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ABSTRACT
Carbonyl substitution reactions of some transition metal

dimers and trimers were studied.

The kinetics o< the thermal and catalysed substitution

reactions of M,(Cu), ,,n(kNC)n (M=Mn, Re ; R=alky1l, ary1l; n=0-2) by
isonitriles were studied and nseudo-fi rst-order kinetics
were observed. Results are in agreement with a non-radical
mechanism and suggest direct substitution on the dimer is
occurring

Intramolecular and uni molecular isomerisation of

the structural isomers of the complex ~In2,CO)8(ButNC)2 was

observed at elevated temperatures. Analogous isomerisation

for Re.?(CO)H(ButNC) , or MnRe (CO)9(BulNC) was not observed.

The product of the direct substitution of Mnke(CO,)jQ and

BulINC was shown by a crystal structure determination to

be Mn(CO)sRe(CG)4(ButNC).
The use of FJO as a catalyst for the substitution of
RNC on |cpRu(CO”’ ] , was demonstrated and a series of
monosubs ti tuted derivatives, Cp?Ru.,(CO) 3(RNC ) (R=alky 1, ary 1)
were prepared.
An improved synthesis of the heteronuclear trimer
We Fe(CO) j . was developed arid the first catalysed
substitution reactions by iscnitriles on this trimer were

nerformed.
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as models to increase our understanding ot the processes

which occur at metal catalyst surfaces but also
as catalysts in their own right. l.ie variety or
heteronuclear dimetal lie, heteronucl«*ar trimetal lie and

higher nuclear!ty heteronuclear carbonyl clusters 1is
illustrated by the examples listed in abies 2.1,2.3, 2.4
respectively. The first heteronuclear metal carbonyl
cluster to be prepared is thought to be [] gCo(Uv)J] 4

Since then synthetic strategies have been developed such
that the logical aonroach to building polymetallic complexes,
adding one metal group at a time to the cluster, 1is now
feasible. an approach usinp the isolobal ana ogy or <tal

fragments to classical organic chc listry rragmenr has

been made by Hoffmann, 'he methods that are thus
available include 1) ligand substitution by a metal anion,
2) addition reactions of two metallic s >ecies,

3) condensation reactions and 4 metal exchanme reactions.
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2.3 Kinetic Studies of Substitution Reactions n
Transition Metal Carbonyls of Manganese and
Khen i mn

One of the more important reactions of transition
metal carbonyls is ligand substitution which may occur
by one or more competing pathways. fhese oathways
involve associative, dissociative or interchange
mechanisms, and these mechanisms nay be easily
distinguished when the stoicheometry of the reaction
intermediate is considered * 1) associative mechanisms
in olve an intermediate with an increased coordination
number. 2) dissociative mechanisms proceed via an
intermediate with a reduced coordination number and
317 the interchange mechanism has no determinable
intermediate. The interchange mechan:-m may be further
subdivided into an Ia or Id pathway that involve either
strong or weak bonding of the metal to the entering and
leaving crou; s in the transition =tate. A more detailed
general account eg the mechanisms of the substitution
reactions of metal carbonvls has been given by Darensbouro

Kinetic studies have a major role to olav in
establishing the mechanisms of reactions of transition
metal carbonyl such a: ligand substitution. et

relatively little effort has been expended in this tvpe

12.



of studv when compared to the effort expended on tie
synthetic and structural aspects of metal carbonyl
complexes. For instance only recently has any kinetic
work on transition metal carbonyls* other than on mono —
or dinuclear complexes been reported. 1520

To ce the kinetic work of this dissertation in
perspective a literature survey of kinetic studies of
manganese and rhenium carbonvl conmlexes has been
undertaken and the results described below.

