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ABSTRACT

The synthesis of a number of transition metal carbonyl
complexes and their isonitrile derivatives has been carried
out. The fluxional character of some of the isonitrile sub-
stituted derivatives has been studied by means of infrared

and variable temperature n.m.r. spectroscopy.

The complexes, szFez(COI3(CS) and szFez(COIZ(CSIZ,
the thiocarbonyl analogues of Cp2Fe2(C014, and their isonitrile
substituted derivatives have been prepared énd fully charac-
terised. The fluxional behaviour of these complexes, in which
the CS group is found exclusively in the bridging position,

has been studied.

The attempted preparation of mixed metal carbonylAcom-
plexes containing isonitrile groups has been discussed. Al-
though no mixed metal isonitrile derivative was obtained, the
products isolated may be explained by mechanisms involving

free radicals, electron transfer and ligand exchange reactions.

A general method for polynuclear carbonyl complexes

containing the CNR_, group has been discussed and n.m.r. studies

2
carried out on complexes of the type HFe3(CO)10CNR2, indicate
a restricted rotation about the C-N bond. 2An independent

fluxional behaviour of the CO groups is also discussed. The

preparation and fluxional behaviour of HFeB(CO)QCHNPri and

Fe3(CO)IJCNR) is also discussed. .



CHAPTER 1

Introduction

Since the discovery of the first transition metal
carbonyl complex, tetracarbonylnickeli, the field of trans-
ition metal carbonyls has undergone massive expansion. Tet~-
racarbonylnickel had almost immediate industrial application
and this helped to initiate the search for carbonyls of other
metals. In the 20 years following the discovery of Ni(C0)4,
iron2, cobalt and molybdenum3 carbonyls were synthesised and
their properties studied. Since then the discovery of new

metal carbonyls has continued and is still in progress.

An excellent review by Calderazzo4 gives a comprehen-
sive survey of transition metal carbonyl chemistry upto 1966.
The early work on carbonyl chemistry mainly dealt with the
exploration of the reactivity and stability of these compounds
in order to prepare a large number of compounds containing
carbonyl and other ligands. The readily measurable C-O
stretching frequencies were found to be extremely convenient
and useful to study a variety of bonding schemes and chemical
properties. The carbonyl complexes have been found to act as
templates to allow novel reactions upon the ligands and in
their ability to stabilise organic moleculess. Although the
early discoveries of metal carbonyls were largely a result of
chance rather than predicted reactions, in recent years many
rational methods of preparing metal carbonyls have been
reported4’6'7'8. As a result, new mononuclear and polynuclear

carbonyl complexes are being prepared at an ever increasing

rate.



Structural studies based on X-ray, electron and neutron
diffraction techniques, as well as data based on infrared,
Raman, e.s.r., n.m.r., Mossbauer and microwave spectroscopy,
dipole moment studies, magnetic susceptibility meaéurements,
and mass spectrometry have contributed to provide much useful
information about the various structures of metal carbonyl
complexesg’lz. The structure adopted by polymetallic
carbonyls depends significantly on temperature, solvent and
substitution by other ligands, and all of the techniques listed
above provide information relating to the structures adopted.
In addition, ligands such as CO, NO and CNR have been found to
exhibit fluxional behaviour, i.e., exchange between non-equiv-
alent sites in the molecule, and n.m.r. spectroscopy provides
a unique tool to study this phenomenon. Infrared studies10
carried out on complexes of the type [LCO(CO)3:L indicate that

i

in solution, when L = AsPr’t 30

3 AsBu

the complex exists
solely in the non-bridged form. 1In contrast, when L = PEt3,
AsEt3 or SbEt3, the bridged tautomers increase in importance
in passing from phosphérus to antimony. In recent years, the
use of fourier transform n.m.r. spectroscopy has become inc-
reasingly significant in following stereochemical non-rigidity
in metal carbonyl and related complexes. N.m.r. techniques
have been used to show the bridged and non-bridged carbonyl
structural interconversions undergone by szFez(CO)4 (hence-

forth Cp represents cyclopentadienyl) in solution11,18,19, 6 gas

shown in Fig. 1.
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IsonitrilesM'15 and nitrosyls16 have been shown to

undergo similar bridge-terminal site exchange, and there are
likely to be a wider range of ligands that undergo this tYpe

of exchange between different sites.

Several metal carbonyl compounds can be prepared by
direct interaction of carbon monoxide and the metal. Thus
Ni(CO)‘4 may be prepared by reaction of finely divided nickel
metal with carbon monoxide at atmospheric pressure17. However,
iron, cobalt, molybdenum and ruthenium only combine with carbon
monoxide at elevated temperatures and pressures to give the
corresponding carbonyl compounds, Fe(CO%s, [CO(COX432' Mo (CO),
and Ru(CO)5 respectively. A much more convenient method for
the preparation of many metal carbonyls is based on the reac-
tion of carbon monoxide with a metal compound in the presence

of a reducing agent. Some of the more commonly used reducing



agents inglude excess carbon monoxide, hydrogen, sodium, mag-
nesium, aluminium, zinc, copper, Grignard reagents, aluminium
alkyls, lithium aluminium hydride and sodium benzophenoneketyl.
The following reactions illustrate the applications of some of

these reducing agents.

(i) ©0sO, + 9CO = Os (CO); + 4CO,
. (i) 2CoCO, + 8CO + 2H, =~ [Co(CO),T], + 2CO, + 2H,0

(1ii) VCR, + 4Na + 2diglyme + 6CO - [Na(diglyme), J[V(CO) ]
+
3NaCy

(iv) CrC23 + 4A% + 6CO > Cr(CO% + A2c23

(v) WCJL6 + 3Zn + 6CO =~ W(,coi6 + 3chz2

In some cases, iron pentacarbonyl has been used as the
source of carbon monoxide in the preparation of metal carbonyls.
Tungsten hexacarbonyl has been prepared by treatment of tung-
sten hexachloride with iron pentacarbonyl in an autoclave con-

taining hydrogen under pressure.

The versatility of carbon monoxide as a ligand is evi-
dent from the diversity it shows in bonding to metal atoms.
It can be found bonded to one, two or three metal atoms, and
although it is usually the carbon atom of the carbon monoxide
that coordinates to metal atoms, the ligand can coordinate
through its oxygen atom also. BAn outline of the several ways
in which carbon monoxide can coordinate to one or more metal

atoms is given below.

The carbon monoxide ligand can be terminally attached

to one metal atom forming a linear or nearly linear M—C—0O unit,



as shown below.

The metal carbon bonds in compounds containing CO
coordinated to a single metal atom are found to be much shor-
ter than the metal carbon bonds of metal alkyls. For example,
in the molybdenum complex, (nS - C5H5)M0(C0)3Et,20 the carbonyl
ligands are attached to the molybdenum by molybdenum carbon
bonds of length 1.97 ﬁ, whereas the single molybdenum carbon
bond to the ethyl group is 2.38 i long. This can be inter-
preted by describing the M—CO bonding as a resonance hybrid

of the mesomeric forms I and II (Fig. 2).

M=(=0 | —s M—r=)

I I

Fig. 2.

Therefore, the bond order of M-C is expected to be

between 1 and 2, and that'of‘C—O between 2 and 3.

The more commonly used description of M—CO bonding is

the molecular orbital formulation (Fig. 3).

T
M =0

© QL L _p
A NANCAR

Fig. 3.
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The lone pair electrons on carbon are donated to a
suitable vacant metal orbital, and the electron drift from the
ligand to the metal assumed to occur in this process is com-
pensated for by back m-donation from metal to ligand from a
filled metal d atoﬁic orbital into the ligand m* orbital.

This bonding mechanism is synergic, since the drift of metal
electrons inté CO orbitals will tend to make the ligand as a
whole negative and this increases its basicity through the o-
orbital of carbon. Simultaneously, the drift of electrons to
the metal in the 0 bond will make the CO positive, hence
increasing the acceptor capability of the m-orbitals. Thus the
o bond and 7 bond formation mutually strengthen each other.
The synergic nature of the M—CO bond implies that the carbonyl
ligand remains essentially neutral; however, closer consider-
ation of the orbitals involved in the bonding shows that on
coordination carbon monoxide acquires a siénificant negative
charge. This results from the fact that the o donation from
CO to metal involves less charge transfer from CO to metal
while the back m-donation involves a greater charge transfer

from metal to CO than is commonly supposed.

Infrared stretching frequencies of CO vibrations pro-
vides evidence for the multiple nature of the M-CO bonds, as
predicted according to the bonding description given above.
Assuming that the valence of C remains constant, any increase
in M—C bond order should cause an equal decrease in the C-O
bond order which will be reflected by a drop -in the CO stret-
ching frequency. Therefore, by direct comparison of the
stretching frequency of CO in metal carbonyl complexes with

that of free carbon monoxide, the extent of back bonding from



metal to carbonyl group can be noted. Whereas free carbon
monoxide has a stretching frequency of 2143 cm_l, terminal
carbonyl groups in neutral metal carbonyl complexes have
stretching frequencies in the range 2150-1850 cm_l. Although
the extent to which electronic charge is transferred to the
ligand may vary from one system to another, there is no vari-
ation in the number of electrons formally donated from ligand
to metal. The terminal carbonyl ligand can be regarded as a

2-electron ligand, that being the number it donates to the

metal atom.

In di- or polynuclear metal carbonyl complexes, a car-
bonyl ligand can adopt a doubly bridging mode of coordination,

still functioning as a 2-electron donor (Fig. 4j}.

)
=0
|~

Fig. 4.

The 'lone pair' orbital on carbon can overlap with a
suitable in-phase combination of empty metal orbitals. Simul-
taneously, an out of phase combination of filled metal orbitals
can interact with the carbon monoxide m* antibonding orbital
(Fig. 5). As a consequence of this type of bonding, the carbon-
oxygen bond order is reduced to approximately two. Infrared
stretching frequencies of bridging carbonyls generally fall in
the range 1850-1750 cm—l, indicating even more reduced carbon-
oxygen bond order than in the case of the terminally attachéd

carbonyls. Very often the bridging carbonyl groups occur in



pairs and any pair can be regarded as héving an alternative
non-bridged arrangement with a terminal carbonyl on each metal

(Fig. 6).
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Fig. 6.

The relative stability of the non-bridged structure
over the bridged structure increases on descending any group
in the Periodic Table; the larger the metal atoms the greater
is the likelihood for a non-bridged structure. Hence, Whereas
Fe3(C0)12 has two bridging carbonyl groups, Os3(C0)12 and
Ru3(CO)12 contain only terminally bound carbonyl ligands.
Metal atom size plays an important role when one considers the
attachment of carbonyl ligands to different metal atoms along a

horizontal period of the Periodic Table. Thus the dinuclear



an(CO)10 contains only terminally attached carbonyl ligands
because of the large size of the Mn atoms, whereas Co. (CO)
exists as an equilibrium mixture of the bridged and non-bridged
structures. Similarly, although Fez(coﬁa and szRh (C0O), have
structures as shown in Fig. 7(i) and Fig. 8(i) respectively,

the alternate structures shown in Fig. 7(ii) and Fig. 8(ii)

are also possible. In the second form of structure each Fe

~
OC-— e—-CO Fe
/ c oc”

oC CO
0 0
(1) (11)
Fig. 7. - Fez(COE
0
Q 0
Cp C Cp
NN C
Rh——FRh Cp—RA Rh—Cp
oc © G
(1) | (11)

Fig. 8. Cp2Rh2(CO)3

atom of Fe2(Co)9 is bound to the other by a M-M bond and
bridged by a single CO group. The alternate structure for

cszhz(CO)3 has three bridging CO groups and no M-M bond as in



10

szha(CO)(Csz (Fig. 9). Substitution of

Fig. 9.  Cp,Rh,(CO) (CH,),

a carbonyl group of Fez(co%; gives a complex with a monobridged

structure (Fig. 10).

0 0
BN
Ot\Fe/ \Fe<m
o’ | | oo
c C
0 0

Fig. 10.  Fe,(CO) CH,

Generally, the doubly bridging carbonyl groups are
symmetrical, the metal carbon distances being equal, but in a
few cases unsymmetrical bridging carbonyls are found to occur,
such as in ]?ea(CO)12 (Fig. 11)21 and the phosphine substituted

22
Fe3(co)11 PPh3 (Fig. 12)°° .,
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Fig. 11. Fe_ (CO)

Fig. 12.  Fe,(CO), (PPh,)



. 2-
Fig. 13. [Fe4(CO) '3

In the dianion [Fe,(c0),,]?  (Fig. 13), three of the

carbonyls formlvery asymmetric bridges with the three basal
iron atoms while a fourth carbonyl triply bridges these

three iron atomsaz.

The carbonyl ligand has been shown to scramble
between bridging and terminal sites with great ease23, and
this lends much support to the suggestion that the differ-
ence between the strength of attachment in the bridging and

terminal sites is very small. A study of the bond energies

of the dinuclear iron carbonyl, Fez(CO)g, which has six



terminal and three bridging carbonyl ligands is in accord

with this conclusion24.

A slightly different type of bonding between metal
and bridging carbonyl group exists for the dihapto doubly
bridging carbonyl group. This type of a bridging carbonyl
can be found in Mn2(CO)5(Ph2PCH2PPh2)2 25 The bonding

scheme, as shown in Fig.14 consists of a donation

m
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zmg
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|

W LP QP
d N )
N/ \
VAN

of electrons from the ligand m molecular orbital to a

S

A\

Fig., 14.

suitable metal orbital and simultaneously, a donation of
electrons from metal to ligand 7* antibonding molecular

orbital.
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Fig. 15.
Thus, in this type of bonding, both the carbon and the
oxygen atoms form an attachment to one of the metal atoms
and hence facilitating quite an extensive reduction of the

carbon oxygen bond order.

The structure of Cp2V2(CO)5 (Fig. 16) showg the
presence of two semibridging carbonyl groups. The formation
of the V - V bond gives a highly polar electron distribution
which is redressed by partial transfer of electron density
from a filled d orbital of one metal atom into one of the
m* orbitals of a CO group that is principally bonded to the

adjacent metal atom (Fig. 17). A consequence

0
C

=

~

CP(COIV——3V(C0)Lp

e

C
0

Fig. 16, Cp2V2(CO)5



Fig. 17.

of this type of bonding is the substantial bent nature of

the M-C-0 bond (160-170°).

The carbonyl ligand may also be found triply-bridging

three metal atoms (Fig. 18). The bonding in such a

C/O
M— \
M M
Fig. 18.
M M
M
(1) ' (ii) | (1ii)

Fig. 19.
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system involves interaction of the lone pair orbital on
carbon with a suitable combination of empty metal orbitals
(Fig. 19 (i)), and a simultaneous donation of electrons from
a suitable combination of metal orbitals (Fig. 19 (ii) and
(iii)) into the 7m* antibonding orbitals of carbon monoxide.
The CO. stretching frequencies of the triply-bridging carbon-
yls are even lower than those of the doubly-bridging carbonyl
groups. The CO bond orders have been estimated to be just

below two.

Recently, a quadruply-bridging carbonyl ligand has

been reported?®. The anion [:HFe4(CO)13:]_ has a unique

</
. \\M

Fig. 20.

carbonyl group which bridges three of the metal atoms in the
manner of a triply-bridging carbonyl and forms a m bond to

the fourth metal atom, as shown in Fig. 20.

Due to the great variability shown by the carbonyl
ligand in bonding to metal atoms, polynuclear metal carbonyl
complexes may serve as reasonable models for metal surfaces
in the processes of chemisorption and catalysiSZ7-33. There

is a close resemblance in the structure and bonding features

of the ligands bound to metal atoms, both in the molecular



clusters and on the metal surfaces. The common forms of
carbonyl bonding in metal carbonyls, MCO, M2CO, M3CO, are
all analogous to the carbonyl bonding in the possible inter-
mediate chemisorbed states on metal surfaces. There are
numerous examples of hydrido transition metal carbonyl
clusters which serve as models for the intermediate states
in the surface catalysed hydrogenaticn of carbon monoxide34.
In these complexes, the hydrogen can co-ordinate to a
terminal or a bridging site. The 1ls atomic orbital of
. hydrogen can interact with a o-bonding atomic orbital of a
metal or a suitable combination of metal orbitals and so,
it is capable of forming a 2-centre M-H or 3-centre M2H
bonds.

The catalytic hydrogenation of carbon monoxide can be
regarded as consisting of the following stages:
(1) carbon-oxygen bond scission, (ii) oxygen-hydrogen bond
formation, (iii) carbon-hydrogen bond formation and
(iv) carbon-carbon bond formation,.but not necessarily in

this order. Each of these stages has a specific model in

metal carbonyl cluster chemistry.

Prior to carbon-oxygen bond scission in hydrogenation
reactions, chemisorption of carbon monoxide molecule on the
. metal surface takes place. An intermediate state is
obtained in which the carbon-oxygen bond order is reduced,
this may be achieved when both the carbon and oxygen atoms
of the carbon monoxide molecule form linkages to surface
metal atoms, thus facilitating the eventual bond scission.
This type of an intermediate state has specific models in

metal carbonyl clusters. For instance, the tetranuclear
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iron complex, [:HFe4(CO)13:]_, has twelve terminally bound
carbonyl ligands and one with the carbon and the oxygen

atoms bonded to the metal atoms as shown in Fig. 20. As a
result, a significant reduction of the carbon oxygen bond

order of the bridging carbonyl group is obtained.

Once the carbon-oxygen bond scission has taken place
on the metal surface, subsequent steps may involve carbon-
hydrogen and carbon-carbon bond formation. 1In the formation
of methane, for instance, there are likely to be intermed-
iate states of CH, CH2 and CH3 species bound to surface
metal atoms, and all these species together with a C (car-

. bide) species are known in cluster chemistry.

An example of a cluster complex containing a carbide
carbon atom is Fe5C(CO)15 (Fig. 21) in which the carbidic

carbon atom projects out below the plane of the four basal

metal atoms35. Recently, the ruthenium analogue,

157 prepared by carbonylation of Ru6C(CO)17 has been
87

shown to have a similar structure”’.

RuSC(CO)

Fig. 21, MSC(CO)S' M=Fe, Ru.



Muetterties has isolated the carbide containing
- = - 2=
clusters [ HFe,(CO) ,(u,~C) ] and [Fe, (CO) ,(u,~C) ]
(Fig. 22)85. The monoanion has a similar structure to that
of the dianion with a hydride bridging the two basal FeP

atoms.

—Fa

AN

\ /C\Fe//
N\

<

—T) —

\V,

e

Fig. 22. [:Fe4(CO)12(u4-C):]2-. The carbonyl groups are

represented by the lines projecting from the Fe atoms.

The carbyne or CH species bound to metal clusters
are well established. Treatment of the dianion
[:Fe4(CO) 12 (M, 7C) :[2- with HCf® yields the monoanion
[rm@4(c0)12(u4-c):]-. Prolonged reaction of the hydride
derivative with HC2 gives a cluster containing a methylidyne

group bonded to the iron atoms, as shown in Fig. 2385'86.
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Fig. 23. HFe4(CH)(CO)12. The carbonyl groups are repres-

ented by the lines projecting from the Fe atoms.

The cluster complex HCCo3(CO)9 has the CH carbon

atom bound to the three metal atoms (Fig. 24)36, and it has

M

(CO)3C0 4{-0([0)3

Co
o),

Fig. 24. Co3(CO)9(CH).

been shown that the photochemical reaction of Co3(C0)9(CH)

and hydrogen leads to quantitative formation of methane and



21

Co4(CO)12. The complex RCCo3(CO)9 similarly reacts with
hydrogen to form alkane, alkene and Co4(CO)12. In an atmo-
sphere of CO and H2, CH3OCRu3H3(CO)9 gives dimethyl ether,
and Muetterties31 suggests that the hydrogenation process
involves intermediate carbene and alkyl derivatives, as
outlined in Scheme 1.

CcoO H V
CHBOCRu3H3(CO)9 - CH3OCRu3H2(CO)10

cod

CO
CH3OCH3 + CRu3(CO)12 — CH3OCH2RU3H(CO)11

Scheme 1.

It is interesting to note here that H3Ru3(COCH3)(CO)9
and the analogous Os complex, H3Os3(COCH3)(CO)9 were prep-
ared in two stages (Scheme 2), that involved conversion of

the carbene bound species HM3(u2-COCH3)(CO)1 to the carbyne

0
. 1
bound species H3M3(u3—COCH3)(CO)93 .
(M, (u,~CO) (CO) 10 * CH;SO,CFy~ [ HM, (1,~COCH;) (CO) ]
+
so3c;~3’
[EM, (u,-COCH_)(CO), ] +H, 60° .M, (u,-cOCH,) (CO)
3 72 3 10 2 => "33 'F3 3 9

+

CO
Scheme 2.

HOs3(CO)10CH3, formed from the reaction of diazo-
methane with H2053(CO)10, exists as an equilibrium mixture

of the forms I and IT (Fig. 25), i.e., the methyl species
37

H(CH3)Os3(CO)10 and the carbene species HZ(CH2)053(CO)10
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(CO) (CO)
Os ¢ 034\
- H
By -
/ ™~ T
(C0)30S\H/0$(C0)3 (c0)3os\H/os(c0)3
I Jif

Fig. 25. H(CH3)Os3(CO)10 and H, (CH,)0s, (CO), .

The 0s-C-H-0s interaction in the methyl derivative
(I) can be compared with an intermediate state involving
C-H bond breaking or bond formation during a catalytic

hydrogenation process.

FeZ(CO)s(u—CHz) (Fig. 10), prepared by the inter-
action of diiodomethane with [Fez(co)s:]z_ is another

example of a cluster containing a bridged CH, group.

2
The cluster complexes discussed above serve as
reasonable models for the sequence of steps
C » CH » CH2 -+ CH3 -+ CH4 in the hydrogenation of surface
carbon atom to methane. 1In this sequence it has been
assumed that carbon-oxygen bond scission takes place prior
to carbon-hydrogen bond formation. However, it is possible
that direct hydrogenation of the chemisorbed carbon mon-
oxide may precede or at least compete with the carbon-oxygen
bond cleavage step. In the event of direct hydrogenation,

an intermediate state with a COH species would be involved,



and this too is established in cluster chemistry.

HFe3(CO)10(COH) (Fig. 261), obtained by acidification of the

anion E{Fe3 (CO)“] , contains an edge-bridging COH moiety .

Fig. 26i. HFe,(CO)  (COH)

39,91 . .
'**, which contains a

The analogous compound Co3(CO)9(COH)
face bridging COH ligand, is similarly obtained by protona-
tion of [§o3(CO)10:]_. Recently, Wilkinson96 has prepared
the triiron cluster anion [?e3(CO)9(MeCOi]_ by the inter-
action of [}ez(CO)S:]Z— with iodomethane. The oxygen atom

of the acyl group is regarded as contributing three electrons

to the cluster via donation from the lone pair to Fe1 (Fig.

26ii.
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Fig. 26ii, @e3(c0)9(Mec0)]’

Polynuclear metal complexes have a distinct advantage
over mononuclear metal complexes in serving as models for
various catalytic intermediate states. The uz—CO, u3-CO and
nz-OC type of interactions in polynuclear carbonyl complexes
are more effective than the M-CO bonding in the mononuclear
complexes in reducing the carbon-oxygen bond order, a
requirement for carbon monoxide hydrogenation. Fof the
Fischer-Tropsch reaction, a plausible scheme which involves
formation of various intermediate states has been proposed,
and each of these intermediate states has an established

organometallic precedent40.

The scheme involves the successive formation of
formyl, formaldehyde, hydroxymethyl, carbene, and alkyl

metal intermediates.

The formyl derivative, [HCOFe(CO),]” has been

isolated and fully characterised. The complex has been



5

- H H H
it o e e gy ————>H—§____M — H-tM
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HL—CH,0H + H-M T
Scheme 3.

