrum of HgCo,(CO), could not be

2 O °
| AN
OC—Co—M——Co—CO
s |
C
o 0 c

FIG. 23. The molecule, MC0,(CO); (M = Cd or Hg). Ds; model.

observed in the complete range of frequencies but there was evidence that
the conclusions drawn above were valid also for the mercury derivative.

-
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NOTES ADDED IN PROOF

1. ??th Ru(CO); and Os((;O)s .have now been found to have the same number of
infrared carbonyl stretching vibrations as Fe(CO)s. A trigonal bipyramidal structure

of D3, symmetry was therefore suggested. (F g i
Inor. Chom i oo 2g . (F. Calderazzo and F. L Eplattenier,
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2. A recent investigation has suggested that compounds of type 1 cc?ntaining tetfava'lent
nickel in the original formulation, might be reformulated as nickel(1]) derivatives.
(J. P. Fackler and D. Coucouvanis, J. Am. Chem. Soc., 89, 1745 (1967).)

S S—S
AN S

3. An investigation of the system MnX(CO);s/C**O (X=Cl, Br) has-, however, mdlcat.(eid
no appreciable difference in exchange rates of equatorial and'axlal carbon mor?oxl e
groups. (B. F. G. Johnson, J. Lewis, J. R. Miller, B. H. Robinson, P. W. Robinson,
and A. Wojcicki, Chem. Commun. (British), 1967, 379.
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During the last war, Reppe and co-workers (1) discovered that alkaline
solutions of iron carbonyl hydride give hydroquinones when treated with
acetylenes at moderate temperatures. Under certain conditions the forma-
tion of cyclopentadienone dimer and indanone has also been observed in
these reactions. Since some organometallic complexes could be isolated
when acetylene was used under pressure, the formation of cyclic products
from acetylenes and carbon monoxide was thought to proceed via such
organometallic intermediates. The elucidation of the nature of these com-
plexes is only a recent development and, as will be shown, throws light on
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