Kinetics of the substitution reactions of the
complexes ’!I(CO)rX | !=Vn,Re; *=Cl,3r, 1) reoresent one
of the few areas of metal carbonvl chemistry that has
been comprehensively studied. The values for the
enthalny and entropy of activation for carbonyl
substitution reactions on the complexes M(CC) X from
a series of studies are given in Table 2.5 and the
results show the manganese-carbonyl bond strength to be
less than the rhemum-carbony 1 bond strength. It was
also observed that the rate of C substitution varied
with the halide > such that the rate of substitution
increased in the order I\ Ir fCl1. ' Vhen carbonvl
exchange reactions were studied usino labelled carbon
monoxide (1 C%-)’it wac >een that the equatorial carbonyls

125,
exchanged more rapidly than the axial carbonvl Ililands.

13



TABLB 2.5
COMPLEX
In
(et
‘ntCUI,-Br
Mr
He 1
KPf.
Kef.
Ref. )23
Kef. 124
ta in

Thermodynamic Activation Parameters

or Carbonvl mbstitut Lon Peactionl

t M(CO)rX (M=>intPe; X~C1,hr, 1)

AH (Mmol

114 (12<

(113C

itherw tated

tof 0 -1 iss t > mono ub titution

ol

AS

(JK  mol

66

26 (73°)
64

41 (45°)
46d

54 (9°)



The carbonyl substitution reactions of ke(CO)rHr and
its derivatives He(CO) ~ Hr (I=1,Lh ¢ NCJ1r, P(OPh )*) were the
subjfct of a series of naner by Brown and co-workers.*'~ 1
The studies led to the recognition of the phenomenon called
cis-labilization which has become increasingly important
in the design and rationalization of the pathways of
organometallic substitution reactions. (See later)

The carbonyl substitution reaction of Mn(CO)
with nhosphines, phosnhites and arsines was shown to
occur by an associative mecha.iism, 131 which involved
changes in the bonding mode of the NO ligand. The NO
ligand changes from a 3 electron donor to a 1 electron
donor and in so doing creates a vacant site on tthe metal
i.e. a 16 electron species, thus allowing an associative
mechanism to occur. The reaction of MeMn(CO)* with a
variety of ligands was seen to occur by methyl migration

3 '

giving the acetyl product and a first-order

rate dependence on both reactant concentrations was

133 .
observed. The rea tions of acylmanganese pentaca-bony 1
RCOMn( CO)c with PFh” or I were seen to exhibit a first-

' whereas the

order dependence on metal carbonyl 1 4,1
cleavage of the manganese-acyl bond by base was seen to

be a two step mechanism involving attack of acvl carbon

atom and dissociation of pin (CO) 1w



Ihe rate oi the carbonyl exchange reaction with
label led <' was found to be much more rapid for HMn(CU)r
than for in”(cu)® ~ and the rate determining step was

thought to be carbonyl dissociation.l lhe carbonyl

substitution reactions of the hydrides KM(CO)_ (M=Mn, Re)
by phosDi.' ne have been studied and the rhenium complex
shown to be far more inert to substitution than the

manganese complex. 1 The kinetics of some

substitution reactions of radical species have been

studied r for example the replacement of ! by L' in

*>!n((t )41 where I ,i'=ohosnhine or phosphite.14 ' kecent

studies have shown that carbonyl substitution in radicals

such as -Re(Ci ),. is extremely rapid and occurs by an
associative mechanism.14'" 4

lhe carbonyl substitution reactions of CpM(CO)"
("-bn,:c,Pe) were seen to be much slower than the

analogous reaction with CpV(cO)2 (M=Co,Rh,Ir) which was

shown to proceed by a Sn2 mechanism.1 143 The carbonyl

substitution reaction of CpMn(CO)3 using U.V. irradiation

proceeded via a mechanism in which ligand dissociation

was the rate determining step. 144 A recent study of the

kin tic of the substitution reaction of (T -TeCrH4)Mn( CO)

(L - substituted pyridine) showed the second-order rate

constant to be dependent upon both the electromnic and

steric eifects of the pyridine ligand I and the incoming

lioand (i.e. phosphine). Ilhus an associative mechanism
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suggests the react on occurs by two possible pathway

which gives a complex rate equation of the ty. e:

Rate = k2 ian(Ci ), ]dJLKeZ( <

+qp(CO)

where D is partial pressure of Cv and q is an expression
in rate constants. Both pathways involve aggregation to
fori intermediates that are retranuclear clusters and onlv
differ on whether carbonyl dissociation occurs before or
after agpreoation takes place. A study of the reaction
of iodine with Mnn(CC)1 "' or Ren(CO) ' led to a
very complex rate equation and the mechanism remains
poorly understooo.