Mechanism of the Fischer Tropsch Reaction.
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prepared by formylation of a nucleophilic saturated metal
carbonyl, and isolated as the bis (triphenylphosphiniminium)

salt41.
OO0 0

Fe(CO), + CH,COCH ~ [Fe(co) ,CcH]”

Scheme 4.

A different method for the synthesis of metal formyl
compounds involves the reaction ‘of. metal carbonyl compounds
with trialkylborohydrides42.

H.E(OR)3 + M(CO) _ > B(OR),

N
+ C -
o/ Micoy,
Scheme 5.

The interaction of RuHCSL(PPh3)3 with sodium methoxide

has been shown to give two compounds that are formulated as

43

having Ru-CHO and Ru-OCH,_, groups ~.

2

Sweet and Graham have recently isolated and character-
ised models for the formyl, hydroiymethyl and alkylmetal
intermediates in the Fischer Tropsch synthesis44. The form-
ation of these derivatives is based on the systematic and
controlled reduction of [?pRe(CO)zNQ]+ (Scheme 6).

BH4

——

2BH} lBH;

CpRe(CO)2N0+ CpRe (CO) (CHO) NO

CpRe(CO)(CH3)NO + CpRe(CO)(CHon)NO
|BH,
CpRe(CO)(CH3)NO

Scheme 6,
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Polynuclear formyl complexes, [ir4(CO)11(CHO[]' and
[4, (CO) , (CHOY]™ (M=Os, Ru) have been identified in the

89,90.

reaction of Ir4(CO)12 and M3(CO)1 with L1BHEt3

2
A
The treatment of Os(CO)z(PPH3)2 with 40% aqueous
/
formaldehyde solution gives in good yield the complex
Os(CO)z(nz-CHzo)(PPh3)2, a mononuclear model for the form-

aldehyde intermediate in the Fischer Tropsch synthesis45.

Polynuclear carbonyl models for some of the possible
intermediates have already béen mentioned. Thus, the
carbene and alkylmetal intermediates are represented in
cluster chemistry by H2053(CH2)(CO)10 (Fig. 25 I) in which
the carbene ligand is seen to bridge two metal atoms, and
HOs3(CH3)(CO)10 (Fig. 25 II) in which two of the osmium

atoms are bridged by a methyl group.

In recent years, many examples of homogeneously
catalysed reactions have been reported in which metal car-
bonyl clusters and their derivatives act as catalysts. A
very recent review by Whyman gives a very good account of
the applications of metal clusters in catalysis46. Metal
clusters have been used in a wide range of reactions, such
as hydrogenation, isomerisation, hydroformylation, cyclisa-
tion and oxidation. The reader is referred to the review
by Whyman for examples of all these reactions. Of partic-
ular importance are those catalytic reactions which lead to
the reduction of the normally difficult CO and.CN triple

bonds.

Kaesz47 has carried out the preparation of a series
of complexes (Scheme 7) which represent a possible reduction

pathway for acetonitrile over a triiron cluster.



23

[HFe,CO),] + CHON

RS W N N
"7 \k S \& \
F
) /F$\ VIR
A
CHs 1]
CH, > \
N HsC™ Sy

Scheme 7.

As a result of the great applicability of metal
carbonyl complexes, in recent years much work has been
carried out in the search for metal complexes with ligands
similar to the carbonyl group. Since Baird and Wilkinson48
reported the first thiocarbonyl complexes,
trans- RhX(CS)(PPh3)2 and RhX3(CS)(PPh3)2 (X=Cc%, Br), the
synthesis and characterisation of other transition metal
thiocarbonyl complexes has received much attentionsg. This
is mainly due to the similarity of the thiocarbonyl group
to the more common carbonyl group in terms of electronic

structure and bonding. The ground state electronic config-

urations for the CO and CS molecules are:
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co (1022002302 (402 (5002 (am) *
cs (10)2(2002(30)2(40) 2 (1m * (50) 2(60) 2 (70) 2 (2m) 2.

A molecular orbital calculation, carried out by
Richards49, indicates that the thiocarbonyl ligand is
favoured over the carbonyl ligand in terms of both o and
bonding. The calculations show that while the 70 and 2w
orbitals of CS molecules are almost degenerate, the 7o
orbital is localised largely on the carbon atom and the 27
is a bonding orbital distributed on both the C and the S
atoms. The two electrons in the 70 orbital can therefore
be regarded as a lone pair available to bond to a metal
atom. This is analogous to the bonding of CO to a metal
atom, in which it is the lone pair of the 50 orbital that
is used. On comparing the energies of the 70 orbital of
CS and the 50 orbital of CO (70 orbital of CS: -0.4705 a.u,
50 orbital of CO: -0.5704 a.u.) it is evident that the pair
of electrons on the 70 orbital of CS should be more readily
available than those on the 50 orbital of CO. Also, the
energy of the emptyv3ﬂ antibonding orbital on CS (+0.0848
a.u.) is much lower than that of the empty 2w antibonding
orbital on CO (+0.1507 a.u.). As a result of the more
favourable ¢ donor and T acceptor capabilities of the thio-
carbonyl group over the carbonyl group, metal thiocarbonyl
bonds are predicted to be stronger than the corresponding

carbonyl bondsso'SI.

In contrast with metal carbonyl complexes, it is only
recently that the first carbon bridged thiocarbonyl complex

was prepared (Fig. 27)52. The complex [:CpMn(NO)(CS):]2
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exists as a mixture of the cis and trans isomers. Thio-

carbonyl analogues,

NS NG
/ \ ON/ \g/ \NO

Fig. 27.  Cp,Mn, (CS),(NO),

[epM(co) (cs)], (M=Fe?,

54
Ru>“®), of the wellknown [z:pM(CO)zj2
have been prepared and shown to contain the CS groups

exclusively in the bridging positions (Fig. 28). The

‘K/\ W\/\/p
/\/\ ‘/\/\

Fig. 28. Cp2M2(CO)2(CS)2

monothio compounds Cp2M2(CO)3CS (M=Fe55, Ru54) have also been

shown to exist with the thiocarbonyl group bridging the two
metal atoms. The preferential adoption of the bridging site
can be explained by the low stability of the m bonds between
C and S°6. Loss of the little 7™ bond stabilisation is more
than compensated by the stabilisation gained by forming a
bond to a second metal atom upon migration of CS from term-

inal to a bridging position. The evidence for a weak CS
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bonding is supported by several reactions of the thio-
carbonyl ligand with nucleophiles to give products with

diminished CS m bonding>’’>8+92,

The triangular cobalt cluster, Cp3C03(u3-CS)(u3-—S)92
(Fig. 29) has a triply bridging thiocarbonyl group, the
bonding of the CS to the three metal atoms being analogous
to that of the triply bridging carbonyl groups discussed

before.

S
C
//// o—Cp
(p—Co
i
Cp

Fig. 29. Cp3CO3(u3-CS)(u3—S).

The tetranuclear cluster [Fe,(CO),,(CS)S] (Fig. 30)°°¢
formed by reaction of Fe3(CO)12 with Csz’ has the thio-
carbonyl ligand terminally bound to one Fe atom via sulphur,

while the C atom caps in a My mode the Fe, triangle formed

3
by the remaining three Fe atoms.

The phosphorus derivatives of the type PX_ [X=halide,
(OR[] can act as complexing agents in much the same way as
CO. The particularly good bonding capabilities of PX3
were first reported by Chatt after his preparation of the
éomplex (PF3PtC22)260. It was suggested that the donor o

bond formed between the ligand and the metal was reinforced
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Fig. 30. Fe4(CO)12(CS)(S). The carbonyls are represented

by the lines projecting from the Fe atoms.

by electron transfer from the d orbitals of the metal to
the empty d orbitals of P, analogous to that of CO in which
there is electron drift from the metal d orbitals into the
empty T* antibonding orbitals. Thus, phosphorus derivatives

of the type PX. came to be classified as m acceptor ligands,

3

and this seemed a reasonable way of explaining the fact that

like CO, PF_, will form complexes with metals in low oxida-

3
tion states but not with those in high oxidation states.

Also, the Ni-P bond length in Ni (PF is about 10% shorter

3)4
than other Ni-P bond lengths, implying a multiple metal-
phosphorus bond. The highly electronegative fluorine atoms
in PF3 would certainly make the phosphine a good T acceptor;
however, it has been a point of much dispute about the w-

acceptor capabilities of other P(III) derivatives with less

and PH..

electronegative atoms or groups, such as PR3 3

Phosphines and phosphites can substitute a single
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carbonyl group of [@pFe(CO)Z:]2 to yield products of the

general formula [@pZFeZ(CO)3(PX3i] in which the PX, always

3
occupies a terminal position (Fig. 31)61.

0
Cp Fe \Fe/ (\ /PX3
~ " /

o o Cp

Fig. 31. szFez(CO)3PX3.

The substitution of a terminal carbonyl group by a phos-
phorus donor ligand lowers the stretching frequencies of the

remaining carbonyl groups.

In addition to the o and 1 bonding, steric factors
also play an important role as regards the overall complex-
ing ability of a particular PX3 ligand. Combining the three
effects in approximately equal proportions, it is possible
to arrange some of the more common PX3 ligands in order of
all-round complexing power, as follows:

t 62

P(OR), > PF, > PH, > PR, > P(OPh), > PPh, = PBu, - .

As ligands co-ordinated to a metal, isonitrile and
carbon monoxide are very similar in terms of metal ligand
bonding. The two ligands are isoelectronic, and in terms of
valence bond theory, the metal ligand bonding in both cases
can be viewed as a combination of a o bond, formed by dona-
tion of a lone pair of electrons on carbon to the metal, and
a 7 bond, involving electron drift from the metal d orbitals

into the empty ﬂ*co or w*CN antibonding orbitals, (Fig. 32).
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‘(=0 (=N—R

R

Me—(=0: «<——>M=(=0 M—~EN-R «—— M=(=N

Fig. 32. I I

The net result is a multiple M-C bond and a reduced C-0O or

C-N bond order.

The simple valence bond description is convenient to
highlight the basic similarity in bonding between the car-
bonyl and the isonitrile to metal atoms; however, it cannot
explain some of the differences that exist between the two
ligands when bound to metal atoms. An important difference
is that whereas the co-ordination of carbon monoxide to a
metal leads to a lower CO stretching frequency than that of
free CO, as expected on the basis of a reduced CO bond
order, the values for the CN stretching frequencies of co-
ordinated isonitriles can be considerably higher than the
values for the free isonitrile. .Also, in contrast to the
wide variety of carbonyl complexes with metals in low
oxidation states (0, -1) that are known, it is also common
for the isonitrile ligand to form ;omplexes with metals in
higher oxidation states (+1, +2). This implies that CO is
a better m acceptor than CNR and so it is better able to

stabilise the low oxidation states of the metals.

When an isonitrile co-ordinates to a metal in a
. . 63
positive oxidation state , the increase in the CN stretch-

ing frequency reflects the increase in the CN bond order,
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or in terms of molecular orbital theory, it can be said

that there is no significant electron flow towards the w*
antibonding orbitals of the isonitrile. In terms of valence
bond theory, the rise in the CN stretching frequency can be
interpreted in terms of the canonical structure I being
significantly more important than II (Fig. 32). If the ison-
itrile is co-ordinated .to a metal in a low oxidation
state64-66, the value of the CN stretching frequency is
lower than that of the free ligand, and the reduction of the
C-N bond order can be attributed to a significant electron
flow from the metal into the m* antibonding orbitals of the
isonitrile. In terms of valence bond picture, it can be
said that in this case the canonical structure II (Fig. 32)
is more important67_69. The nature of the R group in
complexes of the type M-CNR influences the CN stretching
frequencies. Thus, when R = Me, the ligand is a poorer m-

acceptor than when R = Ph, and this is reflected by its

higher CN stretching frequency7o.

Compounds of the type M(CO)xLy can be suitably syn-
thesised and by studying the infrared stretching frequencies
of CO (and CN when L = CNR), it is possible to classify the
various m-accepting ligands in order of their ability to
act as m acceptors. When only a single isonitrile ligand
is present, as in Mo(CO). (CNR), the infrared data indicates
that backbonding is virtually all towards the five carbonyl
groups. When more than one isonitrile ligand is present
some backbonding is accepted by these but it is always less

71

than when only isonitriles are present’”. Therefore, on

the basis of the infrared studies, the isonitriles can be
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regarded as being poorer w acceptors than carbonyls when

both types of ligands are present.. Horrocks

72 has been

able to classify the various m-accepting ligands in order

of decreasing ability to withdraw electrons from the metal

atom, as follows:

NO ASCIL3 P(OCH3)3 P(C,H_)

27573
co - pca, ButNC
PF, PCL,CoHg  P(CGH) 4
SbC23 P(OPh)3 P(CH3)3

This order has been confirmed on the basis of force constant

73,74
measurements .

Like the carbonyl ligand, the isonitrile can also

function either as a terminally bound ligand or as one

bridging two metal atoms. The ability of isonitriles to act

as bridging ligands was first demonstrated by the preparation

of the diiron complex, szFez(CO)3(CNPh) (Fig. 33)

75

Cp 8 Cp
\\Fé/// :::)Fé//
.OC/// \\\ﬁ\\ \\Co
Ph

Fig. 33. Cp2Fe2(CO)3(CNPh).

The nickel complex [:CPNi(CNPh[]2, which had originally been

reported to contain terminal isonitriles76 has now been

accepted to have a structure contain bridging isonitriles

(Fig. 34)7°.
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Ph
E/
Cp-—4ﬁ::::—:::=
| ‘\\\t////
N
PR

Ni—Cp

Fig. 34. [ppNi(CNph)]2.

As in the case of bridging and terminal carbonyl groups, the
bridging isonitriles can be differentiated from terminal
ones in having much lower C-N stretching frequencies (approx-

1

imately 1700 cm~" for bridging CNR and around 2100 cm~!l

for terminal CNR).

In recent years, several complexes with at least one
bridging isonitrile group have been prepared. Several com-
plexes of the type szFez(CO)4_n(CNR)n, with different R
groups, have been prepared, the nature of the R group deter-
mining the site that the isonitrile adopts77. Thus, in the
monosubstituted complexes when R = Ph, the isonitrile prefer-
entially adopts the bridging site, as mentioned above,
whereas when R = But, the isonitrile is found exclusively
in the terminal position. Between the two extremes, a
mixture of isomers in which the isonitrile is exchanged
between the bridging and terminal sites is obtained78. The
interconversion equilibrium shifts in favour of the isomers
with the isonitrile in the bridging site along tﬂe series

i

R = Bu® < cyclo-c_H,, < Bu® < Bul < Bu" < prl < Et < Me.

The destabilisation of the bridging isonitrile isomers can
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be attributed to two factors: (i) the C-N-R in the bridg-
ing position is significantly nonlinear76ﬁ%nd so the steric
interaction between the R group and the CpFe (CO) moiety
towards which the R group is directed implies that the larger
the R group, the less favourable it is for the isonotrile to
take the bridging position, (ii) the increasing overall
electron withdrawing ability of R along the series above
should favour bridging isonitrile isomers. In the case of
phenylisocyanide, the electronic factor is very important

because the electronic charge can be delocalised over the

aromatic ring.

The mechanism by which the isomers of Cp2Fe2(CO)3(CNR)
interconvert79 is the same by which cis-trans interconversion
takes place for the parent iron dimer., [CpFe(CO)ZZ]ZIE. The
process involves symmetric bridge opening, followed if
necessary by internal rotation about the M-M bond of the non-
bridged intermediate, and simultaneous bridge closing to
generate a doubly bridged isomer which has undergone bridge-

terminal ligand exchange and/or cis-trans interconversion.

Isonitrile, being isoelectronic with carbon monoxide,
is expected to display a similar variety of bonding modes.
In addition to acting as a terminal and doubly bridging
ligand, CNR may also function as a doubly bridging four
electron donor. Thus, treatment of Mn,(CO)[Ph,PCH,PPh, ],
which contains a doubly bridging four electron CO group,

with CNR (R = CH C6H5CH2, p-CH3C6H4) gives the mono-

3’
substituted complex Mn2(CO)4(CNR)[?thCHzPPhij (Scheme 8)°3.
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7
P 0 T 0 Tco IPCO
RNC, A 4 7
0t—M—=Mn—(0 ———> O(—Mn -Mn—C0
o o | &/ |

Scheme g.

Ih'ﬁ%6(C0)1é_;(CNR)n,g7’ohé or more of the-iSbnitrilé" o
iigénds act as four electron donors.,

Although carbon monoxide has in general dominated the
chemistry of low valent transition metal chemistry, it is
being increasingly recognised that the high m acceptor
characteristics of the carbonyl group imposes certain
restrictions on the chemical behaviour of the metal in a
metal carbonyl complex. For instance, the high degree of
backbonding reduces the nucleophilicity of the metal centre.
The phosphines, although being able to increase the metal
centre nucleophilicity, impose steric constraints and block
the co-ordination sites. 1Isonitriles are less sterically
hindering, are weaker T acceptors than carbonyls but
exhibit a range of bonding modes. On this basis metal
isonitrile complexes should have a rich chemistry, both in
terms of structure and reactions, and yet until recently,

very few low valent metal complexes had been reported with
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isonitriles as the only 1igand581. One such complex is

: Fe(CNR)S. It is prepared by the reduction of FeBr2 with
sodium amalgam in the presence of excess CNR, and has a
trigonal bipyramidal arrangement of the CNR around the
central metal atom, with the radial isonitrile groups being
significantly bent83. This has been attributed to extens-
ive backbonding from the metal into the antibonding orb-
itals of the isonitrile ligand. Thus, the infrared spectra
of these compounds show, in addition to the normal term-
inally bonded isonitrile stretching frequencies, strong

1 range, which are assigned to

bands in the 1930-1870 cm~
the bent isonitrile ligands. A less pronounced bending of
a terminally bound isonitrile has been observed in the

complex [Mo (PCH,CH,PPh (CNMe)2]84. The discovery of

2)2
t 85 86 .

[:cOz(CNBu )8] and [?ez(CNR)gj has allowed comparisons

of these binary metal-isonitrile complexes to be made with

the analogous metal carbonyl complexes.

The remainder of the thesis gives an account of the
work carried out involving the reactions of several metal
carbonyl complexes and their derivatives with isonitriles.
The effect of substitution of one or more carbonyl groups
by isonitrile has been studied using infrared and n.m.r.

techniques.
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CHAPTER 2

SYNTHESIS AND FLUXIONAL CHARACTER OF

ISONITRILE SUBSTITUTED THIOCARBONYL

ANALOGUES OF Cp,Fe, (CO),

I. Introduction

Complexes of composition szMz(CO)4 (M = Fe,Ru,0s) are
of special interest because they exist in solution in two

isomeric molecular forms (I) and (II).

0
C

7N\
M MEoK - Cp(CO),M——MLO)C
Cp(CO) \ _Hioce pIC Lp

0

In the case of (M = Fe), the bridged form predominates while
approximately equal proportions of both forms occur in solu-

1 . . .
tion when M = Ru, The osmium complex exists in both solid and
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solution as the non-bridged form. The structure adopted by
the complexes is sensitive to substitution of one or more
carbonyl groups by other donor ligands such as those discussed

in Chapter 1. Thus, complexes of the type szMz(CO)4_n(L)n

(n = 1-3) have been shown to exist solely in the bridged formz.
Spectroscopic data for Cp2M2(CO)3(CNR) show that, in solution,
mixtures of isomers containing bridging and terminal isonitrile

ligands exist (Fig. 1).

0
C C C c
P\M/ \“<p Cp\M/\M/ L
.
oc/ \g/ L oc/ C \Cp

oC L © ocC L . (p

Fig. 1. M = Fe, Ru.

The isomers interconvert by the Adams-Cotton mechanism, which
involves symmetric bridge opening, followed if necessary by
rotation about the M-M bond, and simultaneous bridge closing

to yield a new isomer. The equilibria shift toward the isomers

with the isonitrile in the terminal position along the series
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t

R = Me < Et < Bu" < Bu < Bu® < cyclo-C6H11 < Bu,

which can be attributed to increasing steric interactions
between R and the CpM(CO%:moieties and to the decreasing elec-
tron withdrawing ability of R. The complexes szMz(CO)3Px3

3 Y 4
[X = R, (OR)] ~, Cp2M2(CO)2(CS)2 and Cp2M2(CO)3(CS) all adopt
a totally bridged structure in solution. The thiocarbonyl

exists solely as a bridging ligand in the latter two examples.

Fig. 2 shows a detailed molecular orbital diagram for

szFez(CO) the orbitals being built up from those of one

4’
(CpFe)2 (left), two terminal carbonyl, and two bridging car-

bonyl (right) fragmentss.

The formal oxidation state of Fe in (CpFe)2 is +1 so
that only one orbital of the 'valence' group of ag symmetry is
occupied. Adding two terminal carbonyls does not modify the
occupancy of the 'valence' orbitals, but the au orbital
involved in backbonding with the carbonyls is significantly
stabilised. Thus, the two lowest orbitals, a, and ag, are the
metal-metal ¢ interaction and the metal-metal ¢ interaction
respectively, while the remaining two orbitals, bg and hdlare
the metal-metal g* interaction and the metal-metal o* inter-
action. The right hand side of Fig. 2 shows the combinations
of the ligands' (y~-CO) o and 7* orbitals to form the symmet-
ric ag and bg orbitals, and the antisymmetric a, and bu orb-
itals. These ligand combinations interact with the (CpFe(CO)Z)
orbitals of the same symmetry. The a, and ag interactions
form two low lying orbitals which are localised mainly along
the Fe-C axes with little Fe-Fe bonding charactef, and the bu
and b interactions form the HOMO and LUMO for the molecule
respeitively. It cna be inferred that there is no substantial

metal-metal interaction, with the HOMO formed by interaction
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Molecular orbital diagram of cpzrez(co)4 .
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.
of m* CO orbitals with a metal valence orbital which is anti-
bonding with respect to metal-metal bonding. The calculations
are consistent with experimentally obtained electron density
maps which show very little electron density along the metal-
metal axes. The bonding model is also supported by the geom-
etry of the Fe(u-CO)zFe system. To maximise overlap, the CO
ligands in the cis isomer would have to move out of the
Fe(u-CO)zFe plane, puckering the ring, while in the trans
isomer, the ring would be planar. This has been observed in
the two isomers of Cp2Fe2(CO)46-9. Calculations10 also sug-
gest that whereas o donation from CO to metal is approxim-
ately the same in bridging and terminal positions, metal to
CO m back donation is much more significant with bridging

carbonyl. This is reflected in the C-0 bond lengths of ter-

minal and bridging carbonyls (1.152 R and 1.180 A respectively).

Energies of the o HOMO and m LUMO orbitals of several

two electron ligands are given in table 111.

Table 1.

Energy (a.u.)

Ligand o=-HOMO 7-LUMO
co -0.547 +0.158
CNMe -0.459 +0.212
cs | ~0.460 +0.077
PMe, -0.322 +0.212
PF , -0.454 +0.175
PH, -0.385 +0.188
CH, -0.477 -0.403

In terms of o donor ability, the order observed is

pMe3 > PH3> PF3 = CNMe = CS > CH2 > CO, while in terms of



52

m acceptor ability, the order is CH2 >CS > Cco > PF3 > PH3

> CNMe = PMe3. In table 1 all the ligands are better ¢ donors
than CO, and so it would appear reasonable that on substitution
of a Cp2M2(CO)4 dimer, the substituting ligand will adopt a
position that maximises the w back donation. Therefore, those
ligands which are better m acceptors than CO will adopt

bridging positions, while those which are poorer T acceptors

are expected to adopt terminal positions,

Recently, Cp2Fe2(CO)3(CS) and szFez(Co)z(CS)z’ the
thiocarbonyl analogues of szFe2(C0)4 have been prepared4'12'1?
In both these compounds, the CS group has been found to occupy
the bridging position due to its much greater m-acceptor ability
than CO. Infrared and n.m.r. data indicate that both compounds

exist in solution in interconverting cis and trans forms.

The reaction of CpFe(CO){ with (PhO),CS results in the
formation of the complex Cp2Fe2(CO)3(CS) (I), whereas the
reaction of CpFe(CO); successively with Cs,,
yields the cationic thiocarbonyl complex [CpFe(CO)2CSj+, which

CH3I and CF3SO3H

on reduction with NaH gives the dithio complex szFez(CO)Z(CS)2
(II]. In view of the interesting isomerism shown by isonitrile
derivatives of Cp,M,(CO),(M = Fe, Ru], it was decided to pre-
pare isonitrile derivatives of these thiocarbonyl analogues to
investigate the effect of ligand substitution on the structures
adopted by the isonitrile substituted complexes. During the
course of this work, szFez(Co)3(CS) was shown to react with
PEt ., PMeZPh, PMeFh, and P(OMe)3 to give the monosubstituted
derivatives Cp2Fe2(CO)2(PR3)(CS), in which the CS group remains
in the bridging positionls. Infrared spectra of the PEt3 and

PMe2Ph complexes in the carbonyl region display a terminal

v(CO)} and a bridging v(CO) absorption, the bands appearing at
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lower frequencies than in the parent compound, as would be
expected on substitution of CO by a better donor ligand.
However, the spectra of the PMePh2 and P(OMe)3 derivatives

show additional v (CO) bands, which suggests the presence of

cis and trans isomers of Cp2Fe2(CO)2(PR3)(CS), with one isomer
being predominant in polar solvents. Since the cis isomer of
szFez(CO)3(CS) predominates in polar solvents it seems likely
that it is the cis isomer of the szFez(Co)z(PR3)(CS) complexes

which is more favourable in such solvents.
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II. Discussion

a) Synthesis:

We have prepared the isonitrile substituted derivatives
Cp,Fe, (CO), (CS) (CNR) (IITa-d; R = Me, Et, pri, Bu®), and
szFez(CO)(CS)2(CNMe) (V) by thermal substitution of the thio-
carbonyl compounds (I) and (II) respectively. Prolonged reac-
tions of the monosubétituted compounds did not yield the
disubstituted complexes; the compound Cp2Fe £CO)(CS)(CNMe)2(IV)
was prepared by the photochemical substitution of (IIIa). Pro-
longed thermal reaction of (I) with cNBu® resulted in substi-
tution of the CS group to yield the complex szFez(Co)z(CNBut)2
(VI). The complexes were purified by chromatography and
recrystallisation, and the green crystalline éolids were char-

13

acterised by microanalysis, infrared and 1H and C n.m.r.

spectroscopy (Tables 3-5).

b) Structure:

Infrared and n.m.r. spectra of complexes (III a-d) indi-
cate the presence of the four isomers A-D in solution, there
being no evidence for the presence of isomers containing ter-

minal CS ligands.

0
Cp\ / OC\ /C\ /Cp

Fe Fe
/ \/ N o/ \g/ \or

(A) (B)
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AR R
N N
CI3>e / \F e/CP Cp\Fe/(>:e /(_0
oC \g/ \(0 oc/ \g \Cp
(o) (D)

The bands at apprbximately 2100-2150, 1963, 1794 and 1110-1120
cm™ ! are attributed to terminal isonitrile, terminal carbonyl,
bridging carbonyl and bridging thiocarbonyl vibrations respec-
tively of isomers (A)/(B). The doubling of the bridging thio-
carbonyl and terminal isonitrile vibrations (for IIT b, d) may
be taken as an indication of the presence of both cis (A) and
trans (B) isomers. Weaker bands at 2013, 1975 and 1747 cm_1

may be assigned to the terminal CO and bridging CN vibrations
of isomers (C)/(D) for complexes (III a-c). There is no detec-

table concentration of isonitrile bridged isomer (C) or (D) for

the But derivative (IITI 4).

The ratio of the isomers (C): (D) has been calculated from
the relative intensities of the terminal CO bands and yields a
value of 57:4316. The cis:trans ratios for the parent thiocar-
bonyl (I}, Cp2Fe2(CO)4 and the dithiocarbonyl (II) are 46:54,
36:64 and 57:43 respectively in the same solvent. The increas-
ing proportion of cis isomer on substitution of a bridging

ligand of (I) is a feature common also to isonitrile substituted
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derivatives of Cp2Fe2(CO)4

The infrared spectrum of the disubstituted complex IV
does not show a bridging carbonyl vibration, thus indicating

that this complex exists solely as isomers (E)/(F).

St "
INe e ! \ \ /
e 7 o NN S/ \

B A

The doubling of the terminal carbonyl and bridging CS vibra-
tions may be due either to a) resolution of the v(COt) band of
(E) from'that of (F), D) resolution of the v(COt) bands- of syn
and anti forms of either (E) or (F) (with one isomer being
absent) or c¢) a mixture of syn and anti isomers of (E) and (F)

in which the bands are coincident.

Ale Me
N \\N
C o N
plCO) Fe\ “NFelcNMACP Cp(CO)Fe\ /Fe(ENMe)Cp
§
syn anfi

The complexes szFez(Co)z(CNR)2 exhibit similar spectra in the
v(cot) region. In the photochemical preparation of IV, there

is no evidence for the formation of the isomer of structure
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Cp (CNMe) Fe (y-CO) (uCS)}Fe (CNMe)Cp which has been reported to be
formed in small yield from thermal reaction of szFez(CO)3(CS)

and CNMel®.

Complex (V) exists in solution only as the terminally
bound structures (G)/(H), infrared spectrum showing no bridging
isonitrile vibration. Although only one terminal CO vibration
is observed, coincidence of bands may mask the presence of both

isomers.

S S
C C Cp C C CNM
D\\\Fé//,j:>Fg/' D::>Fé//,\\\ é// NMe
OC/ \C \CNMe oC \/F \Cp
S S
(6)) (H)

The spectroscopic properties associated with the ligands
in bridging positions [ particularly v(CO), v(CS) and v(CNR) and
6(13C) values] provide a useful guide to relative 1 back dona-
tion in these complexes. Table 2 lists the infrared stretching
frequencies and chemical shifts for several complexes in which
the bridging and/or terminal carbonyls have been substituted by

other ligands.

In both Cp,Fe,(CO),(CS) (6) and Cp,Fe, (COJ,(CS), (7], the
CS ligands occupy bridging positions. The greater T acceptor
character of CS, which results in a decrease in electron den-
sity for m-back donation to the bridging carbonyl in (6), is
apparent in the increase in Veob as compared to CPZFez(CO)4,
coupled with a decrease in the chemical shift of the bridging

carbonyl resonance. Similarly a decrease in the chemical shift



1) szFez(CO)4

Replacement of terminal CO

2) CpzFe3 (CO) 3 (t-CNMe)
3) szFez(CO)3(t-CNBut)
4) Cp2Fe2(CO)2(t-CNBut)2
5) Cp,Fe, (CO) [P (OEt) ;]

Replacement of bridging CO

6) Cp2Fe2(CO)3(CS)
7) Cp2Fe2(CO)2(CS)2
8) szFez(CO)3(u-CNMe)

Replacement of bridging
and/or terminal CO

9) szFez(CO)z(CS)(PEt3)
10) Cp,Fe,(COJ,(CS) (t-CNMe)

11) Cp,Fe, (CO),(CS) (u-CNMe)

TABLE 2.

COb

1797

L1774

1773

1750

1750

1811

1802

1760

1794

co

272.9

278.8

278.1

286,5%*

282,2

267.2

272.6

278.3

274.4

1130

1102

1116%*

378.3

373.5

396.2

391.4

CN

1737

1747

CNb

246.6

85



12)
13)
14)
15)

16)

Cp,Fe, (CO) (CS) , (t-CNMe)

Cp,Fe, (CO) (CS) (p-CNMe) (t-CNMe)
Cp,Fe, (CO) , (p-CNMe) (t-CNMe)
szFez(CO)z(p.-CNMe)2

szFez(CO)(u-CNMe)Z(t-CNMe)

1108

1115

385.3

394.1

1723

1702

256.1
257.5
248,5

258.8

bS
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of the CS carbon is observed on replacement of the remaining

bridging CO ligand of (6) to give (7).

In contrast, phosphine or phosphite substitution of
szFez(CO)4 always results in substitution of a terminally
bound CO. This is a consequence of these ligands being weaker
m acceptors but better g donors than CO. As a result, in
cszez(Co)3P(OEt)3 (5}, for example, the terminal coordination
of the phosphite gives rise to a decrease in Vo and an
increase in chemical shift for the bridging CO and CS ligands
of (6) on substitution with PEt3 to give szFez(CO)z(CS)(PEtB)
(9). The much greater downfield shift of the CS resonance
implies a greater m back donation of the increased electron

density to'this ligand.

Isonitrile substitution presents a different situation.
In terms of overall bonding characteristics, it can be seen
from Table 1 that CNR most resembles carbon monoxide, and on

isonitrile substitution of szFez(CO) equilibrium mixtures

4’
of Cp(CO)Fe(u-CO)zFe(CNR)Cp (R = Me, But) and

Cp (CO) Fe (u-CO) (L—CNR)Fe (CO)Cp (R = Me} structures are obtained.
The decrease in v..b and increase in the chemical shift of the
bridging carbonyl in the terminally bound isomer are consis-
tent with the dgreater ¢ donor but poorer T acceptor properties
of CNR (see Table 1). The shifts in stretching frequencies
and chemical shifts are smaller than for phosphite substitu-
tion. Similarly, isonitrile substitution of szFez(CO)3(CS)
and Cp2Fe2(CO)2(CS)2 to give szFez(CO)z(CS)(t-CNR)‘and
cszez(Co)(CS)z(t-CNR) respectively results in a decrease in

Vcob‘and Vcsb and an increase in the coP and CSb chemical

shifts. Disubstitution of szFez(CO)4 with CNBu® to give
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.-
Cp (CNBu®) Fe (u-CO) ,Fe (CNBu“)Cp results in a further shift in the

same direction.

In contrast to the terminally substituted molecule, the
Cp (CO) Fe (u—CO) (u~CNR)Fe (CO)Cp isomer exhibits a small increase
in vcob and a small decrease in the chemical shift of the
bridging carbonyl resonance. The results thus imply that iso-
nitrile in a bridging position is as good as or slightly better
than CO in terms of 7 acceptor capacity. Similar conclusions
can be reached from a study of di- and trisubstituted isonit-

rile derivatives of szFez(COI4 and szRuz(CO)4.

The geometry of the isonitrile ligand is substantially
altered on adoption of a bridging position. 1In derivatives
of szFez(CO)4, terminal isonitriles are nearly linear
(<C-N-C = 171°) while bridging isonitriles are substantially
bent (<C-N-C = 128°). Table3 shows the extent of CNR bending
in various complexesl7-21. The substantial bending of the
axial isonitrile ligands in Fe(CNButkncan be attributed to
extensive back bonding from metal into the antibonding orbitals
of the isonitrile ligand. This results in an increase in the
sp2 character of the N atoms of radial CNR ligands, which is
reflected by not only the much smaller C-N-C angle but also in
the increase in C-N separation, and a shortening of Fe-C bond,

implying multiple bond character. In valence bond

terms, the canonical form (ii) makes a significant contribution

to the electronic structure.

M<—(=N-R \R

(i) (i)



TABLE 3.

C-N-C ANGLES OF COORDINATED ISONITRILES

Comglex

Cp2Fe2(CO)3(CNPh)
szFez(CO)z(CNCH3)2

t
Coz(CNBu )8

t
Pt3(CNBu )6

{pa, (cncH,) [ (C H,) PCH P (C H

Mo(CNMe)z(dppe)2

Fe(CNBut)5

Fez(p,-CNEt)3(CNEt)6

Bridging CNR

131°

128°

131°

133°

s), ), [PF ], 131°

123°

Terminal CNR

171°
154-164°

175°
178-180°

156°

135° (radial)
152° (axial)

165-179°

19
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The reduced C-N bond order can be seen by much lower C-N

stretching frequency (vCN = 1830 cm'l) for the radial isonit-

riles. The axial isonitriles, with a smaller deviation from

linearity, have C-N stretching frequencies in the range 2000 -

-1 .2 .
2100 cm_ ~. Similarly, in [Fez(u-CNEt)3(CNEt)Gj, Voy fOr

bridging isonitriles fall in the range 1700 - 1650 cm~ !

for terminal isonitriles, 2060 - 1920 cm™ .

and

In conjunction with Dr. J.Y. Saillard (University of
Rennes), we are currently investigating by ab initio molecular
orbital calcuations, the variation in electronic structure of
the CNR ligand on variation of the CNR angle. It is observed
that as the C-N-C angle in CNCH3 is decreased, the donor
ability of the isonitrile is slightly decreased, although it
still remains a better donor ligand than CO, and the 7-
acceptor ability is greatly increased, the isonitrile in fact

becoming a better wm-acceptor than CO.

Through the series (III a-d) the terminal:bridged ratio
(A + B):(C + D) increases in the order Me < Et < prl < But.
The same order is found for the szFez(CO)3(CNR) series, and
is consistent both with the increase 1in steric interaction of
the R group with the cyclopentadienyl ligands in a bridging
position, and with the poorer m acceptor (but better o donor)
character of the isonitrile With increasing methyl substitution
of the g-carbon. For (III a), the (A + B):(C + D) ratio (as
determined by n.m.r. spectroscopy) is approximately 24:1. The
analogous ratio for the isomers Cp(CO)Fe(u-CO)zFe(CNMe)Cp and
Cp(co)Fe(p—CO)(u-CNMe)Fe(CO)Cp is 4:1 in toluene2a. The change

in isomer distribution is again consistent with the increased

T acceptor character of CS as compared to CO. For the same
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reason (V) exhibits only the isomers (G) and (H) containing
terminally bound isonitrile, as any other isomeric form would
involve terminal thiocarbonyl. The complex szFez(CO)z(CNMeE
exists as a 1 : 0.35 mixture of the isomers

Cp (CO) Fe (p~CO) (L~CNMe)Fe (CNMe)Cp and Cp (CO)Fe (n-CNMe), Fe (CO] Cp,
whereas IV exhibits only the isomer of structure (E)/(F).
Adoption of a bis—(u—CNMe)2 structure would again involve a

structure containing terminal thiocarbonyl.

¢) Fluxional behaviour:

The thiocarbonyl complex [szFe2(CO)3(CS[] exists in
solution as a mixture of cis and trans forms and just as for
the isostructural EszFez(CO)4j, interconversion between the
isomers can occur by the Adams-Cotton mechanism. Thus, the
Y n.m.r. spéctrum of the monothio complex in d8-toluene (Fig.
T} down to -80°C shows two resonances at §4.11 and §4.22 ppm
due to the Cp ligands of cis and trans isomersl4. The lower
field peak becomes more intense as the solvent polarity
increases, and thus may be assigned to the cis isomer. Scheme

1 shows the mechanism by which the isomerisation, plus exchange

between bridging and terminal carbonyl ligands can take place.

On warming the solution of [szFez(CO)3(CSﬂ, broadening
and coalescence occur to yield a single broadened Cp resonance
at 61°C, the coalescence temperature being over 100°C higher
than that found for Cp2Fe2(CO)4. This retarding effect of the
bridging CS ligand on the rate of cis-trans isomerisation has
also been observed for szRuz(CO)3(CS), and it can be attrib-
uted to the CS bridged structure being able to dissociate less
readily to the non-bridged form required by the Adams~-Cotton

mechanism. Consideration of the mechanism (Scheme | ) clearly
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shows that although isomers with terminal CS groups are avail-
able, it is not necessary for the isomerisation to pass through
these isomers. This is supported by the fact that isomers with
terminal CS groups are not detected spectroscopically. Also,
it is interesting to note from Scheme] that the cis-trans
isomerisation is accompanied by exchange of carbonyl groups

between bridging and terminal sites.

The 13C spectrum (Fig.IT) of complex (I) at room tem-
perature shows two Cp resonances (90.3 and 92.2 ppm], terminal
and bridging CO resonances (209.0 and 267.2 ppm respectively],
and a CS resonance at 378.3 ppm. On warming a solution of
Cp2Fe2(CO)3(CS), the complex eventually decomposes without
showing any averaging of either the carbonyl resonances or the
Cp resonances, which would be expected for the isomerisation.
The assignment of the resonances is in agreement with those
made by Angelici for Cp2Fe2(COl3(Csll4. In contrast, whereas
Angelici has assigned the resonance at 287.6 ppm to the
bridging CS of szFez(CO)2(CS)2, we find that the CS group in
this complex has a chemical shift of 373.5 ppm, (Fig.TL ).

1H n.m.r. spectra (Fig.I¥] of (IIT a-c] in d8—toluene

down to -80°C typically show two resonances at 64.30 and 64.28
ppm assignable to the inequivalent Cp ligands of (A) and/or (B),
together with a much smaller singlet resonance at 64,12 ppm due
to isomers (C) and/or (D). The 1H n.m.r. spectrum in CD2CSL2
(Fig.Y) at -80°C shows the singlet resonance at a greater
chemical shift relative to the two larger resonances. This
type of behaviour has also been observed in complexes of the
type cszez(CO)3(CNR). Spectra in CD2C5L2 are essentially

tnvariant with temperature from -80° to +20°C. 1In d8-toluene,
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two Cp resonances assignable to (A} and/or (B) in the temper-
ature range -80° to +20°C are observed. At -40°C there is a
merging of the two resonances which eventually separate out

- again to give two peaks at +20°C (Fig.IY). There is however
no broadening of the peaks associated with these changes,
which are the result not of a fluxional process, but of a

temperature dependent chemical shift of the resonance at §4. 36.

The results thus imply that (i] the resonances due to
(A} /(B) and (C]/(D) are coincident, (ii) only one isomer of
each pair is present or (iii} that the pairs of isomers are

exchanging rapidly with each other even at low temperature,

The possibilities of exchange between the different
isomers of Cp2Fe2(CO)2(CS)(L) can be visualised in terms of
the Adams-Cotton mechanism, and areoutlined in Scheme 2 . The
scheme is simplified in that pathways leading to isomers having
terminal CS groups have been regarded as 'dead ends'. For
instance, interconversion between (B) and (C) may proceed by
two pathways, as shown in Scheme 3, with one of the pathways
proceeding through an isomer with a terminally bonded CS group.
The energy profile diagram (Fig.3 ) for the two pathways
clearly shows the higher activation energy for the pathway
which passes through the isomer with a terminal CS group, for
which there is no spectroscopic evidence. Therefore, the cis~
trans isomeriéation is likely to proceed via that pathway

which does not pass through such an isomer.

Examination of Scheme 2 leads to the following predic-
tions: (i) If exchange processes are restricted to those
involving only unsymmetrical Cp(CS)(CNR)FeFe(CO)2Cp rotamers,

exchange only between isomers (A) and (B) is possible. This
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must be accompanied by CO bridge-terminal exchange, but not by
exchange of CNR between the metal atoms. (ii) If only rotamers
of the type Cp(CO) (CS)}FeFe (CNR) (CO)Cp are allowed, then
exchange can occur between either (A) and (D) or between (B)
and (CJ. This must be accompanied by bridge-terminal CO
exchange and by scrambling between the two metal atoms. If
both processes are allowed, then complete exchange between (A)
and (D) is possible. It has been postulated that (i) repres-
ents a lower energy pathway, as the ligand of greatest ¢ donor
power , (CNR), is on the same iron atom as the best m acceptor,
(cs), and that the absence of separate resonances due to cis
and trans isomers is due to rapid exchange even at low temper-
ature. 13C spectra, however, are static at 0°C; thus coincid-

1y spectrum seems the most likely

ence of signals in the
explanation. However, as will be discussed later, in the com-
plex szFez(COIZ(CNButl2, the exchange processes which involve
rotamers of type Cp(COleeFe(CNButIZCp (in which both o donor
CNR ligands are on the same iron atom) do have a higher activ-
ation energy than those involving the symmetrical rotamers

Cp(CO)(CNBut)FeFe(CO)(CNBut)Cp, although steric congestion may

be important as well in this case.

On warming the solution of complex [szFez(CO)z(cs)(CNRzL
broadening and coalescence occur to yield a single broadened
Cp resonance at +100°C, consistent with the operation of both

(i) and (ii).

On the basis of the Adams-Cotton mechanism, it is pos-

sible to predict the possible pathways involved in the inter-

conversion of different isomers of complexes II, IV and V.
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Complex (II) has been shown to exist in the cis and trans

forms (Fig.4 ), there being no evidence for an isomer with a

non-bridging CS group.

S
C C C
o S p CP\F/ \Fe/co
\c/ AN N
S

oC © oC C Cp

Fig.4 . szFez(CO)z(CS)2

Scheme 4 outlines the pathway by which the two isomers can °
interconvert by the Adams-Cotton mechanism. The interconver-
sion, which involves dissociation of the very stable CS bridged
structure to the non-bridged form and also the formation of an
intermediate with terminally bonded CS groups, clearly has a

higher activation energy than that for the analogues

[Cp,Fe, (O}, (CS)7] and [(Cp,Fe, (CO) ,].

Complex IV can exist in four different isomeric forms,
as shown below, in which the CS group occupies a bridging pos-

ition. Spectroscopically, however, only (E} and/or (F) are

observed.

(E) cis-bt (F) trans-ht
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On the basis of the Adams-Cotton mechanism, it is possible to

predict the interconversion between the four isomers as:

(E) = =~ K

F = = )

Thus, if intermediates of type Cp(CO) (L)FeFe(CS) (L)Cp are
formed, then interconversion of (E) = (K) and (F) = (J) is
possible. This would be accompanied by bridge-terminal iso-
nitrile exchange and scrambling of the terminal isonitrile
ligands between the iron atoms. However, if intermediates of
type Cp (CO) (CS)FeFe (L) ,Cp are involved, then interconversion
of (E) 2 (F), accompanied by bridge-terminal isonitrile ex-
change would be predicted. The second process in which both
the better donor ligands are on the same metal atom probably

represents a higher energy pathway , (see Scheme 5).

4 n.m.r. spectrum (Fig.¥[) of IV in a®-toluene at
+20°C shows two Cp signals at 64.47 and 4.42 ppm due to (E)

and/or (F). The two signals show no broadening when a solu-
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tion of IV is warmed upto +100°C; thus, in common with
EszFez(Co)4_n(CNR)nj (n = 1-3) complexes, increasing isonit-
rile substitution raises substantially the barrier to exchange

between the isomers.

As with complexes I-IV, there 1s no spectroscopic evi-
dence for any isomers of V with non-bridging CS groups. Scheme
4,in which Cob has been replaced by L, can be used to predict
the possible pathways for the interconversion of the isomers
(G) and (H) of complex V. It can be seen that isomers with
bridging and terminal isonitrile groups are available and the
cis-trans isomerisation is accompanied by scrambling of the
isonitrile between the iron atoms. The 1H n.m.r. spectrum
(Fig.¥I[) of complex V in a%-toluene shows two resonances at
8§4.40 and §4.39 ppm, assignable to the inequivalent Cp groups
of (G) and/or (H). On warming a solution of V upto +100°C, no
change is observed in the two Cp resonances. This is consis-
tent with the high activation energy for the interconversion
of (G) and (H) as predicted in Scheme 4 which shows isomers

with terminally bonded CS groups.

Although it is not possible to detect the isomerisation
between different isomers of complexes II, IV and V, it may be
possible to detect the interconversion between different iso-
mers in the ruthenium analogues, in which the activation energy
of interconversion is generally lower than in the corresponding

iron complexes.

The disubstituted complex szFez(cojz(CNBut12 VI, apart
from being obtained as a product of the reaction of CNBut with
szFez(CO)B(CS), can also be isolated in small yield from the

reaction of a large excess of cnBu® witthzFez(Co)4 in



1

refluxing benzene. The reaction of EszFe2(CO)3P(OPh)3:Jwith
fourfold excess of Bu'NC at room temperature gives complex VI
in good yield. The complex has been fully characterised by
microanalysis and infrared and n.m.r. spectra. It is unusual
in.being green in colour, both in fhe solid state and in solu-
tion, in contrast to the purple-red colour of other derivatives

of the type CpyFep(CO)4_,(CNR)y (n = 1-3).