The reaction of 1i\j(CC . , (X=hallde) with i'th,,
or pyridine obeys 1 2nd ordei rate equation with the rate

depending on the basicity of the incoming ligand and onlv
157

¢c - - ’e(:.0 LX was lormed in the reactions. The

. i . _ D
analogous reaction between t—.n(1.(114X_j1 5 and [ (1 ovridine,
8 - oico lin.', 3—ehloropyridine) gave a two term rate

equation thouoht to reflect comoetino associative and

. e A 158
dissociaTive reaction pathways.

18



There have been a limited number of studies on
transition metal carbonyl clusters (with a nuclean ty
ol 3 or more) which are ertinent to this study. The
substitution kinetics of the tetranuclcar carbonyl
clusters of obalt and iridium i.e. Co4(CO)g *I-CO),
and Ir"(CO)|2 ~ A nd their derivatives orovide
information which mav be important for he interpretation
of the M2(CO) .v In,Re) substitution kinetics

and will be mentioned where applicable in this work.

2.4 The (CO)” iMFn, Re substitution Reactions

The problems of data interpretation that arise
when a specific reaction is studied in oetail are well
illustrated in the literature bv the substitution reactions
of CCm _ n, e with phos dines (e. 7. ¢Hh,
Interest in this reaction w; initiated by the observation
that initial substitution of ,( X>>* by ohospnines
or phosphites affected the rite of subsequent substitution
reactions ! ’ * and that these ligands directed
the second substitution exclusively onto the second metal
centre.

Comnlexe of th, tvpe Kk,(C, . ( '= n, Tc, Re) have
been sliown to have metal-metal bonds that are significantly
longer than the sum of the "normal"” ovalent radii of the

metals and the equatorial metal carbonyl bonds (normal

to the metal-metal bond) are bent towards the centre of



the molecule. ' * » The increased metal-me-al
bond length suggests a low bond order and although
estimates of the energy required to break the metai-metal
bonds have varied, e 1 1 j the values that have
been accepted - 154 kJmol 1 (In-Mn) and - 188 kJmol
Re-ke) suggest that bond fission may be a fairly facile
rocess. Indeed when these complexes are irradiated at

*

or near the frequency of the a-a transition of the

metal-metal bond in halogenated organic
solvents or in hvdrocarbons in the nresence of free
ligands e.g. ohosohine, ither ononuclear complexes Ib”or
substituted diners are formed.} *

It has been generally accepteo, until recently,
that the major pathway for the photochemical substitution
reaction on i ( =in, . e involves a radical
mechanism in which the first steo is homolytic fission
' ’ « * \ recent

of the metal-metal bond. *

publication suggests that even the photochemical

substitution reaction follows two pathways of approximately

equal importance, one involving i itial metal-metal bond
scission and the oth”r pathway involving initial Cu
dissociation, probably followed bv netal-netal bond

i sion. There ha he.-n a irea+* deal nore di .agreement

20-



about the thermal ligand substitution reaction of
vio(C0) ] ) . The two mechanisms most widely supported
involve either carbonyl dissociation f.om the dimer
(Scheme 2.1) or a radical mechanism in which CO
dissociation occurs after f ssion of the metal-metal
bond (Scheme 2.2). The disagreement could not be
resolved by establishing a rate expression for the
reaction as both mechanisms predict first-order
dependence in met x]I dimer concentration and zero-order
deoe-"ence in incoming ligand concentration.