Complex VI can exist in six possible isomeric forms, as
shown in Fig. 4 (i-vi). Infrared spectrum shows bands at 2099
(sh), 2050 (33), 1945 (43), 1935 (50), 1779 (30), 1755 (100)
and 1715 (26) em ! (relative intensities in parentheses). The
two broad bands at highest frequency may be assigned to v (C-N)
(terminal] 'vibrations. Bands at 1945, 1935, 1779 and 1715 cm” !
may be assigned to v(C-0) (terminal)}, v(C-O) (bridging) vibra-
tions of either isomer (iii) or (iv). N.m.r. results show only
(iv) to be present, and the observation of two terminal v(C-0)
absorptions may be taken to indicate the presence of the two
diastereoisomers (iv)a and (iv)b. Adams and Cotton have made
a similar assignment for the trisubstituted Cp2Fe2(CO)(CNMe)3
derivative22. The spectra showed no detectable concentrations
of isomers (i) and (ii). 1In comparison, the monosubstituted
complex szFez(CO)3(CNBut) shows no evidence for detectable
concentrations of an isonitrile-bridged isomer, while in the

case of the disubstituted molecule, CpZFez(Co)z(CNMe) only

2I
the isomers of structures (i) and (iv) are found in solution,

with no detectable concentrations of (v] or (vi).

Proton n.m.r. spectra in d8-toluene at various tempera-
tures are shown in Fig.VlI. In the spectrum obtained at the

lowest temperature (-80°), the doublet at §4.15 ppm may be
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assigned to the nonequivalent cyclopentadienyl ligands of

either (iii) or (iv), although consideration of the mechanism

is consistent with (iv) only. The resonance at §1.69 ppm may

be assigned to the bridging cNBu® group of (iv), while that

due to the terminal CNBu 1ligand is masked by the resonances due
due to (v) and (vi), although it can be seen in the spectrum

obtained at -35°. By analogy with Cp,Fe, (CO) , (CNMe) cooling

2!
below -80° should result in separation of individual resonances

for (iv)a and (iv)b due to the slowing of nitrogen inversion.

The cyclopentadienyl resonances at §4.48 and 4.26 ppm
(ratio 1:1.2) and the Bu® resonances at §1.12 and 0.78 ppm may
be assigned to the cis/trans mixture of (v) and (vi). A ten-
tative assignment of signals may be made by comparison with the
spectrum in CD2C22 at -80° which shows two cyclopentadienyl
resonances at §4.47 and §4.37 ppm in the ratio of 2:1. As has
been previously observed for szFez(CO)3(CS) and its isonitrile
derivatives, an increase in the polarity of the solvent medium
increases the proportion of the more polar cis isomer. Thus,
the resonance at §4.48 ppm in the toluene spectrum can be
assigned to the cis isomer, and that at §4.26 ppm to the trans
isomer. It should be noted that only one Bu® resonance (681.20
ppm) is observed in CD,C%,, and that isomer (iv) has been
depopulated below the limits of detectability, The 13C spect-
rum in CD,C%, (Fig,IX) is also consistent with a mixture of (v)

and (vi), and here two But resonances are observed.

Consideration of the variable temperature spectra show
that two fluxional processes are occurring: a) at lower tem-
perature, both bridge-terminal isonitrile and most probably

cyclopentadienyl site exchange in the resonances attributed to
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(ivl, accompanied by interconversion with the cis isomer (v)
only, and b) at higher temperatures, a cis-trans interconver-
sion of (v) and (vi) which eventually yields a high tempera-

ture limiting spectrum at +60°,

The first process may be explained by the Adams-Cotton
mechanism in which pairwise bridge opening yields the symmet-
rically substituted Cp(CO)(CNButlFe—Fe(CO)(CNBut)Cp intermed-
tate. By consideration of the isomers available from bridge
closure of the various non-bridged rotamers, it is evident that
the equilibria constitute closed sets (Scheme 7). Thus, if the
lower field cyclopentadienyl resonance is assigned to (v], it
follows that isomer (iv] is taking part in the fluxional pro-
cess at lower temperature. The isomer (iv) can undergo bridge-
terminal isonitrile exchange and cyclopentadienyl site exchange
without M-M bond rotation, whereas the interconversion (iv) and
(v) or (iv) and (i) require rotation. This has been verified
for Cp2Fez(CO)2(CNMe)2 in which the interconversion between (iv)
and (i) has a higher activation energy than that found for
bridge-terminal isonitrile exchange and cyclopentadienyl
exchange in (iv). It is not possible to ascertain whether this
is also true for the interconversion between (iv) and (v)
observed here, due to the low population of (iv) and the over-
lap of signals. The changes observed in the doublet at §4.15
ppm in the temperature range -80° to ~35°C are not associated
with a fluxional process but are due to a temperature dependent
chemical shift of the resonance at higher field. Spectra in
this temperature range show a coalescence of these two reson-
ances, but with no associated broadening. Similar behaviour

has been observed in the Cp resonances of CP2Fe2(CO)2(CS)(CNR)
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as has already been discussed.

Formation of the asymmetrically substituted
Cp(CO)ZFe-Fe(CNBut)2Cp intermediate on bridge opening provides
a pathway for the interconversion of (v) and (vi) (Scheme 8).
It can be seen that bridge opening in this fashion results
only in equilibration between (iii) and (iv). However, since
(v) 2 (iv) and (vi) = (iii) from consideration of Scheme , it
follows that interconversion of (v) and (vi) occurs, even
though no concentration of (iii) may actually be detected.
Thus, Scheme 8 provides a mechanism for linking the two closed
sets of Scheme 6 . The greater steric strain, supported by the
unfavourable electronic factor of having both the better donor

ligands on the same iron atom on bridge opening leads to a

higher activation energy for (v} = (vi) interconversion.

It should be noted that it is only in this unique sit-
uation of the interconversion (iv) 2 (v) =2 (vi) or (iii} 2 (v)
2 (vi) that a selectivity in bridge opening may be detectable.
For both monosubstituted szFez(CO)3(CNR) and trisubstituted
szFez(CO)(CNR)3 complexes, pairwise bridge opening can yield
only one structural isomer for the non-bridged intermediate,

regardless of the isomeric form of the bridged dimer from

which it was derived.
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Table 4

Analytical Data

(Calculated values in parentheses)

Complex

Cp2Fe2(CO)(CS)2(CNMe)

szFez(CO)z(CS)(CNBut)

szFez(CO)z(CS)(CNPri).

szFez(CO)2(CS)(CNEt)
szFez(CO)z(CS)(CNMe)

szFez(CO)z(CNBut)z

<
45,1
(45.1)

50.4
(50.8)

49.5
(49.0)

48.2
(48.4)

47.1
(47.0)

56.5

(56.9)

H
3.29
(3.26)

4.36
(4.47)

4,19
(4.14)

3.86
(3.78)

3.52
(3.34)

5.96
(6.03)

|2

3.67
(3.51)

3.55
(3.29)

3.37
(3.41)

3.64
(3.53)

3.75
(3.65)

6.21
(6.03)



Infrared Data (cm_l)

Table 5 .

(91

Complex Veo (t) Veo (b) Ve (t) Ve (b) Ves (b)
Cp2Fe2(CO)4 2007 (7.1) 1797 (9.7)
1964 (10.0)
Cp,Fe, (CO) , (CS) 2013 (9.2) 1811 (9.2)
1975 (10.0)
Cp_Fe_(CO) _(CS) 2012 (9.1)
2 2 2 2 1981 (10.0)
Cp,Fe, (CO) , (CS) (CNMe) 1999 (4.2) 1794 (8.6) 2149 (4.4) 1747 (2.3) 1119
1971 (sh) 1113
1963 (10.0)
Cp,Fe, (CO) , (CS) (CNEE) 2000 (3.2) 1795 (8.8) 2139 (4.5) 1747 (0.83) 1119
2 1973 (2.5) 2107 (sh) 1113
1965 (10.0)
Cp_.Fe_ (CO) . (CS) (cnPrl) 2000 (1.6) 1794 (9.3) 2121 (4.5) 1747 (0.37) 1121
2 2 2 1973 (sh) 1115
1965 (10.0)
Cp.Fe_ (CO) _(CS) (CNBu®) 1963 (10.0) 1793 (9.3) 2123 (4.0) 1119
2 2 2 2080 (sh) 1113
Cp,Fe, (CO) (CS) (CNMe) , 1965 (7.2) 2147 (5.3) 1721 (7.0)
2 2 1955 (10.0)
Cp,Fe, (CO) (CS) , (CNMe) 1976 (10.0) 2157 (4.5) 1108
Cp.Fe_ (CO) (CNBut)2 1945 (4.3) 1779 (3.0) 2099 (sh) 1715 (2.6)
2 2 2 : 1935 (5.0) 1755 (10.0) 2050 (3.3)

Hexane solution.

88
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Table 6.

'H N.m.r. Data?

In d8 toluene:

Complex ??g?' Cp Other
Cp2Fe2(CO)2(CS)(CNR)
R = Me ~80 | 4.30 4.12 {1.52 (g)
4.28 3.30 (small)
R = Et -40 4.34 4.22 CH2 2.31 (q,3=7.4)
-] 4.33 CHJ 0.39 (t)
R = pri -40 | 4.34 4.21 CH, 0.58 (4,J=6.5)
| 4.32 0.59
CH 2.79 (sept)
R = But -30 | 4.34 CH, 0.73 (s
4.31
4. .
Cp,Fe, (CO} (CS) , (CNMe) 0 4.38 CH, 1.84
Cp,Fe, (CO) (CS) (CNMe) 20 | 4.42 CH.-b 3.54
2 4.47 - |CH3-t under solvent
Cp,Fe, (CO) , (CNBu®) ~80 | 4.48 4.18 [CcH, 1.69 (s)
2 4,26 4,11 1.12 (s)
0.78 (s)
In CD,CL,:
Cp,Fe, (CO), (CS) (CNMe) | -80 | 4.75 4,88 CH, 2.98 (£)
2772 . 4.63 3.65 (small)
C N 0 4,82 .
Cp,Fe, (CO) (CS), (CNMe) 3.82 CH, 3.03
Cp._Fe_(CO) _ (CS) 0 4.11 (2)
P2™%2 3 4.22 (small)
Ccp_Fe_(CO) _(CS) 20 | 4.19 (g)
P,¥¢, 2 2 4.25 (small)
Cp . Fe_(CO) (CS) (CNMe) 0 4.66 CH_ -t 2.96
2" %2 2 4.82 CHI-b 3.66
t -
Cp,Fe, (CO), (CNBu®) 80 2:g; CH, 1.20 (s)

8 chemical shifts (8) from T™MS, £ = large, q = quartet, ¢t = triplet,
d = doublet, s = singlet, sept = Septet, t = terminal, p = bridging.




Table 7.

13C N.m.r. Data?

Complex ?Eg?' CO CS CN Other
Cp Fe (CO) (CS) 0 209.0 (t) 378.3 92,2
2 2 3 267.2 (w) 90.3 °©P
Cp F CO CS o . .
p,Fe, (CO)_(CS), 0 208. 6 373.5 gg g cp
Cp_Fe (CO) (CS)CNBu® 211.8 88.8
2 2 2 274.2 89.1 CP
CH; 29.4
) C not observed
Cp_Fe (CO) (CS) (CNPrl) 0 212.1 391.5 157.7 89.3
2 2 2 274.5 89.0 CP
CH  48.2
CH, 22.6
Cp_Fe :(CO) (CS) (CNEt) 0 211.8 391.4 158.1 89.0
2 72 2 274.4 89.2 CP
CH, 39.3
CH; 14.6
Cp,Fe,, (CO)  (CS) (CNMe) 0 211.7 391.4 157.7 88.6
2 2 274.4 89.2 P
CH; 29.8

0b



Table 7 cont'd

szFez(EO)(CS)z(CNMe)

Cp,Fe, (CO) (CS) (CNMe) ,

Cp,Fe, (CO) , (CNBu®)

0 211.6 385.3

0 212.1 394.1
-20 287.3
285.8

156.8

256.1
159.5
161.6

172.0
166.

unequal

92.8

92.5 CP
CH, 30.1
87.9

Cp 91.3 unequal
Me-t 29.5

Me-b 45.1

86.0

g4.6 CP

30.2

30.0 CHj

a
CD2C£2/CH2C£2 solution;

ppm from TMS

Ib
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I11. Experimental e

All reactions were performed in freshly distilled
solvents under nitrogen. The isonitriles were prepared as
described in 1iterature23'25. szFez(CO)4 was purchased from
Strem Chemicals and used without further purification. Light
petroleum ether refers to that fraction boiling between 40 and
60°C. Infrared, n.m.r. and mass spectra were run on Perkin-

Elmer 257, JEOL FX-100 and AEI MS12 instruments respectively.

Proton decoupled 3¢ spectra were run in the presence of

Cr(acac)3.

Preparation of Diphenylthionocarbonate {(PhO)ZCS}26.

3 of 10%

A mixture of phenol (80 g, 0.95 mol) and 500 cm
sodium hydronide solution (1,25 mol) were stirred for 2 hours.
After diluting the mixture four fold with water, thiophosgene
(22 g, 0.19 mol) was added dropwise to the stirred solution.
After stirring the solution for a further 3 hours, the diphen-
ylthionocarbonate was extracted with chloroform, and after
evaporation of the solvent under reduced pressure, recrystal-
lisation of the crude (Pho)zcs from alcohol:light petroleum
ether gave yellow-brown plate-like crystals of the pure

product. Yield 9.0 g (21%).

il4 has reported the preparation of

Recently, Angelic
(pho)zcs in 80% yield from reaction of phenol wifh sodium hyd-
ride to give sodium phenolate, which on reaction with thiophos-

gene gives the diphenylthionocarbonate.

4b
preparation of [bnggz(co)z(cs)z] .

3

cp,Fe, (CO) , (5.0 g, 14,2 mmol) dissolved in 125 cm’ of



3

tetrahydrofuran was added to freshly prepared 1% Na amalgam
(1.0 g Na, 43 mmol) 8 cm3 Hg), and the mixture was stirred
for 1 hour. After removal of the excess Na amalgam, carbon
disulfide (2.5 cm3, 36 mmol) was added to the stirred solu-
tion. Methyl iodide (2.0 cm3, 34 mmol) was added and the
mixture was stirred for a further 5 minutes. The solvent was
removed under reduced pressure and the residue was extracﬁed
with benzene and filtered through celite. The benzene was
evaporated off under reduced pressure and to the residue dis-
solved in 100 cm3 of diethyl ether was added dropwise 3.2 cm3
of trifluoromethanesulfonic acid in 25 cm3 of diethyl ether.
After stirring for 30 minutes, the brown coloured
[CpFe(CO)z(CS[][§F3SO3], which precipitated out, was collected
by filtration and washed several times with diethyl ether.

The crude [CpFe(CO)z(CS[][§F3SO3:](5.1 g, 13.8 mmol) was sus-
pended in dry tetrahydrofuran (100 cm3) and sodium hydride
(3.3 g9, 0.13 mol) was added. The mixture was stirred for 1
hour, whereupon a green coloured solution was obtained. The
solvent was removed under reduced pressure and the residue was
dried in vacuo. Chromatography of the residue on a Florisil

column using benzene as eluant gave pure [CpFe(CO)(Cs):b as a

green-black solid after the solvent was evaporated off. Yield

2.1 g (39%]).

preparation of [C22§§2(C0)3(CS)314.

3

Cp2Fe2(C0)4 (10.5 g, 30 mmol) dissolved in 150 cm” of

tetrahydrofuran was added to freshly prepared 1% Na amalgam
(2.0 g Na, 86 mmol); 16 cm3 Hg), and the mixture was stirred

at room temperature for 1 hour. The excess Na amalgam was

removed, and a solution of (PhO),CS (6.9 g, 30 mmol) in 30



4

cm3 of tetrahydrofuran was added to the stirred reaction mix-
ture. A mildly exothermic reaction with vigorous CO evolu-
tion occurred giving a dark brown solution. After stirring
for a further 15 minutes, the solvent was evaporated off under
reduced pressure. The residue was extracted with 50 cm3 of
carbon disulfide and filtered through celite. The volume of
the solution was reduced to c.a. 10 cm® and it was chromato-
graphed on a Florisil column. Elution with 5:1 CS,:CH,C%,
mixture separated a broad black band of [szFez(CO)3(CS):]from
a broad dark red band of [szFez(CO)4]. Evaporation of the
solvent from the thiocarbonyl fractions gave shiny black crys-

tals of [[CpaFe(CO)3(CS)"]. The product was washed several

times with ice-cold hexane, and dried in vacuo. Yield 5.5 g

(48%).

preparation of Cp,Fe,h (CO),(CS) (CNMe)

In a typical preparation, ECpZFez(CO)3(CS)j (0.6 g,
1.7 mmol) dissolved in 30 cm’ of benzene, and MeNC (0,2 cm3,
3.5 mmol) were refluxed for 1 hour, i.e. till infrared spect-
rum‘of the reaction mixture indicated that all of the starting
material had'reacted. The benzene and excess MeNC were removed
in vacuo, and the dark green mass was chromatographed on an

alumina column (Grade IV). Elution with dichloromethane-light

petroleum ether (5:95) yielded the green [Cp2Fe2(CO)2(CS)(CNMe[}

Complexes III b-d were prepared in an analogous manner,
The derivatives III a-d were purified by recrystallisation

from dichloromethane and light petroleum-ether to give yields

of c.a. 65%.
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Preparation of [[Cp,Fe,(CO) (CS), (CNMe) ].

szFez(CO)z(CS)2 (0.4 g, 1.0 mmol) and methylisonitrile
(0.55 cm3, 10 mmol) were refluxed ih 50 cm of benzene for 70
hours. The solvent and excess isonitrile were evaporated off
and the dark green residue was chromatographed on an alumina
column (Grade III). Elution with light petroleum ether-
dichloromethane (50:50) separated a trace of the starting
material, which came off the column first, from the green band
of [CpZFeZ(CO)(CSIZ(CNMe)j. After evaporating off the solvent,
the crude product was recrystallised from light petroleum

ether-dichloromethane to give a black crystalline solid.

vield 0.25 g (63%).

preparation of [Cp,Fe, (CO) (CS) (CNMe), ].

EszFez(CO)z(CS)(CNMe):](0.2 g, 0.5 m mol) and MeNC
(0.11 cm3, 2 mmol) were photolysed in benzene until infrared
spectra indicated that most of the starting material had reac-
ted. A typical reaction was complete in 10 hours. After
evaporating off the solvent, the residue was chromatographed
on an alumina column (Grade III). Elution with carbon disul-
fide eluted a green band which proved to be a small amount of
cp2Fe2(C0)2(CS)CNMe. Elution with Cs,-Et,0 (9:1) gave a second
green band containing the major product, [szFez(CO)(CS)(CNMe)ij.
The product was recrystallised from diéthyl ether and hexane to

to give black crystals of the product. Yield 0.06g (32%}.

t
preparation of [Cp,Fe,(CO),(CNBu ), "]

Complex VI may be prepared by any one of the following
three methods.

(i) Thermolysis of szFez(CO)4 and ButNC.
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A mixture of szFez(CO)4 and twentyfold excess of the
isonitrile were refluxed in benzene for two days. After evap-
orating off the solvent, the residue was chromatographed on an
alumina column (Grade IV). Elution with light petroleum
ether-dichloromethane (70:30) separated the red band of
Cp2Fe2(CO)3(CNBut), which was collected first, from the green
band of the disubstituted complex szFez(CO)z(CNBut)z. The
crude products were recrystallised from light petroleum ether
and dichloromethane to give yields of c.a. 30% for the mono-

substituted complex and c.a. 10% for the disubstituted complex.

(ii) Thermolysis of szFez(CO)3(CS) and ButnC.

The thermolysis reaction, using tenfold excess of the
isonitrile, was carried out as above. After refluxing for 24
hours the work-up of the mixture was carried out as in (i).

A trace of the complex Ebp2Fe2(CO)é(CS)(CNBut)] was collected
off the column first; this was followed by the major product

of the reaction, complex VI, Recrystallisation was carried

out as in (i).

(111) Reaction of Cp,Fe,(CO),P(OPh), and Bu'NC.

In a typical preparation, a mixture of the
szFez(C0)3P(0Ph)3 and sixfold excess of ButNC were stirred
in benzene at room temperature for 6 hours. After evaporating
off the solvent, the residue was chromatographed to give com-

plex VI as the only product with a yield of c.a. 45%.



a7

References o R

1‘

2.

5.
6.

7.
8.

10.

11.

12.

13.

14.

M. Green, J.A.K. Howard, M. Murray, J.L. Spencer and F.G.A.
Stone. J. Chem. Soe., Dalton, 1977, 1509.

a) J.A.S. Howell and A.J. Rowan, J. Chem. Soe., Dalton,
1980, 503.

b) M. Ennis, R. Kumar, A.R. Manning, J.A.S. Howell,
P. Mathur, A.J. Rowan and F.S. Stephens, J. Chem. Soc.,
Dalton, 1981, 1251,

c) R,D. Adams, F.A. Cotton, J.M. Troup, Inorg. Chem., 1979,
13, 257.

d) R.D. Adams and F.A. Cotton, Inorg. Chem., 1974, 13, 249,

e) R.D. Adams and F.A. Cotton, J. Amer. Chem. Soc.,_I973,

95, 6589.
f) J.A.S. Howell and P, Mathur, J. Organometal. Chem., 1979,

174, 335.
R.J. Haines and A.L. du Preez, Inorg. Chem., 1969, 8, 1459,

a) T.A. Wnuk and R.J. Angelici, Inorg. Chem., 1977, 16,

1173.
b) J.W. Dunker, J.S. Finer, H. Clardy and R.J. Angelici,
J. Organometal. Chem., 1976, 114, C49.

M. Bernard, Inorg. Chem., 1979, 18, 2782,

E.D. Jennis, A.R. Pinhas and R. Hoffman, J. Amer. Chem. Soec.,
1980, 102, 2576.

0.S. Mills, Aecta Cryst., 1958, 11, 620.
R.F. Bryan and P.T. Greene, J. Chem. Soec. (A), 1970, 3064.

R.F. Bryan, P.T. Greene, M.J. Newlands and D.S. Field, J.
Chem. Soe. (A), 1970, 3068.

A. Mitschler, B. Rees and M.S. Lehmann, J. Amer. Chem. Soec.,
1978, 100, 3390.

J.Y. Saillard, personal communication.

A. Efraty, R. Arneri and M.H.A. Huang, J. Amer. Chem. Soc.,
1976, 98, 639.

R.E. Wagner, R.A. Jacobson, R.J. Angelici and M.H. Quick,
J. Organometal. Chem., 1978, 148, C35.

M.H. Quick and R.J. Angelici, J. Organometal. Chem., 1978,
160, 231.



15.

16.
17.

18,

19.

20.

21.

22.

23.

24’

25.

26.

ag

M.H. Quick and R.J. Angelici, Imorg. Chem., 1981, 20, 1123,

A.R. Manning, J. Chem. Soe. (A}, 1968, 1319,

M. Green, J.A.K. Howard, M, Murray, J.L. Spencer and F.G.A.
Stone, J. Chem. Soe., Dalton, 1977, 1509.

K.K. Joshi, 0.8. Mills, P.L. Pauson, B.W. Shaw and W.,H.
Stubbs, J. Chem. Soc. Chem. Commun., 1965, 181.

W. Eamon Carroll, M. Green, A.M.R. Galas, M, Murray, T.W.
Turney, A.J. Welch and P. Woodward, J. Chem. Soe., Dalton,
1980, 80.

M.M. Olmstead, H. Hope, L.S. Benner and A.L. Bach, J. Amer.
Chem. Soec., 1977, 99, 5502,

J. Chatt, A.J.L. Pombeiro, R.L. Richards, G.H.D. Royston,
K.W. Muir and R. Walker, J. Chem. Soc. Chem. Commun.,
1975, 708.

R.D. Adams and F.A. Cotton, Inorg. Chem., 1974, 13, 249.

R.E. Schuster, J.E. Scott and J. Casanova, Org. Synth.,
1966, 46, 75.

I. Ugi, R. Meyr, M. Lipinski, F. Bodensheim and F.
Rosendahl, Org. Synth., 1961, 41, 13.

W.P. Weber and G.W. Gokel, Tet. Letters, 1972, 1637.

W. Autenrieth and H. Hefner, Ber., 1925, 58B, 2151.



+43°C

ls422

0°C
g ad

Figl. TH NMR spectrum of Cp2F92(CU)(CS); toluene - d8;

C_ reqgion.
p a



FigIl. '5C NMR spectrum of Cp,Fe,(C0),(CS); CD,C1,/CH,CL,;

proton decoupled; UOC.

€9
CS
o

—_— r
3783 2612 209-0

ai-o



) 13 : )
FigIl.- '°C NMR spectrum DfonzFez(CD)z(CS)z, €D,C1,/CH,C1
proton decoupled; 0°C.

23

cs | o

—_— ———— e ——
373-5 : _ 2086 40



N

| @]
Fig. H NMR spectrum of Cp,Fe,(C0),(CS)(CNME); CD,CL, , 0°C.

|

Me

49

A5

4-6A

365

299



0'C

-20°C

-40°C

-80°C

I\

— A30 4h0

. 1
FJ.QI\Z' H NMR spectrum of szFez(CD)z(CS)(CNMe); Cp region;

toluene -d8.



+20C l“

. Flgﬂ' cont'd.




+10°C

M—-_._..L WV PG PUS
e v

+40° C

A ]

3.3 1181

Fig . "W NMR spectrum of Cp,Fe,(CO,(CS)(CNMe);

toluene - dB; Me region only,



FigZl. "H NMR spectrum of Cp,Fe,(C0O)(CS)(CNMe), s

toluene - de; +20°¢c,

(p _ o P-Me

44T . C 442 354



Fig¥L."H NMR spectrum of Cp,Fe,(C0)(CS), (CNMe);
toluene - da; +1DDC.

Me

A% A3 : T _ ’ . i84



-20C - I

-35°C | «

— A5 4-3 42 4"' 4-0

) |
Fig¥.-"H NMR spectra of CppFep(Co),(enBut), ;5 toluene -d8;
Solvent peaks omitted.



+60°C

+22°C

+10°C

+2°C




FigIX. 19 NMR spectrum of Cp,Fe,(C0),(cnaut), ;
CD,C1,/CH,CL, , -20°C; proton decoupled.

240 280 10 ' g6 84

| s suns— ]
——————r—]

30



!

Cp FigX. "W NMR spectrum of Cp,Fe,(C0),(CS)(CNEL);
toluene -d8; -40°¢., CH3

** 4 | | CH,

434 A3 - 422 - 224 221 : 039



CHs

co)2
-40°¢C.,

FigXL. T4 NMR spectrum of szFez(
(CS)(CNPrl); toluene -dB;

CH

. L]
219

Azr A3

4-21



Cp

Fig¥L. 'H NMR spectrum of Cp,Fe,(c0),(cs)(cnBu®);
toluene - de; -30°¢.

CHy

434 431



I

FigXM. "3C NMR spectrum of Cp,Fe,(C0),(CS)(CNMe);
€D,C1,/CH,Cl,, proton decoupled; 0°C.

CS

s

a4 2% -4 217 1517

Cp

CHs

29-8



Fig XL 3¢ NMR spectrum of Cp,Fe, (C0),(CS) (CNEL);

L] L] 0
CDQClz/CHzle, proton decoupled; 0°C. Cp

CS

et o0 b

3904 274-4 218 1581 : ' 83-)

CH
CH, :



FigXT. '3¢ MR spectrum of CpyFe,(C0),(CS)(CNPrt); b* N
C02C12; proton decoupled; _OOC. Cp

CH;

€S CH

2915 %5 2121 1577 930 T 226



Figm-13C NMR spectrum of szFez(CO)z(CNBut)(CS);
CD,C1,/CH,Cl,; proton decoupled; 0°C.

@
CS

Co

39).0 212 208

CHs

294



. 13 ’ o\t
FigXVI.'°C NMR spectrum of szFez(CU)(CS)(CNNe)Z;

C02C12/CHZCl2; proton decoupled; 0°C.

0

| CN
s . N

Me+

Me-b




ok

CHAPTER 3
e 3

ATTEMPTED PREPARATION OF
ISONITRILE SUBSTITUTED HETEROMETALLIC
COMPLEXES
e eabe

I Introduction

As a continuing bProgramme of our work on isonitriie
derivatives of metal carbonyls, we have attempted the Prepar-
ation of heterodimetallic carbonyl complexes in which at least
one carbonyl group has been replaced by an isonitrile group.
Isonitrile substitution is known to influence the structure
that is adopted by ga complex. For instance, whereas
szRuz(co)4 exists in solution as a mixture of sridged and
non-bridged isomers, the substituted derivative szRuz(CO)3(CNR)
exists solely in the bridged form®, Thus, there exists a pos-
sibility that upon isonitrile substitution, the structure of
heterodimetallic complexes may also be modified, The stugy
of the fluxional behaviour of the isonitrile derivatives of
such complexes is 31go of interest. Ssheme I shows how for 3
mixed metal complex with a bridging isonitrile ligand, there

exists a possibility for the formation of two different inter-
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mediates on bridge opening, depending on which pair of bonds

are cleaved.

L L
/ \ 1 \M M'/

M———-NM E—

Scheme | .

It is of interest to study the position of isonitrile substi-
tution. When the isonitrile is terminally bonded it may bond
to either of the two different metals and thus, there arises
a possibility to obtain information between exchange processes

which may not be available from homometallic systems.

The first binuclear carbonyl complex with two different
tfansition metals, CF(CO)3MOW(CO)3Cp, was prepared by the
reaction of sodium salt of tricarbonylcyclopentadienylmolyb-
denum with tricarbonylcyclopentadienyltungsten iodidelo. In
this case the two CpM(CO)3 moieties are held together solely
py a metal metal bond. The heteronuclear complex,
cpNi(CO)zFe(CO)Cp, which has been prepared by reacting iron-
pentacarbonyl with nickelocene has two bridging and one ter-

minal carbonyls (Fig. | )27,
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0
Cp\Fe/ \
OC/ \CO

Fig. | . Cp(CO)Fe(CO) ,NiCp.

The heteronuclear complexes Cp(CO)ZMCo(CO)4 (M

Il

Fe, Ru) have

been prepared from the reaction of CpM(CO)zI with CO(CO)d‘anion.

It has been reported that while CpFeCo(CO)6 possesses
bridging carbonyls, CpRuCo(CO}g does not5'6. In the solid
state, infrared spectral studies have shown that only carbonyl-
bridged isomers of CpFeCo(CO) . exist whereas two bridged and
one non-bridged isomers probably coexist in solution (Fig.2. ).

Only a single non-bridged isomer of CpRuCo(CO) . has been

detected.
C (% CO
p\Fe-——-}o/——-CO / )Q\O\CO
yd I oc
c C C 0
0 0 0
o O 0
0 ¢
L
Fe—0(0
/ N
G o

Fig. 2. Possible isomers of CpFeCo(CO)6

[ E Y

A arm s w oAy



102

An analogous method has been used for the synthesis of
Cp(CO)3MFe(CO)ZCp (M = Mo, W)7’8. Thus, the reaction of
CpFe (CO) ,I with CpM(CO)g' yields the heterodinuclear complex,
the infrared spectrum of which does not show any bridging
carbonyl bands. It is interesting to note that a much lower
yield of Cp(CO)3WFe(CO)2Cp is obtained from the reaction of
CpFe(CO)i' with CpW(CO)3I. Recently, Cp(CO)BMoFe(CO)2Cp has
been obtained from the photolysis of a mixture of szMoz(CO)6

and Cp,Fe, (CO), da,

Very recently, it has been reported that several hetero-
metallic complexes are formed in solution from mixtures of thé
corresponding homometallic dimers. The reactions lead to equi-
1librium mixtures of the homometallic dimers and the hetero-

. 9b
metallic complexes™ .
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1T Discussion
a) Direct Substitution of mm! dimers.

The heterodimetallic complexes, szFeMo(CO)5 (1),
szFeNi(CO)3 (2) and CpFeCo(CO)6 (3) were prepared by methods
described in the literature5'6’7. Their reactions with iso-
nitriles were carried out by stirring the complexes with
3 - 4-fold excess of the appropriate isonitrile at room tem-
perature. The reactions were monitored by infrared spectros-
copy and in general most of the starting material had reacted
after 2-4 hours. Thus, the reaction of (1) with an excess of
Princ yielded Cp,Fe,(CO), (23%) and Cp,Fe, (CO) , (cNPrl) (33%),
the percentage yields being calculated on the basis of iron
present in (1). A trace of Cp,Mo, (CO) . was also identified,
However, during chromatography of the reaction mixture, a
distinct red band decomposed prior to.its collection. On the
basis of the colour and the retention time, the red band most
probably corresponds to a complex of the type
cpzMoz(CO%thCNPri)n. The reaction of (2) with an excess of
PriNC yielded, after chromatography of the reaction mixture,

Cp,Ni, (CO), (31%), Cp,Fe,(CO), (33%) and Cp,Fe, (CO) , (cnprl)
(23%) . The reaction of (3) with an excess of ButNC gave,
after chromatography, Cp2Fe2(CO)4 (27%), szFez(CO)3(CNBut)
(14%) and a trace of Co, (CO) 5, moSt of which decomposed on the
chromatography column. 1In addition, there was a fourth, red

band which also decomposed before it could be identified.

The identifications of the complexes obtained from the
above mentioned reactions are based on comparison of the
infrared spectra of the products obtained with those of auth-

entic samples prepared by literature methods (see Table 7).
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All three reactions described above were accompanied by some
decomposition and no heterometallic complexes could be iso-
lated at the end of the reaction. It may also be noted that
on standing in solution, unsubstituted heterodimetallic com-
Plexes undergo decomposition over a period of hours to form
the homometallic dimers. Of the three complexes (1) to (3),
the most unstable is complex (3), which starts to decompose

in solution over a reriod of 1-2 hours to form Coz(CO)8 and
Cp,Fe, (CO),.

The most probable mechanism which may account for‘the
formation of the complexes obtained is that involving the gen-~
eration of free radicals. Homolytic fission of metal-metal
bonds in dimetallic species is not an unknown phenomenon. For
instance, the photolytic substitution reaction of szFez(co)4
with P(OMe), to give szFez(CO)z{P(OMe)3}2 is reported to
involve the formation of [CpFe(CO}2:} radicals, which undergo
CO substitution prior to recombinationlla. However, the
photolytic reactions of Cp2Fe2(CO)4 with P(OPri)3 gives the
monosubstituted Cp2Fe2(CO)3P(OPri)3, and the reaction has
been proposed to proceed via a binuclear intermediate in which
one of the iron atoms is a l6-electron centre’ 'P, Recently,
it has been reported that heterometallic complexes of the type
szFeM(CO)5 and CpMCo(CO)., (M = Mo, W) may be prepared by
photolysing a solution of szFez(CO)4 with szMz(CO)G or
Coz(CO)s with szMz(Co)e 9. Here too, it has been suggested
that the reaction proceeds by formation of radicals, which on
non geminate combination give the heterodimetallic complexes.

Thus, in the case of the reaction of (1) with priNc, the pos-

sible pathways that take place are outlined in Scheme 2 .
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Cp,FeMo(CO) ., + [CpFe (CO)Zj- + [CpMo (Co),7] -

[CpFe(c0), T+ + CNR » [CpFe (CO) (CNRT] -
[CpFe (c0)2] .

szFez(CO)4 szFeZ(CO)3(CNR)

[cpMo(co), T+ + oNR - ECpMo(CO)z(cﬁR)j-
[[cpMo (co )] -
Cp,Mo, (CO) Cp Mo, (CO) 4 (CNR)  Cp Mo, (CO) , (éNR)2
Scheme é.

It has been demonstrated that there is an enhanced lability
of 17 electron species towards carbonyl substitutionzo'zl.
This accounts for the formation of the monosubstituted
szFez(CO)3(CNR) from combination of [CpFe(c05:]- and
[ppFe(co)(CNR[]- radicals. The room temperature reaction
between Cp2Fe2(CO)4 and isonitrile yields only a very small

trace of the szFez(CO)3(CNR).

b) Reactions of the type LxM_ + IYMI(CNR)X

Very recently, Manning has reported the preparation
of various CpNiCo (CO) oL (L = tertiary pPhosphine) type of
complexes from the reactions of CpNi (L)Br with [Co(CO):]Na.
During these reactions, the ligand L migrates from Ni to Co,
and the compounds in solution exist as an equilibrium mixture
of bridged and nonbridged isomers. Tt has been shown that at
room temperature the interconversion of isomers is slow on the

n.m.r. time scaile.
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An attempt was made in preparing szFeMo(CO)4(CNBut) by
stirring at room temperature a THF solution of CpFe(CO)(CNBut)I
and ECpMo(CO);]Na. CpFe(CO)(CNBut)I was prepared by the room
temperature reaction of a chloroform solution of
szFez(CO)z(CNBut)2 with iodine while the anion [CpMo(CO);]Na
was prepared in situ by reduction of szMoz(CO)6 with Na/Hg.
There was considerable decomposition which made it difficult
to identify the products being formed during the reaction.
However, chromatography of the reaction yielded three products.
Traces of Cp2Fe2(CO)4 and szMoz(CO)6 were eluted first off
the chromatography column, and these were followed by the
major product of the reaction, identified as CpMo(CO)z(CNBut)I
[yield 33%, based on Cp,Mo, (CO).]. A similar yield of prod-
ucts was obtained from the analogous reaction of .

CpFe (COJ (CNPri)T with [(CpMo(CO),JNa. CpFe(CO) (CNPrl}T was
prepared in the same way as CpFe (COJ (CNBu*}I. The complexes
cpMo(CO)z(CNR)I may also be obtained from the photochemi¢a1
reaction of CpMo(CO)3I with a slight excess of the isonitrile
and the infrared spectra of the products obtained from the |
photolysis are identical to those of the complexes obtained

from the previously mentioned reactions. Thus, in both cases,

the spectrum of CpMo(C0)2(CNPri)I in dichloromethane shows a

CN stretching band at 2139 cm™ ! with a shoulder at 2107 cm™ .

co absorptions are found at 1983, 1935 and 1920 cm™ .

The infrared spectrum of CpMo(CO)z(CNBut)I in dichloro-
methane shows bands at 2122, 1987 and 1915 cm™ ! with a shoulder
at 1921 cm-l. If the complex is left standing in dichloro-
methane over a period of a few hours, the intensity of the

band at 1987 cm ! progressively increases until after 16 hours

all three CO absorption bands are of approximately the same
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intensity. -The 'H n.m.r..spectrum of freshly prepared
CpMo(CO)z(CNBut)I in CDCK3 at room temperature shows a Cp
resonance at § 5.29 ppm and a C(CH3)3 resonance at § 1.51 ppm.
On leaving the solution to stand—;; room temperature over a
period of hours, additional resonances at § 5.42 ppm andAl.SO
ppm are observed. This data is similar to that reported for
CpMo(CO)z(CNBut)Cl, which has been prepared by photolysis of
CpMo(CO)3C£ and CNBu® 23 It has been reported that the 'y
n.m.r. of this complex shows resonances at § 5.27 and § 1.49

ppm for the diagonal isomer and resonances at & 5.47 and §

1.55 ppm for the lateral isomer (Fig. 3 ).
Cp .
oc P AR Oc 0

I (o RNC I

Fig. 3.

Thus, initially it is the diagonal isomer which is formed in
the reaction of CpMo(CO)3I with CNBu® and after a period of a
few hours in solution, an equilibrium mixture of both the
diagonal and lateral isomers is obtained. From the heights of
the Cp resonances after 16 hours, the ratio of lateral:
diagonal isomers of CpMO(CO)z(CNBut)I is calculated to be

7.5:4.

The formation of CpMo(CO)z(CNR)I from the reaction of
CpFe(CO) (CNR)I with CpMo(CO);' may be explained by a mechanism

involving electron transfer accompanied by CNR and I transfer
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as well via an intermediate of the type shown in Scheme 3.

T
- . .
CpFe (CO) (CNR)I + CpMo(.Co)_3 - Cp(CO)Fe—-CNR——Mo(CO)ZCp

(64
o

|

CpFe (CO) 2‘ + CpMo (CO) 5 (CNR) T
Scheme 3.

The reacfion of CpFe(CO)(CNBut)I with [CO(COXLJNa

similarly did not yield any heterometallic complexes; the only

products obtained after chromatography were szFez(CO)4 (22%),
t t .

CpZFeZ(C013(CNBu ) (17%), szFeZ(CO)Z(CNBu )2 (7%) and Coz(CO)E3

(18%). These were identified by comparison of their infrareg

spectra with those of authentic samples, There was consider-

able decomposition ddring the reaction and this may explain
the non-isolation of'Co(CO)3(CNBut)I, which would be expected
to be formed on the basis of the mechanism outlined in Scheme
4., The formation of the substituted complexes,
cszez(CO)3(CNBut) and szFez(CO)z(CNBut)2 may be explained
by a mechanism involving only charge transfer without any
ligand transfer between the two metals gag weil as that involv-
ing a transfer of ligands as shown below:

(i) with CNR, I transfer:

CpFe (CO) (CNR)I + Co(CO)4' > Co(CO)3(CNR)I + che(co)Z-
oxidation
szFe2(CO)4

CpFe (CO} (CNR)I + CpFe(CO)z' > Cp,Fe, (CO)3('CNR)
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(ii) with CO, I transfer or no ligand transfer
CpFe(CO) (CNR)I + CO(CO)4_ + CpFe(CO) (CNR) ™ + Co(CO) I

CpFe (CO) (CNR)I + CpFe(CO) (CNR) -+ Cp,Fe, (CO), (CNR) , .

Scheme 4.

In order to further investigate the unexpected behav-
jour in the above reactions, ECpFe(CO%;]Na was treated with

a series of CpFe(CO) (CNR)X (4a-d, R = But, Pri, Et, X = I;

R = But, X = Br) complexes. The products and yields obtained
from these reactions are summarised in Table | . Although the
expected dimetallic species, Cp2Fe2(C0)3(CNR) was obtained as
the major product in each case, smaller amounts of the unsub-
stituted and disubstituted complexes were also isolated. In
addition to the SN 2 displacement reaction to form
cszez(Co)3(CNR), it is evident that there must be at least
one other competing pathway by which the other two complexes

are formed. One such reaction is that involving an inittal

one electron transfer, followed by geminate and/or non-geminate

radical combination steps (Scheme 5 }.

cppe(co)z' + CpFe (CO) (CNR)T -~ [CpFe(CO)zj « + [[CpFe(CO) (CNRY] -
-1

SN 2,

-I"

Cp,Fe, (CO) ; (CNR) [CpFe(co), ]+ + [CpFe(CO) (CNRT]

|

Cp2Fe2(CO)4
szFez(CO)z(CNR)z

CpyFe; (COJ 3 (CNR)
Scheme 5 .
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It is also possible that an electron and ligand transfer reac-
tion, followed by a radical chain process, may occur as shown
in Scheme 6 . The step involving CNR and I~ transfer has been

omitted since that only regenerates the starting species.
(i} With CO, I transfer or no ligand transfer:

CpFe (CO) (CNR)I + CpFe(CO),” >  CpFe(CO) (CNR)™ + CpFe(CO),I

Cp,Fe, (CO) , (CNR)
(i1) Radical formation:

CpFe (CO) (CNR)~ + CpFe(CO),I + [CpFe(CO) (CNRJ]. + [CpFe(CO]]-

-T"
Cp2Fe2(CO)2(CNR)2
Cp2Fe2(CO)4
Cp2Fe2(CO)3(CNR)
Scheme 6.

The stabilisation of the anion CpFe (CO) (CNR) is dependent on
efficient m back-bonding of the isonitrile ligands. Adams24
has synthesised the anions CpMo(CO)B__x('CNMe)x (x = 1,2) by
Na/Hg reduction of the molecules CpMo(COL}dJCNMe)XCK and dem-

onstrated by infrared spectroscopy the extensive m back-

bonding between the metal atom and the isonitrile ligands.

Observations similar to those mentioned have been rep-
orted on several other reactions. For instance, in the
reaction of cyclopropylcarbinyl iodide with CpFe(CO)é' to give
cyclopropyl- and allylcarbinyl (cyclopentadienyl) (dicarbonyl)
iron (Scheme 7 ), an ESR spectrum of allylcarbinyl radical is

12
observed ~.



D\/X + CpFelCO),Na — D\/FE(CO)sz

+

S N_-fe (CO,Cp

Scheme 7

In the reactions of lithium trimethyltin with cyclopropyl-
carbinyl halides, the formation of the rearranged product

trimethyl (allylcarbinyl) tin is observed (Scheme 8§ ).

[>\/x' + (CHpSnli —
[ st

4

\/\/SH(CH3)3

‘Scheme 8.

It has been proposed that the two reactions cited above pro-
ceed by a pathway involving free radicals in addition to the
SN 2 displacement reaction. This is supported by the report
that in some of the reactions of trialkyltin anions with
alkyl halides, retention of configuration has been observed,
the stereochemistry of the reaction being dependent on the
nature of the solvent and the alkali metal counterion in

R3SnM 13.

It is possible that redistribution reactions might occur

after a dinuclear compound has been formed. Thus,
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M~ o+ M=M! > M-M + MIT

In such cases, the inverse addition of anions to halides (with
the halide always in excess) may lead to quite different pro-
ducts than normal addition, where redistribution may occur
readily (anion always in excess). However, for

che(co)z' + CpFe(CO) (CNR)X reactions, the same products were
obtained in the case of both normal as well as inverse addi-
tions. There are numerous examples of heterodimetallic sys-
tems in which redistribution reactions are known to occur,

and it has been shown that the anion expelled is the least
nucleophilic of the two possible anions derivable from the

parent complex. Thus, in the following systems,

I, Fe- + L Fe-MoL + L Fe-Fel. + MoL
X Y 2 X Y z

L. Fe- + L Sn-MoL + L Fe-=SnL + MolL
X Yy 4 X Y Z

the molybdenum anion has been shown to be the least nucleo-

philic of the three anions derivablel?.

c) Reactions of Type LxM— + LyMIX(P)z (P = phosphite)

Reactions of metallate anions with phosphite deriva-
tives of CpFe(CO)zI were carried out to investigate whether
here too there were additional pathways competing with the SN 2
displacement reaction. 1In a typical reaction, the phosphite
derivative and the anion were stirred in THF at room tempera-
ture for 3 hours. The products formed were separated by
chromatography and identified by infrared spectroscopy. As
before, the identification was based on comparison of the
spectra of the products obtained with those of authentic sam-

ples. Thus, the reaction of CpFe(CO)P(OPh)3I and
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[:CpFe(CO)z:INa gave Cp,Fe,(CO), (55%) and Cp,Fe, (CO) 3P (OPh) 4
(11%). The reaction of CpFe(CO)P(OMe)3I with the anion sim-
ilarly gave szFez(Co)4 (36%) and Cp2Fe2(CO)3P(OMe)3 (20%).
The monosubstituted phosphite derivatives of the iron dimer
have previously been isolated from the thermal reaction of
Cp2Fe2(CO)4 with a slight excess of the phosphitesiSb. Tn
both of the reactions described above, the relatively high
yields of Cp2Fe2(CO)4 suggest that in addition to the SN 2
displacement reaction, there is at least one other competing
mechanism. It should be noted that there is no spectroscopic
evidence for the formation of the disubstituted complexes,
cpszz(CO)Z{P(OR)3}2, in these reactions. The complex,
Cp2Fe2(CO)2{P(OMe)3}2, has previously been prepared by the
photochemical reaction of Cp,Fe,(CO), with P(OMe) ; involving
CO substitution of the ECpFe(COb:]- radicals, which aré gen-
erated in the reactiong. Scheme 9 outlines the various routes

by which the above reactions may proceed.

(11 CpFe(CO) (P)I + CpFe(CO), + CpFe(CO)(P) + CpFe(CO),I

\ szFez (CO) ; (P)

(11) CpFe(CO) (P)I + CpFe(CO), ~+ [(CpFe(CO) (PY]- + [CpFe(CO), -

‘/Eche (Co) (P):lt. + [[CpFe (COJ, ]+

Cp,Fe, (P), (CO), not
2 2 2 2 observed

Cp 2Fe 2 (CO) 3 (P)

Cp,Fe, (CO) ,

szFez(CO)3(P)

Scheme 9.
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Combination of the caged radicals gives rise to the monosub-
stituted Cp2Fe2(CO)3(P), whereas after diffusion, geminate
combination of [CpFe(COb:]- can explain the formation of
Cp,Fe, (CO),. The [CpFe(CO)(P)]+ radicals may be involved in

a radical chain process of the type shown below:

[[CpFe (CO) (PY]+ + CpFe(CO),” > CpFe(CO)(P)~ + [CpFe (coj,]-

The reaction of CpFe(CO)z_ with the disubstituted,
CpFe{P(OPh) ,},I was carried out in the same manner as the
reactions so far discussed. In addition to the Cp2Fe2(C0)4
(18%) that was isolated, the tetrasubstituted complex,
cszez{P(OPh)3}4 (28%) was also obtained and characterised by
infrared spectroscopy, which in nujol shows three intense
absorptions at 1225, 1200 and 1180 cm_l, characteristic of
coordinated P(OCGHS)B. Also, the spectrum shows no bands
characteristic of the stretching vibration of carbonyl ligands.
The spectrum is identical to that reported for the same com~
plex which has also been prepared by the photochemical

reaction of CpFe(CO)ZPh with P(OPh)3 16

The isolation of szFez(CO)4 and szFeé{P(OPh)3}4 from
the reaction may be explained by a charge transfer Process
which, if slow, may lead to the formation of the products

observed, as shown in Scheme 0 .

CpFe(CO) ,~ + CpFe(P),I . CpFe(CO) T + CpFe(P)z'
CpFe(CO)zI + CpFe(CO), = szFez(CO)4

CpFe(P)z- + CpFe(P)21 ~» Cp2Fe2(P)4

Scheme /0.
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The reaction of CpFé{P(OPh)3}2I with [CpMo(CO);]Na
also yielded the tetrasubstituted Cp2Fe2{P(OPh)3}4 (57%) 1in
addition to a trace of szFez(CO)4, szMoz(CO)6 (19%) and
CpMo(CO)3I (21%). There were at least two other products also
formed in the reaction; these however decomposed on the chrom-
atography column. From the red colour and retention time of
the bands, they would appear to have been molybdenum deriva-
tives of the type szMoz(CO%}qJL)n. Scheme || describes the

various pathways that may be occuring in this reaction.

CpFe(P) ,I + CpMo(c0)3' > CpFe(P)z_ + CpMo(CO) ,I

CpFe (P),” + CpFe(P),I -~ Cp,Fe,(P),
Scheme I .

The formation of a trace of szFez(CO)4 and complexes of the
type szMoz(Cokbqﬁp)n may result from a charge transfer pro-
cess accompanied by transfer of the phosphite ligands to form
che(CO)z' and CpMo(CO) (P) ,I. Thus, the iron dimer may be
formed as a result of the oxidatién of CpFe(CO)z', whereas
the substituted molybdenum dimer may'result from the reaction

between CpMo(CO),” and CpMo (CO) (p)zx.'

The attempted preparation of a dimetallic complex con-
taining both an isonitrile and a phosphite group was carried
out by reacting szFez(CO)3P(0Ph)3 with an excess of Bu°NC at
room temperature. After 3 hours' stirring, infrared spectros-
copy indicated that all of the starting material had reacted.
The colour of the solution changed from reddish brown to a
greenish brown. Chromatography of the reaction mixture gave
a single green band of szFez(CO)z(CNBut)2 (46% yield) as

18
identified from its infrared spectrum . Using a smaller
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excess of the isonitrile, the reaction yielded a trace of
szFez(COI3(CNButI in addition to the disubstituted complex.
It is most probable that in these reactions the radicals
ECpFe(Cob:]- and [CpFe(COIP(OPhB:]- are generated. Such a
process has previously been proposed for the reactions of
szFez(CO)3P(OR)3 (R = Me, Et) with an excess of the approp-
riate phosphite, which give a mixture of the phosphonate

[cpFe (CO) {P (OR) ,}{P(0) (OR) }Jand acyl [CpFe (CO) (COR) {P (OR),}]

complexeslg.

Thus, it seems likely that once the radical species,
[CpFe (Co)zj' and ECpFe(CO)P(OPh)3] +, are formed, they undergo
substitution of CO or P(OPh)3 respectively in the presence of
excess isonitrile to form [CpFe(CO) (CNR)]+ species, which

recombine to give the disubstituted complex.

In all of the reactions discussed in this Chapter,
there is evidence for the existence of pathWays other than
the SN 2 displacement reactions. The tendency for the reac-
tions to proceed via pathways involving free radicals is
significant when one or more of the carbonyls of the reactants

are substituted by isonitriles or phosphites.
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Table I

Reaction of [(CpFe(COJ], JNa with CpFe (CO) (CNR]X

Products (Yields)?

Cp,Fe, (CO) , (CNR)

31.9

28.7

26.4

28.7

Cp,Fe, (CO) , (CNR) ,
3.5

2.7



Infrared Data (cm'll.
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Table 2.

CO and CN region?

szFez(CO)4

Cp2Fe2(C0)3(CNR)

R = But

Pri

Et

szFez(CO)z(CNR)z

R = Bu®

Pr

Et

CpFe(CO)zI

CpFe (CO) (CNR) I

R = But

Pri

Et
CpFe(CO)(CNBut)Br

CpFe (CO) ,C&

cp ,Fe, (CO) ;P (OPh) ,

Cp,Fe, (CO) ,P (OMe) ,

2005 (s), 1961 (s), 1793 (s).

2107, 2059, 1951 (s), 1771 (s).

2113, 2000 (s), 1955 (s), 1798 (m),
1775 (s), 1741 (w), 1711 (w).

2123, 2099, 1995 (s), 1955 (s), 1797 (m),
1772 (s), 1737 (w).

2099 (sh), 2055, 1955 (m), 1935 (m),
1779 (m), 1755 (s), 1715 (w).

2107, 2043 (br), 1985 (s), 1951 (m),
1940 (m), 1783 (s), 1730 (w), 1725 (w),
1699 (m), 1695 (m].

2127 (br), 2103 (br), 1991 (s), 1955 (s),
1043 (s), 1798 (m), 1787 (s), 1728 (s),
1690 (br), 1641 (w).

2040 (s), 1996 (s).

2125, 1987 (s).
2031, 1987 (s).

2034, 1989 (s}).

2136, 1990 (s).

2053 (s), 2010 (s).

1971 (s), 1948 (m), 1760 (vs).

1964 (s), 1942 (m), 1749 (vs).
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CpFe (CO) P (OPh) ,I 1987 (s)
CpFe(CO)P(OMe)3I 1980 (m), 1969 (s).

Co, (CO) 2071 (s), 2069 (s), 2044 (s), 2042 (s),
2031 (m), 2022 (s), 1866 (w), 1857 (w).

CpFeCo(CO)6 2071 (s), 2017 (s), 2015 (sh), 2000 (m),
1982 (s), 1959 (w), 1855 (sh), 1848 (sh),
1836 (sh), 1831 (w).

Cp ,FeNi (CO) , 2004 (s), 1825 (s).

szMoz(CO)6 1963 (s), 1920 (m)

CpMo(CO)z(CNBut)Ib 2122, 1987 (m), 1918 (br).
CpMo(CO)z(CNPri)I 2139 (br), 1983 (s), 1935 (s), 1920 (m).

cp2FeMo(CO)5 2038 (w), 2000 (m), 1955 (s), 1941 (s),
1899 (w), 1883 (m).

CpMo (CO) ,P (OPh) I 1986 (s), 1916 (s).
CpMo(CO)zP(OMe)3I 1983 (s), 1912 (s).
CpMo(CO){P(OPh)B}zI 1875

CpMo (CO) T 2045 (s), 1978 (s], 1962 (s).

cp,Fe,{P(OPh} },° 3068 (m)J, 3045 (m), 3033 (m), 2975 (wi,
2935 (w), 2870 (w), 2375 (w), 1950 (w),
1600 (s), 1560 (w), 1500 (s), 1462 (s),
1450 (s), 1437 (s), 1385 (m), 1340 (w),
1315 (w), 1295 (m), 1225 (s), 1200 (s),
1180 (s), 1120 (w), 1105 (m), 1078 (m),
1032 (s), 1020 (s), 1010 (m), 1000 (m),
985 (w), 970 (w), 890-935 (s), 880 (s),
860 (s), 830 (m), 800 (s), 765 (s),
735 (s), 722 (s), 710 (s), 697 (s).
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a In hexane solution unless otherwise stated
b In CH2C£2 solution

c Nujol mull.



IIT Experimental

The same reaction conditions and instrumentation were
used as specified in Chapter 2.

The mixed metal complexes, szFeMo(CO)S, szFeNi(CO)3
and CpFeCo(CO)6 were prepared as described in the literaturs-z
The monosubstituted phosphite derivatives were prepared by
the thermal reaction of metal carbonyl complexes with an
excess of the appropriate phosphite as specified in liter-

15
ature , while CpFe{P(OPh)B}zI was prepared by the photochem-

ical reaction as described by Nesmeyanov16. CpFe(CO)ZI and

CpMo(CO)3I were prepared as described in literature17. All

other chemicals were purchased commercially.

Reaction of szFeMo(CO)5 with PriNC

A mixture of szFeMo(CO)5 (0.41 g, 0.94 mmol) and Princ
(0.20 cm3, 1.8 mmol) in benzene (20 cm3) were stirred at room
temperature for 1 hour. The solvent was evaporated off and
the reddish brown residue was chromatographed over alumina
(Grade IV). Elution with 5:95 mixture of dichloromethane and
petroleum ether gave szféz(CO)4 (0.04 g, 23%) and
Cp2Fe2(CO)3(CNPri) (0.06 g, 33%3]. Further elution with 50:50
mixture of dichloromethane and petroleum ether gave a trace of
szMoz(CO)6 (<0.01 g). A red band stayed on the column and

decomposed before it could be collected.

N s t
The reaction of szFeMo(CO)5 with Bu NC was carried out
similarly; however, only szFez(CO)4 could be collected off

the chromatography column.
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Reaction of Cp,NiFe(CO), with Pr NC

Freshly prepared szNiFe(CO)3 (0.40 g, 1.5 mmol) and

3, 4.5 mmol) were stirred in benzene (40 cm3) at

princ (0.40 cm
room temperature for 3 hours. The solvent was evaporated off
and the dark red residue was chromatographed over alumina
(Grade III). A trace of dark green nickelocene was eluted
first with petroleum ether. This was closely followed by the
light green band of szNiz(CO)2 (0.07 g, 31%). Further elu-
tion with 40:60 benzene-petroleum ether yielded Cp2Fe2(C0)4
(0.09 g, 33%) and szFez(CO)3(CNPri) (0.07 g, 23%). A reddish

brown band decomposed on the column before it could be

collected.

Reaction of CpFeCo(CO)6 with Bu®NC.

Freshly prepared CpFeCo(CO)6 (1.1 g, 3.2 mmol}] and
ButNC (1.1 cm3, 9.6 mmol} were stirred in benzene (45 cm3j for
1 hour. The solvent was evaporated off and the brown residue
was chromatographed over alumina (Grade IV). Elution with
20:80 dichloromethane-petroleum ether separated szFez(CO)'4
(0.16 g, 27%) from Cp,Fe,(CO),(CNBu®) (0.09 g, 14%3). Most of
the yellow brown third band decomposed, however a small frac-

tion of it was collected and identified as C02(CO)8. A fourth

red band completely decomposed before it could be collected.

preparation of CpFe(CO) (CNBu®)I

A mixture of Cp2Fe2(C012(CNBut)2 (7.5 g, 16 mmol] and
iodine (8.2 g, 34 mmol) was stirred in 200 cm3 of chloroform
for approximately 30 minutes. The excess iodine was removed

by shaking the mixture with a saturated aqueous solution of

sodium thiosulphate (3 x 100 cm3). The chloroform layer was
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separated and left standing over MgSO, for 3-4 hours. After
filtering off the MgSO4, the solvent was evaporated off to
give a greenish brown residue. Chromatography of this over
alumina/(Grade ITIT) using a 40:60 mixture of benzene and pet-
roleum ether gave a single brown band of CpFe(CO)(CNButII

with a yield of 9.7 g (86%).

Complexes CpFe(CO) (CNR)I (R = Prl, Et) and
CpFe(CO)(CNBut)Br were prepared in an analogous manner. In
the case of CpFe(CO) (CNEt)I, a trace of CpFe(CO)zI and
CpFe(CNEt)zI are also formed which can be separated from the
main product using the same chromatography conditions as
mentioned before, CpFe(CO)zI comes off as the first band while

CPFe(CNEt)zI decomposes on the column.

Preparation of CpMo(CO)z(CNPri)I

CpMo(CO) ;T (1.0 g, 2.7 mmol) and Pr'NC (0.34 g, 3.9
mmol) in 100 cm3 of benzene were irradiated with U.V. light
for 3 hours. The benzene was evaporated off and the red res-
idue was chromatographed over alumina (Grade IV). Elution
with a 50:50 mixture of benzene and petroleum ether brought

down a trace of szMoz(CO) closely followed by a small

6’
amount of unreacted CpMo(CO)3I. Further elution with benzene
brought down the main red band of CpMo(CO)z(CNPri)I. After
evaporating off most of the solvent, CpMo(CO)z(CNPriI crys-
tallised out on addition of 10 cm° of>petroleum ether. Yield

0.63 g (58%]).

Reaction of CpFe(CO) (CNBu®)I with [CpFe (CO),JNa

The anion [CpFe(CO),"]Na was prepared by stirring a THF

3
solution (100 cm”) of Cp,Fe,(CO), (1.6 g, 4.6 mmol) with 1%
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Na/Hg (0.3 g Na, 2.1 cm3 Hg)] at room temperature for 1 hour.
After removing the excess Na/Hg amalgam, CpFe(COI(CNButII
(3.2 g, 9.2 mmol) was added to the orange coloured solution
of the anion, and the mixture was stirred for 2 hours, during
which time the colour of the mixture turned dark brown. The
solvent was evaporated off in vacuo and the residue was
chromatographed over alumina (Grade III). Elution with a
20:80 mixture of dichloromethane and petroleum ether brought
down a trace of szFez(CO)4 (0.36 g, 4.2%) closely followed
.by the major product of the reaction szFez(CO)3(CNBut) (2.30gqg,
31.9%). Further elution with dichloromethane gave a small
amount of szFez(CO)z(CNBut)2 (0.30 g, 3.5%).

The analogous reactions of [CpFe (Co)sza and
CpFe (CO) (CNR)X (R ="Pr', Et, X = I; R = Bu', X = Br) were
carried out in a similar manner. The products and yields

obtained are given in Table .,

Reaction of CpFe(CO) (CNBu“)I with [(CpMo(CO), Na

The anion [CpMo(COb:]Na was prepared by stirring a THF
solution (70 cm3) of szMoz(CO)6 (0.46 g, 0.9 mmol) and Na/Hg

3 Hg) for 2 hours. After removing

amalgam (0.1 g Na, 0.3 cm
the excess Na/Hg amalgam, CpFe(CO)(CNBut)I (0.40 g, 1.3 mmol)
was added to the anion and the mixture was stirred for 5 hours.
Most of the solvent was evaporated off and the reddish brown
residue was chromatographed over alumina (Grade III). Elution
with a 50:50 mixture of dichloromethane and petroleum ether
brought down traces of szFez(CO)4 and szMoz(CO)G. Further
elution with dichloromethane brought down the red band of
cpMo(CO)z(CNBut)I. After evaporating off the solvent, the

crude yield of CpMo(CO)z(CNBut)I was found to be 0.08 g
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E33% based on Cp2M02(COk;]. Considerable decomposition of

the reaction products seemed to occur on the column.

The reaction of CpFe(CO)(CNPri)I with [CpMo(CO);]Na
was carried out in an analogous manner. CpMo(CO)z(CNPrl)I

was obtained with a yield of 37%.

Reaction of CpMo(CO),(CNPr')I with [CpFe (CO), Na.

The anion [pre(CO)i]Na was prepared from Cp,Fe, (CO),
(3.0 g, 8.4 mmol) as described before. To the THF solution
of the anion was added CpMo(CO)z(CNPri)I (6.0 g, 14.5 mmol)
and the mixture was stirred at room temperature for 3 hours.
The solvent was evaporated off and the reddish brown residue
was chromatographed over alumina (Grade III). Elution with a
60:40 mixture of dichloromethane and petroleum ether gave
Cp,Fe,(CO), (1.9 g, 63%), Cp,Fe,(CO),(CcNPr') (0.17 g, 5%) and
cpMo(CO)z(CNPri)I (0.91 g, 15%). A fourth red band decomposed

before it could be collected.

\

‘Reaction of CpFe(CO) (CNBu®)T with [Co(co),]Na.

| ECo(Cox;]Na was prepared by stirring a THF solution
(150 cm’®) of Co,(CO}, (3.2 g, 9.3 mmol) with an excess of 1%
Na/Hg amalgam for 2 hours. After removal of the excess amal-
gam, CpFe(CO) (CNBu®)I (6.7 g, 18.9 mmol) was added and the
mixture was stirred at room temperature for 4 hours, it.e. till
infrared spectroscopy indicated that all of the iodide had
reacted. The solvent was evaporated off and the yellowish
brown residue was chromatographed over alumina (Grade IIT]J.
A 40:60 mixture of dichloromethane and petroleum ether eluted
cO2(CO)8 (0.57 g, 18%) and CP2Fe2(CO)4 (0.77 g, 22%). Further

elution with a 70:30 mixture of dichloromethane and petroleum



ether yielded Cp2Fe2(CO)3(CNBut) (0.71 g, 17%) and
szFez(CO)2(CNBut)2 (0.31 g, 7%). A yellowish green band

decomposed on the column before it could be collected.

Reaction of CpFe(CO){P(OMe),}I with [[CpMo(CO), |Na

To a THF solution (40 cm’) of [CpMo(CO{iJNa, prepared
by reduction of Cp2M02(CO)6 (0.91 g, 1.9 mmol) (with Na/Hg
amalgam as described before), was added CpFe(CO){P(OMe)3}I
(1.30 g, 3.3 mmol) and the mixture was stirred for 3 hours.
The solvent was evaporated off and the yellowish brown resi-
due was chromatographed over alumina (Grade III). Elution
with a 20:80 mixture of dichloromethane and petroleum ether
gave Cp2Fe2(CO)4 (0.07 g, 12%), a small trace of CpMo(CO)3Me
and CpZMoz(CO)6 (0.61 g, 67%). Further elution with dichloro-
methane yielded the starting material, CpFe(CO){P(OMe)3}I
(0.81 g, 62%). A yellow band decomposed on the column before

it could be collected.

The reaction of CpFe{P(OPh} I with [CpMo(COL;]Na

3}2
was carried out similarly. After removal of the solvent from
the reaction mixture, an orange red residue was obtained which,
on chromatography using alumina (Grade II) and a 40:60 mixture
of dichloromethane and petroleum ether, yielded a trace of
cp2Fe2(co)4, szMoz(_COI6 (19%), CpMo(CO)3I (21%) and
cszez{P(OPh)3}4 (57%). Two red bands remained on the column

and eventually decomposed before they could be collected.

Reaction of CpFe(CO){P(OPh),}I with [CpFe(CO), |Na

To a THF solution (100 cm3) of [ppFe(COE;]Na, prepared
by reduction of Cp2Fe2(CO)4 (0.48 g, 1.4 mmol) with Na/Hg

amalgam as described before, was added CpFe(CO){P(OPh)3}I
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(1.61 g, 2.7 mmol), and the mixture was stirred at room tem-
perature for 2 hours. The solvent was evaporated off and the
brown residue was chromatographed over alumina (Grade III).
Elution with a 30:70 mixture of dichloromethane and petroleum
~ether gave szFez(CO)4 (0.53 g, 55%) and szFez(CO)3P(OPh)3

(0.18 g, 11%).

The reaction of CpFe(CO){P(OMe)3}I with [CpFe(COLi]Na,
which was carried out in a similar manner, yielded szFez(CO)4

(36%) and Cp2Fe2(CO)3P(OMe)3 (20%) .

The reaction of CpFe{P(OPh),},I with [CpFe(COb:}Na
yielded szFez(CO)4 (18%) and szFez{P(OPh)3}4 (28%). The two
products were separated by chromatography using an alumina

(Grade ITI) column and a 30:70 mixture of dichloromethane and

petroleum ether.

Reaction of Cp,Fe,(CO) P(OPh), with ButNC

A mixture of szFez(CO)3P(OPh)3 (1.3 g, 2.0 mmol) and

ButNC (1.5 cm , 12.0 mmol) was stirred in 40 cm’

of benzene at
room temperature for 3 hours. The colour of the solution
changed to reddish brown to deep green. The solvent was evap-
orated off and the residue was chromatographed on alumina :
(Grade III). Elution with a 50:50 mixture of dichloromethane

and petroleum ether gave a single green band which was iden-

tified as Cp Fe, (COlz(CNButlz. Yield 0.35 g (46%):

The same reaction, when carried out using only 3-fold
excess of ButNC, gave a trace of szFez(CO)3(CNButI as well
as the major product szFez(Coiz(CNButlz. The two complexes
were separated by chromatography, using the same conditions

as stated above.
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CHAPTER 4

SYNTHESIS AND FLUXIONAL CHARACTER OF

SOME POLYNUCLEAR CARBONYL COMPLEXES.

I Introduction

There is currently much interest in the chemistry of
transition metal clusters containing carbene, carbyne and
carbide species. Their possible relevance as simple models
for the catalytic hydrogenation of carbon monoxide has been
discussed in Chapter 1. 1In recent years, several examples of
the preparation of complexes containing the dialkylamino
carbyne (CNRZ) group, bound in a terminal, p,- or By fashion,
have been reported. The complexes trans-—BrM(CO)4ECNEt2]

(M = Cr, W) have been prepared by the reaction of diethylamino-
ethoxycarbenepentacarbonyl complexes of chromium and molybdenum

with boron trihalides (Scheme 1 )1'2

- The reaction involves
simultaneous removal of the C2H50 group and a CO ligand, and
introduction of a halogen into the complex. The cationic

_ +
carbene complexes,[}CO)SMncNEtzj (M= Ccr, Mo, W], have been

prepared by the route shown in Scheme 2 , 3
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N(CZHS) 2

(CO)SM -==—uc\ + BBr, -~

OC2H5

BrM(CO) [CN(C,H.),] + cCO +

[ BBr,0C,H, ]
Scheme |
NEt
1) LiNEt, / 2
M(co)6 PR (CO)SM """ Co
2)Et 0"BF, \
OEt

[ (co) JM=C-NEt, |BF,

Scheme 2

\

The compounds,trans—[M(CNR)z(dppe)2:] (M = Mo, W; R = Me, Bu’,

aryl; dppe = thPCHZCH PPhZ),can be protonated at one or both

2
nitrogen atoms to give complexes containing CNHR (carbyne)
1igands4’5. Bonding of isonitriles to the electron-rich site,
M(dppe)2, results in a build up of charge on the isonitrile,

thus promoting ready electrophilic attack at its nitrogen atom.

Complexes containing p,~CNR, species have been prepared
by a variety of means. Thus, protonation or alkylation of
derivatives of the type szMz(CO)3(CNR) (M = Fe, Ru) yields

1 1
salts of structure [szMz(CO)z(u—CO)(u—CNRR []X (R" = 4,

alky1)®’7, while alkylation of Fe, (CNEt) ; with alkyl halides
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yields a salt of structure [Fez(CNEt)6(p2-CNEt)(uz-CNEtR)2:]x2
(R = Me, Et)8. The triruthenium cluster complex,
HRu3(CO)10(CNMe2), has been prepared by the reaction of
Me2NCHZSnMe3 with Ru3(CO)12 °. The cleavage reaction of

Me2NCHZSnMe produces the ruthenium cluster which contains

3
both a CNMe2 ligand in a uz-bridging mode and a bridging

hydride ligand (Fig. 1 ).

(CO)a

Me Me

Fig. { . HRu3(C0)u£CNMe2)

Trimethylamine and N, N-dimethylbenzylamine react with

12
as one of the products (Scheme 3 )10.

OSB(CO) by elimination of hydrogen to give HOs3(CO)“§CNMe2)

(CH3)3N + PhCHzN(CHB)z + 0s3(00)12 >

HOs3(CO)10(u2-RC=NMe) (R = H, Ph)

+
HOs, (CO) ,, (n,~CNMeR) (R = Me, PhCH,)
4+

HOS3(u3-HC=NMe)(CO)9

Scheme 3 .
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The complex HOs3(CO)1&uQ-CNHR) may be prepared by thermolysis
of the isonitrile adducts H2083(C0)“JCNR) 1% The reaction
involves the transfer of one of the bridging hydride ligands
to the isonitrile. The iron complex HFe3(CO)“§CNMe2) has been
isolated from the reaction of Fe3(CO)12 with benzoyl chloride

9, and from the probably related reaction

_ 30
of Fe3(Co)12 with [MezN—CHC{jCZ . A crystal structure

in dimethylformamide2

determination of this complex has recently been reported, and

it has been shown to have a structure similar to that of the
15

ruthenium analogue (Fig. ! ) °. The carbon-carbon triple
- bond in (C2H5)2NCECN(C2H5)2 undergoes complete cleavage in its
reaction with Fe, (COJ, and CpM(CO), (M = Co, Rh) (Scheme 41213
OC\F /CO
ot—
\\/cwzfz
FeCOl  +  EtNC=CNEf _ / CNEt,
o
Fe

OC/

[Fe L0 * 2~ONEF),]

o

Et Et
\%/
CpMCQ), + ELNC=CNEh Cp—M\__\_7M/
M" co: Rh c / M\
N Cp
e
B et

[CpaMiPs-CNEL,), ]
Scheme 4,
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We present in this Chapter a potential general method
for the synthesis of neutral clusters containing the CNR2
moiety, namely the isonitrile substi£ution of an anionic
cluster, followed by alkylation. Herein, we describe the

application of this method to the HFe3(CO)1I anion.
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II Discussion

Reaction of triethylamine with iron pentacarbonyl in
water at 80°C yields the triiron carbonyl cluster anion,

. 32

[HFe3(CO%J;][NHEt3j in good yield”“. However, reactions of
this anion with isonitriles only give very low yields of
isonitrile substituted complexes of the type
[HFe3(CO%1_n (CNR%;][NHEt3:] (n = 1,2). In contrast, the
anion in the form of bis (triphenylphosphiniminium) salt,

]:HFe3 (CO)“:][:PPN:], which is obtained by metathesis of

EHFe3 (C0)11:][NHE1:3:] with [PPN_]Jcf in dichloromethane at room
temperature, reacts with excess of RNC (R = Me, Et, Pri) at

room temperature to give, after alkylation with R;'0+BF;

(R1 = Et, Me), producés of the type [hFe3(CO%ifCNRR1):] in
good yields (Scheme 5§ ). The neutral carbyne-containing clus-
ters, as obtained by this method, were purified by chromatog-
raphy and recryétallisation or sublimation to give air stable
red-purple solids. Microanalytical and infrared data are
given in Tables | and 2 .

Crystallographic determinations of six of the complexes

2,6,9,11b,12,15

previously mentioned have shown that the CN bond

[
length (1.28-1.30 A) is very close to the CN double bond length
. _ ‘
of 1.27 A in diacetyl dioxime14. In addition, n.m.r. data on

the complexes [ﬁ053(C0)1&h2-CN(MeI(CHzPh) 10and

[bszez(Co)3(CNRR1i]X " have shown that C-N bond rotation is
slow, at least on the n.m.r. timescale. Thus, the non-
equivalent nature of the benzylic hydrogen atoms is evident
from the AB qgartet in the proton n.m.r. spectrum of the osmium
complex. A rotation of 180° about the C-N bond would result

in racemization and Ha, Hb interchange (Scheme 6 ).



(CO), -
/F [PPNI[HFe,{CO), ]
H

(cou:e Fe(EO) ~—i) l(i)

y [PPN IHFe5(CO)(CNRY  (3a~c) R Me Bt Pri

Fe,{C0),(CNR) (iv) (ii)
(Sa~c) R Me E’r P .A (v} (iii)
(COh NG

() R=Et  [PPNIIHFe,COLCNR),] . R

(i) Z--H-t~- v (c0)
l (CO);Fe Fe(CO) (CO); (o)
~" \ /

(COL(CNR) i :
Fe /N\R, (rC/‘O);
H .
o I . '~ L
i RNC, CHCl,, 25C (C0),Fé——FelCO); (4a-d) (81) R=H,R=Pr, M=Fe
ii RAOBFA » CHaCl2 ,25C (R Me) \%}/ o oo K R=“'§=Meéil’:35
iv excess of EtNC,25C R Ef R=priR=Er () R-Me R, M-Fe
v 40°C, tetrahydrofuran R =Pr R=Me e ,R=H,

Scheme 5,

¢t
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Scheme 6 .

1
For the complexes [szFez(CO)3(CNRR )]X, when R = CH(CH3)2,
R! = H the proton n.m.r. spectrum at -10°C shows a doublet

of doublets for the CH(CH3)2 resonance. Also, when R = CH2CH3,

—

r! = cH(CH3)2, the spectrum shows an AB multiplet associated
with the CH2 group, and again, a doublet of doublets for the

CH(CH3)2 resonance.

The crystallographic and the n.m.r. data for the com-
plexes mentioned thus have been interpreted primarily in terms

of the immonium structure (II) shown below.

N M
l }C—NRl — (’_—}C=NRZ
\W e

(1 | (m

Fig.2
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We have found, however, that restricted C-N bond rotation
in (4a-d) is evident in their variable temperature n.m.r.
spectra; those of (4c) best exemplify the phenomenon

(Fig I ). At -60°C, the diastereotopic nature of the
CH(CH3)2 resonance can be seen in the form of two
doublets (although superimposed on the CH,CH,resonance),
while the AB nature of the CH2CH3 resonanc;_;s clear., The
computer simulated Spectrum_;; (4c) has confirmed the

AB nature of the CH,CH; resonance (Figo L), (Sua 412,
SHB 4428, SCH;‘I'SQT_.:]-gem -14 Hz, Jvic 7+4 Hz). On warming,
changes typical of an exchanging system are observed.
Thus, there is a broadening and eventual coalescence

of the two doublets due to the CH(CH3)2 resonance to
give a single sharp doublet. This ;;_accompanied by
broadening and coalescence of the multiplet peaks due to
the CHZCH3 resonance to give eventually a sharp quartet.
From_:;e coalescence temperature of the isopropyl reso-
nance, an activation energy of 54 k3l mol~"! has been
calculated16. Throughout, the M-H resonance a£ -18%

remains sharp. The spectra of complex (4d) exhibit

analogous behaviour,

For complex (4b), the CH,CH, resonance
(Fig. 3 ) shows an apparent simpI;—quartet at -60°C.
However, small resonances on either side of the quartet
are apparent, and the expe;imental ABXS'spectrum can
be simulated by computer (Sun4-30, Sus 434, Scwy 1.42,

Jgem =14 Hz, Jvic 7.5 Hz). At room temperature, only a

simple quartet is visible.
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CH,
W
f'~/\_~
Experimental Computer simulated
spectrum spectrum
Fig. 3

Complex (4a) exhibits only a simple quartet
at all temperatures, implying that the chemical shift
difference between A and B is too small to affect the

overall shape of the spectrum (ie. $a-8§8 < 0-02 ppm).

The related complexes HM3(CO)1UCDR (M = Fe,
Ru, Os; R = Me, Et)17 (Fig. 4) bave been shown by variable
temperature 13[2 nem,r. spectra to display restricted
c-0R bond rotation. The COR ligand in these complexes
can be regarded as a /‘2-carbyne ligand, thus contributing

three electrons to the cluster skeleton.
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The bonding situation in HM3(CO)1OCOR can be considered as a

resonance hybrid of the following mesomeric forms:

M
\ (—0_
177 R

I i

T"\c——‘é
v R

This bonding picture is supported by iﬁfrared and crystallo-
graphic data. Thus, the C-OR stretching vibration is observed
to lie between the characteristic regions for organometallic
co double and single bonds. The C-0 bond length is found to
pe intermediate between normal single and double bond values.
A partial w character of the C-OR bond, as a result of the
apove mentioned representation of the ligand bonding, ié thus
expected to allow hindered rotation, as is observed. C-0 bond

rotation in- [HFe3(CO)1&COMe)] is still rapid on the n.m.r.



time scale at ~112°C, but the 3¢ spectra of the Ruﬁaﬁdfgé.anal-
ogues indicate an increased barrier to rotation of the C-OR
bond in these complexes. The lower éctivation energy for the
rotation of the C-OR bond in HFe3(C0)10COR than in the ruthen-
ium and osmium analogues implies that the mesomeric form I is
significantly more important in the case of the iron complex
than for the ruthenium and osmium analogues. An alternative
mechanism for the flipping of the R group of the bridging COR
moiety is that of inversion at oxygen atom involving a linear
COR intermediate. It has been suggested that in binuclear
transition metal complexes containing bridging CNR groups it
1s the inversion at nitrogen that is more likely than rotation
around the C-N bond because of the short C-N bond length31.
The C-0 bond length of the COMe group in HOs3 (C019(CNBut)COMe)
complex indicates considerable multiple bond character, and
here too, inversion at oxygen is possible. However, in com-
plexes containing bridging CNR2 moieties, inversion at nitrogen
is not possible, and rotation around the C-N bond is the only
mechanism by which the two R groups can interchange sites. In
view of this, it is very likely that rotation around the C-0
bond of the COR group is pProbably more likely than inversion

at the oxygen atom.

The CNR, group may also best be regarded as a k,=carbyne
ligand; a partial p-character of the C-NR, bond, resulting from
representation of the ligand bonding as a resonance hybrid of
the two mesomeric forms (I} and (II} (Fig. 2 ), would be

expected to allow hindered rotation, as observed.

Mechanismg involving reversible bridge cleavage of the
M(u-H) (h=CNR,)M moiety, or inversion of the bridging ligands

through the M, plane are not consistent with the variable tep-
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perature 13¢q spectra, which show that the inequivalence of the
two axial carbonyls of the unique Fe(CO)4 group is maintained
in spectra taken at temperatures significantly higher than

those of the fast exchange proton spectrum. While a rotation
of the complete CNR2 ligand cannot be ruled out, this process

seems unlikely.

Infrared data support these conclusions. The Veon
value observed for (4b] (1540 cm'l, nujol) is intermediate
between accepted values for Veon of 1640-16990 cm‘1 for imines,
oximes18 or immonium salts [(R2CHCR=§R2)X] 19 and accepted
values for v, _. of 1360-1310 cm™ ! for tertiary amines?®, rThe
complex [Cp,Fe, (co;z'(p—co) (L-CNMeEtf]BF, exhibits an analogous
absorption at 1595 cm_l, 7 the shift to higher frequency being

consistent with the cationic nature of the complex,

Protonation of (3a-c) using CF3SO3H yields the expected
complexes (5a-c). Only (5a) has been isolated in a reasonable
state of purity, as these compounds decompose in the soiid
stéte over a period of hours to give [Fe3(COH1(CNR)].* It is
known that protonation of (2) at -80°C yields the analogous
[HFe3(C0%IfC0H)] which decomposes above -30°C to give
Fe3(co)12 22 Although the N-H proton itself could not be
detected in the n.m.r. spectrum of (5a), its presence is evi-
dent in the coupling observed to both the methyl and the M-H
resonances, and in the Veom observed at 3330 cm‘1 in the

nujol mull infrared spectrumle.

An independent fluxional bProcess 1is apparent from the

13c spectra (Fig.IIl ). For (4a), a six line carbonyl spectrum

* See page 155 of this Chapter.
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in the ratio of 1:1:2:2:2:2 , consistent with the static
structure, is obtained at -70°C. On the basis of intensities,
the resonances at 218.3 and 216.5 ppm may be assigned to car-
bons (e & f), while d4d' may be associated with the resonance

at 207.3 ppm which is the only peak of relative intensity two
not to show proton coupling (Table 4 ). The Fe(CO)3 resonances
may be assigned according to the magnitude of the difference in
chemical shift of the pairs nn' (n = a, b, ¢) when R # R' as in
(4b-d). Examination of molecular models indicates that the
order of difference in chemical shift should be cc' 5 bb' >>aa’'.
As the lowest field resonance at c.a. 215 ppm occurs as a
single peak in both (4b,c), this is assigned to the aa' pair.
It is not possible to make an unambiguous assiénment of bb! |
and cc', since the relevant resonances show a reversed order
of chemical shift difference in (4b) as compared to (4c). As
aa' occurs at lower field than cc' the lower of the two reson-

ances belonging to the axial Fe(CO)4 carbons is assigned to e.

On initial warming, two fluxional processes are observed
to occur at approximately equal rates: a) a polytopal rear-
rangement of the Fe(CO)3 carbonyls, and b) a polytopal
rearrangement of threé of the four Fe(Co)4 carbonyls (4, 4' and
f). This preferential exchange of three carbonyls can be
‘explained by a trigonal twist mechanism involving the triangu-
lar dd'f face (Scheme 7 ). On further warming, the resonance
due to e also broadens, implying a higher activation energy

for the trigonal twist involving the dd'e face.
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Scheme 7.

At +90°C only a single broadened resonance is observed, con-

sistent with complete carbonyl scrambling over the cluster.

The 13¢ spectrum of [HFe3(CO)“fCOEt)]  which was pre-
pared by the reaction of the anion EHFe3(CO)1£][?PN] with
Et3O+BF;', displays six resonances of relative intensity
1:1:2:2:2:2 at -50°C. Thus, the two low intensity peaks can
be assigned to the two axial carbonyls (e & f) of the Fe(CO)4

moiety s (Fige ).

Polytopal carbonyl rearrangement at cluster M(CO)., units
is a well established process. Rearrangement at an M(CO)4
moiety may proceed via a pseudo-fourfold or pseudo-threefold
mechanism. Recent results suggest that it is the pseudo-

threefold (trigonal twist) mechanism which is evident here’’
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Fig 5.

The mechanism involves rotation of one of the faces of an octa-

hedron relative to the opposite face (Fig. 5 ). However, as

applied to the polytopal rearrangement of the Fe(CO], moiety
it is evident from Fig. 6 that due to the fixed Fe-Fe bonds:

there are only two faces which may undergo rotation (face edd’

and face d4d'f),
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Fig 6.

Initial warming of a solution of HFeB(CO)IOCOEt results in
broadening and coalescence of one of the low intensity peaks

and one other pair. The only reasonable choice for the latter
is dd' and it is on the basis of this observation that the
assignment of dd' is made. On raising the temperature, the
peak due to the other axial carbonyl also begins to broaden,
and a single broad resonance due to Fe(Co)4 carbonyls is
observed at 0°C. Thus, the polytopal rearrangement of the
Fe(CO)4 group clearly occurs as a two step process. 1Initially,
there is exchange of carbonyls between the two equatorial sites
and only one of the axial sites. This can be accounted for by
the trigonal twist mechanism in which rotation about one three-
fold axis has a lower activation energy than that about the
other., The remaining three peaks are assigned to aa', bb' and
cc'. At +20°C, these three peaks begin to broaden and coalesce;
implying a higher activation energy for the polytopal rearrange~-
ment at Fe(CO)3 groups than at the Fe(CO)4 group. At +85°C a
single, reasonably sharp peak is observeqd, indicating total

carbonyl scrambling at this temperature.
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More prolonged reaction of [HFeB(CO)iﬁ]_ with EtNC,
followed by alkylation and purification, yielded the monosub-
stituted complex [HFe3(CO)9(CNEt)(CNEtz):] (7), presumably
via the intermediary of the disubstituted anion,
[HFe3(CO)9(CNEt&j-'('6). The complexity of the infrared
spectrum (Table 2 ) indicates the presence of isomers, and at
-65°C in the proton n.m.r. spectrum, three M-H resonances’ of
unequal intensities are observed (Fig.¥L). The temperature
dependence of the three resonances is most consistent with
the three isomers (7a-c) (Fig.7 ). Initial warming to -25°C
results in broadening and coalescence of the highest and low-
est field resonances, while further warming yields eventually
a single resonance at +75°C. The results imply an initial
exchange of two of the three possible isomers, and can be
explained in terms of the trigonal twist mechanism pPreviously
outlined. Thus, an initial twist about the abCNEt face of
(7a) or the ACNEtd face of (7b) results in exchange between
(7a) and (7b); a similar twist about the fgf face of (7c) res-
ults in axial 2 equatorial site exchange, but not in isomer
interchange. At higher temperatures, rotation about the alter-
nate faces cis to the M-H-M bridge (acCNEt, ded and fCNEL£)
results in exchange between all three isomers. The resonance
of greatest intensity at -17.4 § may thus be assigned to (7¢),
and it is of interest to note that in the related complex
HOs3(CO)9(COMe)(CNBut) only the isomer of analogous structure
is observed in the solid state and in solution17a. Unambigquous
assignment of (7a) and (7b) is not possible, although steric
constderations would suggest a lower population for the axtally

substituted (7b). variable temperature 13¢ spectra are
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Fig 7.

(7c)
(3biii)

(7a-c) X=CNEt, ,n=0
(3bi)-(3bii) X=CO, n=1
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consistent with this interpretation (Fig.™I). Thus, the
spectrum at -60°C displays three QQCHZCH3 resonances at 150.7,
154.7 and 157.8 ppm, due to the three isomers (7a-c). On
warming, broadening and coalescence of the highest and lowest
field resonances occurs to give a broad resonance at 0°C. This
implies an initial interchange of only two of the three isomers.
At room temperature, the resonance due to the third isomer
begins to broaden and coalesce with the broad resonance, thus
implying exchange between all three isomers at higher tempera-
tures. The same process can be seen from the gg(CHZCH3)2 res-
onances. _At -60°C, three resonances at 322.3, 319.6 and 318.1
ppm can be seen, the resonance due to the least abundant isomer
appearing at a higher field than that due to the most abundant
This order of resonances for two of the isomers is the

isomer.

reverse of that for the CNCH,CH; resonances. On warming ini-

tially, the two highest field resonances broaden and coalesce
to give a single broad resonance at 0°C. At room temperature,
the resonance due to the third isomer begins to broaden and

coalesce with this broad resonance, thus again indicating the

two-stage interchange process between the three isomers.

The 13¢ spectrum of (7a-c) at low temperature would also
pe predicted to display four resonances for the axial carbonyls

a, b, e and g of the three isomers. In the axtal carbonyl

region, 220-219 ppm, three distinct resonances are clearly
observed, while the fourth one is probably under one of these

resonances. On initial warming, while the resonance at 219.9

ppm remains unchanged, the other axial carbonyl resonances

begin to broaden and coalesce with the resonance at 209.9 ppm

which, on the basis of the previous discussion and on its

position relative to other carbonyl peaks, may be assigned fo
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an equatorial carbonyl. The resonance at 219.9 ppm can be
assigned to the axial carbonyl g of isomer (7c). Further warm-
ing resulté in broadening and coalescence of the remaining
resonances, and at +25°C, a single very broad resonance is
obtained.

It is of interest to compare these results with those
for the initial isonitrile substitution of [HFe3(CO)1£]" .
Because of the sequential substitution, pure samples of (3a-c)
could not be obtalned. However, it 1s possible’to determine
the position of substitution by n.m.r. technigques. 1In the IH
n.m.r. spectrum, reaction of (2) over 30 minutes at room tem-
perature with a 4:1 excess of EtNC results in replacement of
fhe M-H resonance of (2) (-15.0 §) with a new resonance at
-14.5 &, assignable to (3b), which on cooling to -65°C yields
three resonances of unequal intensity at -14.0, -14.6 and
-14.8 & (Fig.¥[ ). The similarity in pattern to (7a-c] is
apparent, and the resonances may be assigned tentatively to the
analogous iSOMErs (3bi-iid)(Fig.?” «In contrast, however, only
one lsomer is present in reasonable abundance, and on the basis
of the previous discussion, this resénance may be assigned to
(3b iii). 13C spectra conclusively demonstrate the axtal sub-
stitution. The spectrum of EHFe3(CO)1£]EPPN] at -=110°C
(Table 4 )21 exhibits two resonances of unit intensity at 223.8
and 221.3 ppm due to the axial carbonyls (e & f); in the spect-
rum of [HFe,(CO) , (CNEtJ][PPN] taken at -70°C, only one axtal
resonance is observed, together with the appearance of a term-
inal ijsonitrile resonance at 160.5 ppm. Resonances due to the

two minor ~(somers are not observed ,» (Fig.VII) .

Chemically, the results imply an alkylation of (3a-c) at

the terminal isonitrile rather than bridging carbonyl, followed
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by structural rearrangement; the presence of a small amount of

bridging isonitrile isomer cannot be discounted, however.

If the solvent and excess isonitrile are removed from
a sample of (3c), and (3c) is heated in tetrahydrofuran, prot-
onation ylelds complex (8a) instead of the carbyne derivative
(5¢). This complex is clearly derived from initial insertion
of coordinated isonitrile into the M-H-M bond, as the n.m.r.
spectrum of the complex obtained on deuteration shows > 90%
incorporation of hydrogen into the _C_gI_NPri position. Several
i{sostructural examples have been recently prepared and charac-
terised. Thus, reaction of 053(C0712 with NMe, yields (8b)10,
while hydrogenation of Ru3(CO)1JCNBut) yields (8cI24. Reaction
of HZOSB(CO)“) with RNC yields the substituted compléxes
H,0s, (CO); o(CNR) and H,0s,(C0) (CNR) (R = Me, Ph, Bu®)] which
on further heating in poor donor solvents (R = Me, Ph only)
yteld edge bridging HOs, (CO), ,(p,-CH=NR) and face bridging (8d)
112,25 peaction of [ﬁFe3(CO)1£]- with moist aceto-

complexes
nitrile, followed by protonation yields (8e), isomeric with
the complex reported heretn?®728 | Interestingly, (8e) isom-
erises on heating to the complex HFe3(COk)[u3-N=C(H)Méj.
pDeuteration studies were not conclusive as to whether the N-H
or the M-H proton is transferred to carbon. Complex (8a),

however, does not exhibit such an isomerisation, implying that

it is the N-H proton which is transferred.

’ Complex (8a) is also fluxional. Thus, the proton n.m.r.
spectrum at -50°C exhibits the two doublets expected for the
CH(9§3)2 group on the basis of a static structure. On warning,
broadenihg and coalescence yield eventually a single sharp

doublet at 0°C. The mechanism most likely responsible involves
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a concurrent flipping of the hydride ligand and twisting of the
CH=Npri group (Scheme 8 ), thus genérating an apparent plane of

symmetry through the isopropyl moiety.

H\ /Prt H L /Pr
C=—N ~
e\ |
(COLFe—|—=FelC0y =—==  (CO)Fe—/—FelCOk
\\/ H
Fe \Fe
(CO), (CO)5

SchemeAB.

From the coalescence temperature of the isopropyl resonance, an

activation energy of 52 kJ mol'1 is calculated.

An independent fluxional process is apparent from the
13c n.m.r. spectra. On the basis of a static structure, all
nine carbonyls are inequivalent. At -60°C, the 13C spectrum
exhibits five sharp resonances at 209.0, 207.2, 205.8, 204.1
and 202.4 ppm in the ratio of 1:1:2:1:1 , together'with a much
proader resonance at 210.9 ppm which broadens further on cool-
ing to -90°C. The proton coupled spectrum shows that all the

sharp resonances exhibit proton coupling, and that the resonance



153

of relative intensity two is in fact two coincident resonances.
Thus, the broad peak at 210.9 ppm 1s assigned to the Fe(CO)3
moiety not involved in the M-H-M bridge. The broadness indi-
cates a significantly lower barrier for polytopal rearrange-
ment of the carbonyl ligands at this iron atom. Warming to .,
robm temperature results in broadening and coalescence to
yield two signals in the ratio of 2:1 at 207.8 and 206.2 ppm,
consistent with polytopal exchange of carbonyls at each iron
atom, accompanied by the flipping of the metal hydride and
CH=NPri ligand described earlier. Carbonyl exchange between
the iron atoms is not evident. Throughout, the _C_H=NPri reson-

ance at 174.9 ppm remains sharp.

As discussed in Chapter 1, the use of metal clusters in

the catalytic hydrogenation of CO or CNR must initially involve

-a reduction of the CZ0 or C=NR bond order. The results dis-

cussed above demonstrate the partial reduction of the EEﬁR bond
on an anionic cluster by alkylation or M-H insertion. Thus,
the triiron clusters discussed in this Chapter may not only
serve as models for surface catalysed hydrogenation of isonit-

riles, but they can also be regarded as supports on which such

reactions may occur.

By coordination of the isonitrile to a metal atom fol-
lowed by alkylation or protonation, the CN bond order has been
reduced;' Further reduction of the CN bond followed by release
of the organic group from the complex will thus provide a poten-
tial method for the reduction of isonitriles on metal complexes.
Therefore, it would be interesting to investigate reactions of
coordinated isonitriles with the hope of finding a general

method for their reduction on cluster complexes.
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Attempted preparation of complexes of the type
HFeZ(CO)7(CNR2) by isonitrile substitution of the anion
HFez(CO)é', follbwed by alkylation, resulted in the isolation
of trinuclear complexes. Thus, the reaction of HFez(CO%; with
EtNC, followed by alkylation with Et30+BF4' gave HFe3(CO)10CNEt2
as the major product with traces of HFe3(CO)“)COEt and
HFe3(COM0CN(H)Et also being formed. Similarly, the reaction
of the dianion Fez(CO%?_ with EtNC, followed by alkylation

with Et3O+BF4 resulted in the formation of HFeB(CO)mCNEt2
and HFe3(COM0CN(H)Et in approximately equal proportions. The
attempted preparation of Fez(CO)G(CNEtz)2 from the reaction of

. . 33
the dianion with [C£2CNEt£jC£ gave Fe,(CO) , as the only
product.

The formation of trinuclear complexes from the reactions
of binuclear compounds is not completely unknown. For ins-
tance, Wilkinson38 has recently reported the formation of
Fe3(CO)9(MeCO)' (Fig.26ii, page24 ) from the interaction of
Fez(CO);_ with methyl iodide. Also, it is known that the
monoanion, HFeZ(CO%; , decomposes to give the trinuclear anion
HFe3(C0)1; , and Collman et a1®” have proposed the following

mechanism for the decomposition.

HFe, (CO) g~ HFe (CO) , + [Fe(cO0) 7]

[Fe(co),] ~+ ¥ Fe,(COl ]

[Fe,(co),] + HFe, (CO) g = HFe,(CO},, + Fe(COj,

- 2HF T+
3HFe2(CO)8 > e(coj, HFe3(CO)11 +Fe(CO)5

Tt is probable that the formation of Fe3(CO) from

12

2-
Fei(CO)s also involves neutral species produced in fragmen-
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tation reactions.

It has recently been reported35’36 that the reaction of
the tetranuclear dianton EF34(COH3:“:PPN:E with methylating
agents gives [Fe4(CO)12COM§]PPN in which the COMe ligang

B3~ caps a face of the Fe, tetrahedron (Fig.8 ),

Fig. 3

Protonation of the methylated anion gives HFe4(Co)12coMe, in

which the COMe group coordinates to the Fe atoms via the C and

O atoms,

It would thus seem reasonable to assume that the reac~
tion of HFe, (COI, . with isonitrile, followed by alkylation
would yield a tetranuclear complex containing a CNR moiety.
However, such a reaction using EtNC and Et ;0 BF gave the
trinuclear complex, HFe; (COl, ,CNEt, as the major Product, with
a trace of HFe,(CO) COEt. A similar degradation is known to
occur when Fe4(Co)tf; reacts with NaOH and agueous NH4c£ to

~ 40

In order to fully ascertain the identity of the decompos-



156

ition product of HFe3(CO)10CN(H)Pri, the monosubstituted com-

plex Fe3(CO)1JCNPri) was prepared by the room temperature
reaction of Fe3(CO)12 and PriNC. The infrared spectrum of the
product thus obtained was found to be identical to that of the
decomposition product of HFe3(C0)10CN(H)Pri. The spectrum in
hexane shows a terminal isonitrile band at 2175 cm'l, terminal
carbonyl bands at 2079 (w), 2059 (m], 2038 (s}, 2031 (s), 2010
(m), 1995 (m) and 1969 (m) cm—l, and bridging carbonyl bands at
1815 (w)'and 1813 (w) cm'l. Comparison of this spectrum with

that of pure Fe3(CO)11CNBut, which has previously been prepared

39 and of Fe(c0)4CNPri 41

by treatment of Fe3(CO)12 with ButNC
(Fig.XIL), indicates Fe3(CO)11CNPri to contain Fe(CO)4(CNPri)
as an impurity. At room temperature, Fe3(CO)1JCNPri) decom-
poses in solution completely over a period of hours to give
Fe(co)4(CNPri), the infrared spectrum of which in hexane shows
the following bands: voy 2173 cm™!, v 2059 (s}, 1995 (s},

1

1969 (s} and 1929 (w} cm~!. The spectrum of FeB(CO)IJCNPri)

shows no presence of bridging isonitrile ligands and so, the

complex probably exists in solution as a mixture of the four

isomers shown in Fig. 9 .

'In order to study the effect of CNR on the rate of
exchange of CO between different sites, a 3¢ n.m.r. study of
Fe3(co)1JCNPri) was carried out. At -80°C, the spectrum
(Fig.XEZ) shows a single carbonyl resonance at-210.7 ppm and a
single cNPrl resonance at 147.6 ppm. The CH and gH3 resonances
have chemical shifts of 21.1 and 48.5 ppm respectively. Thus,
even at this low temperature, carbonyl scrambling between
metal atoms 1is still fast on the n.m.r. time scale. That the
complex decomposes to Fe(C0)4(CNPri) can be seen from the

appearance of a resonance at 213.7 ppm, which increases in
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intensity with time. The spectrum of pure Fe(cQ)4(CNPri) at
0°C exhibits resonances at 212.2, 152.4, 49.6 and 22.4 Ppm,
assignable to CO, gNPri, CH» and CHirespectively. It is
interesting to note that in the spectrum»of Fe(C0)4(CNPri),
C-N coupling is retained (JCN 19.5 Hz) after coordination of
the isonitrile to the metal. Isonitriles are one of the few
compounds to show clear CN coupling, with JCN in free isonit-
riles being of the order of 6 Hz. This is the first case in
which we have resolved the coupling in a complexed isonitrile,
although it may be observed that resonances of complexed iso-

nitriles are generally broader than carbonyl resonances,

Prolonged reaction of Fe3(CO)12 with PriNC produced
the disubstituted complex, Fe3(CO)“§CNPri)2. The greater
stability of this complex enabled it‘to be purifieqd by chrom-
atography and recrystallisation to give a green crystalline
solid, which was characterised by i.r. and n.m.r. spectroscopy.
The infrared spectrum in hexane shows two terminal isonitrile
bands at 2157 and 2143 cm”~ !, terminal carbonyl bands at 2053
(m), 2023 (s}, 2012 (s), 2007 (sh), 1987 (sh), 1981 (m) and
1977 (sh) cm“l, and bridging carbonyl bands at 1833 (w) and
1797 (w) em™!. The spectrum is identical to that reported
for the analogous Bu*NC complex39. There is no evidence for

bridging isonitrile and the possible isomeric forms in which

the complex may exist are summarised in Fig, 10
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) LN
1,2 1,5 1,6] 1,7 ] 3,5 3,8
1,8 I'QL 1,10 3,7 3,10
[ | ! ,
1,3 2,7 2,6 2,5 4,8 “4,5
1,4 2,10] 2,9 2,8 | 4,10] 4,7 |
3,4
3,6 3,9 5.6} 5,7 5,8 5,9
4,9 4,6 8,9 8,10 7,10 6,8
5,10 6,9
8,7

Fig. 0. Possible isomers of Fe3 (CO)10(CNPri)2

14 n.m.r. spectrum of Fe3(CO)10(CNPri)2 in CD2C£2 at 0°C
(Fig.XVI) shows a CH(CH,), doublet at § 1.46 ppm and a CH (CH,),
septet at § 4.18 ppm. The 13¢ spectrum (Fig. XL} at room

temperature shows a single QNPri resonance at 153.4 ppm and a
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single broadened CO resonance at 216.6 ppm which on cooling

to -80°C yields the spectrum shown in Fig.XYE. As no charac-
teristic resonance due to bridging CO (c.a. 270 ppm) is yét
evident, it is obvious that a limiting low temperature spec-
trum has not been reached, but because of the obvious presence
of isomers, it is not possible to draw any definite conclu-
sions, except to say that increasing isonitrile substitution

again results in an increase in the activation energy to

carbonyl scrambling.
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IIT Experimental

The same reaction conditions and instrumentation were
employed as specified in Chapter 2. [HFe3(CO)11:]|:NHEt3:]32,
Fe, (c0),, %%, [pPN]CL *3, [ce,cnet et 3, Bt oBF 4%,

[Fe, (cO),JEL,N],, [urFe, (co),J[Et,N] %% ana [Hre, (co) ,J[HpyT*®
were prepared as described in literature. All other chemi-
cals were purchased commercially. Proton decoupled 13C
spectra were run in the presence of Cr(acac),; coupled spec-
tra were run without Cr(acac), at low temperature (< - 50°C)
using slightly longer pulse intervals. Spectra at or below

room temperature were run in CD2C£2; those above room

temperature were run 1in C6D5CD3.

Preparation of [:PPI\T_':”'_'_HFe3 (co), 1:] (2)

This compound has been reportedzz, but details of its
preparation have not been given. To a solution of
EHNEt3]E{Fe3(CO)11::| (36 g, 0.062 mol) in CH2C£2 (200 ml) was
added ]‘_’PPl\T_'] ct (50 g, 0.087 mol) and the mixture was stirred
at room temperature for 3 hours. The solvent was removed to
give a red oily mass which solidified on addition of 20 ml of

petroleum ether.

The crude product was washed several times with warm
water and dried in vacuo to give, after recrystallisation from

cﬁzclz—petroleum ether, dark red-purple crystals (45 g, 72%).

[HFe, (€O, [PPN], [Fe,(cO), J[PPN], and [HFe 4 (CO), 3] [peN ]
were prepared similarly from I:HFez(CO)le:Nth:I,

[Fe, (CO)B:]]:NEt4j , and [:HFe4 (co), 3] Crpy) respective ly.



R

162

Preparation of HFe3(CO)u§CNEt2) (4a)

- [een][HFe, (col,,T] (5 g, 5 mmol) and 1.80 ml (20 mol)

of EtNC were stirred in 100 ml of CH2C£2 at room temperature.
The reaction was monitored by reaction of 1 ml aliquots of

the reaction mixture with.Et3OBF4, followed by thin layer
chromatography to detect the product HFe3(CO)1&CNEt2). When
monosubstitution of the anion was complete, the CH2C£2 and the
excess EtNC were removed in vacuo. The purple-red residue was
dissolved in dichloromethane, and 1.2 g (5.5 mmol) of Et3OBF4
was added. The mixture was stirred at room temperature for 10
minutes, the solvent was evaporated off, and the residue was
chromatographed on a silica gel column. Elution with petrol-
eum ether-benzene (90:10) yielded a trace of red
HFe3(COHO(COEt) followed by the purple HFe3(CO%0(CNEt2) (0.7 g,
26%). Further elution with petroleum ether-benzene (20:80)
yielded a small amount of the substituted complex
HFeB(CO)g(CNEt)(CNEt)2 (7). This complex can be isolated as
the major product if a larger excess of isonitrile is used,
and the reaction is left for a ldnger period of time. The

reaction is monitored by the method described above.

Complexes (4b-c] were prepared in an analogous manner,
while (4d} was prepared similarly using Me3OBF4. Derivatives
(4b-d) were purified by sublimation (0.1 mm, 80°C) or by crys-
tallization from petroleum ether. HFe3(CO)9(CNEt)(CNEt21
would not crystallize and was purified by preparative t.l.c.

HFe3(co)“§COEt) may be prepared in 79% yield by an analogous

alkylation of [PPNT] [HFe (CO) ,7].
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Preparation of HFe,(CO)  [CN(MelH] (5a)

2.0 g (2 mmol) of [(PPN][HFe,(CO) ] and 0.22 ml
(4 mmol) of MeNC were stirred in 50 ml CHZC£2 at room temper-
ature until titration of an aliquot with Et,0BF, indicated
that monosubstitution was complete. Solvent and excess iso-
nitrile were evaporated off, and the residue was dissolved in
diethyl ether. 0.4 ml (2 mmol) of CFBSO3H dissolved in 10 ml
of diethyl ether was added and the mixture was stirred at room
temperature for 10 minutes. After evaporation of solvent, the
residue was chromatographed on a silica gel column. Elution
with petroleum ether yielded a trace of Fe3-(CO)12, after
which the purple HFe3(CO)“)[pN(Me)H] was eluted with petrol-

eum ether-benzene (90:10). The product was purified by

preparative t.l.c.

i
preparation of HFe3(CO%;EC(H)NPr 71 (8)

A mixture of 7.5 g (7.5 mmol) of [PPN] [HFe3(Co)1;]
and 2.7 ml (29 mmol) of Princ were stirred in 150 ml of CH2c£2
at room temperature until titration with Et,OBF, indicated
that monosubstitution was complete. Solvent and excess iso-
nitrile were removed, and the residue was dissolved in THF and
heated at 40°C for 2 hours. 2 g (10 mmol) of CF,SO.H
dissolved in 30 ml of diethylether was added at room temper-
ature and the mixture was stirred for 30 minutes. After
removal of solvent, the residue was chromatographed on a sil-
ica gel column. A trace of Fe3(c0)12 was eluted by using
petroleum ether, while further elution using petroleum ether-
penzene (90:10) yielded orange HFeB(co)QEp(H)NPri] which was

recrystallized from petroleum ether (1.5 g, 41%).
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Deuteration in the same manner using CF3C02D yields the

i
deuterated analogue DFe3(CO%;[C(H)NPr 7.

Reaction of Fe,(CO) , with princ

A mixture of Fe3(CO)12 (1.1 g, 2.2 mmol) and PriNC
(0.30 cm3, 2.6 mmol) in benzene (35 cm3) was stirred at room
temperature for 1 hour. The solvent and excess isonitrile
were removed in vacuo and the resulting green mass was chrom-
atographed on an alumina column (Grade II). Elution with a
5:95 mixture of dichloromethane and petroleum ether separated
a trace of yellow Fe(C0)4(CNPri)7from the green Fe3(CO)LﬁCNPriL
Further elution with 20:80 dichloromefhahe:petroleum ether
mixture yielded the second green compound, the disubstituted
Fe3(co)“§CNPri)2. Fe3(CO)IJCNPri) decomposes in solution and
in the solid state over a period of hours to Fe(CO)5 and
Fe(CO)4(CNPri). The disubstituted complex is more stable and
was recrystallised from dichloromethane and petroleum ether

to give dark green crystals with a yield of 0.31 g (22%).

Fe3(CO)lﬁCNBut) was prepared in a similar manner.



Table 1.

Complex &
(2) 55.7(55.6)
(4a) 33.7(33.8)
(4b) 32.5(32.4)
(4c) 35.0(35.2)
(4d) 34.0(33.8)
(5a) 30.7(29.3)
(7) 36.8(36.4)
(8a) 31.7(31.8)
HFe3(C0)10COEt
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Analytical Data

Calculated values in parentheses

C 31.2 (30-8),

H
3.00(3.06)
2.03(2.06)
1.70(1.73)
2.45(2.38)
2.06(2.06)
1.17(1.02)
3.05(2.86)

1.72(1.83)

H 106 (1+19)

N
1.39(1.58)
2.66(2.63)
2.66(2.70)
2.79(2.56)
2.80(2.63)
2.66(2.85)
5.05(5.00)
2.77(2.85)



Complex

(2)2

(4a)b
(4b)®
(4c)b
(4a)®
(5a)°

(7)P

(8a)b
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Table 2. Infrared Data (2200-1700 cm™ 1)
Yco

2000(s), 1971(m), 1723(w).

oy, e g wom. v,
e, B R o .
mme B ER e e
e R B e e
i B BR wow .
R otm ! 1985(s 1976(s), 1973(shj, 16e(sh]
1060(m), 1950(w), 1938 (w). ' '
B B e wsw,

- b
HFe5(C0)4qCOEL” 2087(w), 2045(s), 2033(s), 2012(s),

CH2C12 solution

b Hexane solution

1903(br)

2003(sh), 1994(m), 1983(m), 1969(w),



Table 3. 1H Nmr Spectral Data®

Complex " Temperature (°C) M-H Other
(2) +25 ~15.0(s) PPN  7.33-7.50(m)
(4a) -60 -18.0(s) CH,CH,  4.32(q,J=7.5)

CH,CH,  1.42(t)

(4b) -60 -18.0(s) CH,CH,  4.26(q,J=7.3)
CH,CH,  1.48(t)

CH3 3.88(s)

(4c) -60 -18.0(s) CH,CH,  4.13(m)
CH,CH,  1.51(t,J=7.5)
CH(CH,) 1.51 =

CH(CH,),  4.99(sept)

(4d) -60 -18.0(s) CH(CH)), 1.37
1.50

CH(CH,),  4.92(sept)
CH, 3.72(s)

(d,3=6.8)

(5a)P +25 -18.0(d,J=2.5) CH, 2.7=(d,J=4.6)

L9l



N —65 -17.2 CN(CH,CH,),  4.29(m)

-17.4 (s) CNCH CH2 3.55-3.97(m)
-17.5 CNCH CH

=3
CN (CH CH3)2 1.38(m)

(8a)b -50 -26.7(s) CHNCH(CH,),  8.10(s)

CHNCH(CH;),,  2.38(sept)

CHNCH(CH,), 0.61

0.35 (d,J3=6.8)

a

CD2C£2 solution unless otherwise indicated; ppm from TMS; s = singlet, d = doublet,

t = triplet, g = quartet, sept = septet.

b .
C6H5CD3 solution

891



Complex

(2)4

(3b)

(4a)

Temperature (°C)

Table-4,

13¢ Nmr Spectral Data?

-120

-70

-70

Terminal Carbony;sb

(aa')
(bb"')
(cc')
(aa')
(e)
(£)

223.8(1)
221.3(1)
219.3(2)
215.8(2)
210.4(2)
208.9(2)
222,9(1)
220.4(2)
217.4(2)
211.7(2)
208.9(2)

215.6(2) (J=10.4)
204.8(2) (J=5.2)
211.2(2) (J=3.4)

207.3(2)
218.3(1)

216.5(1) (J=3.5)

Other
u-Cco 285.7
u=-Cco 279.4
CNEt  160.5

CN

(CH,CH3)
(CH,CH,) ,

317.3(J=13.7)
57.4
11.2

b1



(4b)

(4c)

(7)

=70

-60

(aa')
(bb")
(cc")
(ad')
(e)
(£)

(aa')
(bb")
(cc')
(ada*)
(e)
(£)

214.6(2)

204.1,203.7(2)
210.5(2)
206.5(2)

217.4(1)
215.6(1)

214.9(2)
204.2,204.4(2)
210.6,210.1(2)
206.5,205.7(2)
217.6(1)
216.1(1)

205.1(s)

207.5-209.9 (m)
211,7-213.4 (m)

216.3-

218.1(m)

219.0-219.9 (m)

CN

CH
CH,CH,
CH,CH,

CN

CH CH3
CH CH3
CH (CH )2
CH(CH )2
CN(CH CH )2
CNCH CH3
CNCH CH
CN(CH CH )
CN(CH CH )

3
2
2
CNCH CH3

316.,6
48.6
62.1
11.2

318.4
c
13.4
C
20.47,

318.1,
150.7,

19.0

319.6, 322.3
154,7, 157.8

39.8-40,.7 (m)

c

11.9-14.6 (m)

oLl



(8a) -60 203.1(1) (3=9.4) cH=N[CH(cH,),] 173.8
204.8(1) (J=5.4) CH=N[CH(CH,),] - 69.7

206.5(2) (m)

207.9 (1) (J=9.2)
207.9(1) (J=9.2)
209.5(1) (J=13.6)
210.9(3) (broad)

CD2C22/CH2C22 solution; ppm from TMS
relative intensities and coupling constants in parentheses;

not detected; may be under solvent resonance at 53.8 ppm.

data from reference 21.

CH=N[CH(CH,),] 23.3, 26.1

(a~f) refer to Figure 2.

1L1
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FigI Variable temperature "M NMR spectra of (4c).
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Fi‘gﬂ-Computer simulated spectrum of HFeS(CO)m(CNEtPrl).
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Figlt 13c NMR spectrum of HFe3(CO)1O(CNEt2) 3 CD,Cl, /CH,C1
proton coupled; -70°¢c. '
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Fig¥ 13¢ NMR spectrum of HFe,(C0),(COEL); proton decoupled;

see also next page...



+85 C

T ' ’
218 210 202

Fig_‘I Cont'd.



s had

[HFeu(co);]

-

+ 30 . - (e)
.&w
t 1 1 | I |
-17-0 -17-4 . -17-88
(7)

Fig¥l.Variable temperature Th NMR spectrum of (7) and (3b)
' - (Fe-- H region only),



-30°C

CNEY, ' o CNEY

-60°C

3223 396 39 B 1578 a1 1507
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FigVL.'“C NMR spectrum of ‘HFBS(CD)'ID(CNEt) ; [ZDZCIZ/CHZCI2 ; proton decoupled; 0°C.
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rigIX.'.1H NMR spectrum of HF93(CG)q‘(CHN.Prl); toluene —‘dei
CH3»region only. '



FigX."H NMR spectrum of HFe,(C0)4(CHNPrY); toluene -d®; +10°C.
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FigXI‘13C NMR spectra of HF e
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FigXL.'3c NMR spectrum of HFe4(C0)g(CHNPTY )3 CD,C1, ; -60°C; proton . coupled.
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FigXll. Infrared spectra (CN and CO regions only).
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FigJQI-13€ ANMR SDecfrum of Fez(CD)11(CNP£i); proton

decoupled; o°c.
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FigXY.'>C NMR spectrum of Fe(co), (cnprt);
-Ethlz/CH2C12 s proton decoupled; o°c.
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FigXYL. "H NMR spectrum of Feg(C0),g(Cnprt),5 co,c1, 5 oCc.
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Figm.1H NMR spectrum of HFe3(CO)_1U(CNEt?) 3 CD,C1, 3 -60°cC. o w
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FigHL.'H NMR spectrum of HFe, (D). (CNMeEt); CD,Cl, ; -40°C. |
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FigXC.'H NMR spectrum of HFeL(CO),  (CNMePr®); €D,C1,; -60°C.
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