Poe and co-workers have re orted less than first-
order kinetic behaviour in the thermal decomposition of
Mn ,(CO), when the reaction occurs in the presence 't

51,53
oxygen

and for the decomposition of

Vnl (CO0)s (P(QPh)3)o and ke?;CC>8(rih3), in the presence

of free ligand or oxygen. A No inhibition oi the
decomposition of Mn,(C(m,) is observed when carbon monoxide
is added to the oxygen/nitrogen atmos here. Thus it was
concluded that the decomposition goes by a radical process

in which carbonyl dissociation is not a rate determining

step. These observations about the decomposition mechanism

An interchange mechanism la is not ruled out by the
observed independence of reaction rate upon incoming

ligand concentration.
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are only relevant to the substitution reaction if both

the carbonyl substitution and the decomoosition processes
occur by a common mechanism. The similarity oi their
reaction rates over a wide range of temperatures suggested
this to be true. Poe suggested further that the radical
decomposition mechanism was precedent for radical
involvement in other reactions, in particular the thermal
substitution reaction of transition metal carbonyls. 1
Atwood and others, however, maintained that these reactions
(decomposition and substitution were occuring by different
mechanisms 1 and so direct comparisons were not
meaningful.

One of the strongest arguments in favour of Pc.'s
mechanism was the observation of the synthesis of the
bis-ohosmhine substituted products very early in the
reaction of !mo(C( ), , with PPh or Mm e(C( ), » with
;h 'l Such observation” are more readilv rationalized

by Scheme 2.2 than Scheme 2.1. Others have claimed that the

disubstituted product onlv a oears at a later staoe of
SO
the reaction, and that the reaction of ke (CO). " with

PPh” is total’y suppressed in the presence of a carbon

monoxide atmosphere.

23.



If the mixed metal, dimer MnRe(CO) is considered,
: o . . . 51,52 .
at no ooint in its substitution reactions > or its
o 53

thermal decomposition under oxygen are any homonuclear
dimetallie species observed. To explain these observations
in terms of a radical mechan,sm (Scheme 2.3) requires some
unreasonable postulates to be made. For instance
recombination of radicals to give homonuclear dimers
(reaction steps 2.3.6-11) must occur to a negligible extent
relative to those stens which reform a mixed metal dimer
(steo2.3.4,5>Indenendent evidence is available to show

that the radicals *M(Ct )r recombine at or near diffusion

controlled rates ° *1 ' yet neqlioible amounts of the

mixed metal dimer MnKefCO , } are formed on heating a
solution of Mno(CO), and Ke”"CCO)".

Thus the data strongly suooest that a radical
mechanism is not an imoortant pathway in the thermal
ligand substitution reaction. Conclusive evidence to
support this has recently been obtained in studies by
luetterties and co-workers, employing isotopically
labelled complexes. vhen either a mixture of 185kez(CLllQ
and ly7Re,,(CO)IQ 174 or Mn2(12CC.)LC and Mn*""*CO) ~ 1 5 was
reached ;ith tnoheny lphosohine ithermal reaction),
negligible amounts of products that would result from

metal-metal bond cleavage and reformation were observed.



Scheme 2.3

MnWe(CO)10 > +in(O0"), +

eMn(CO)r + L > * n( X';41 +
*Re(CO)y + L  ——— > ¢ "(0 41 >
e 'n(C( )s f 1 e(C I - > nhe(00) "1
eon(G) .+ FKe(v  ,  ee>  IVe(CO )L
2* n(CO)s > A(CcoH)n

2 “Re(CcoOy. >

« n(C + « n(Q 1 > 'n2 (CO)9L
er-:e(01 . e ei :a —_— e (CO)IL
2% 'n(Ci 4L —_— n2 (A 812
2« e(0 —_—>

he2'® BL2



Thus in the thermal liaand substitution reactions of
1.,CO)1 ( ( ="'n, Re) a radical process can be ruled out
but care must be taken in generalizino these results

to other complexes* metals or even ligands.

2.5 Tsomerisation and Scrambl'. rv: in 's'anqanese and
Rheniun Carbonyl Complexes

The most conclusive method of determining structures
especially nchiral molecule” is X-rav crystallography
but this gives the structure in the crystalline state and
may not indicate structural isomerisation or ligand
scrambling that can occur when in solution.

One of the first observations of such an isomerisation
in a manganese complex was the intermolecular isomerisat “on
of (X ,I1 'X (L,L'=phosnhi ne, x-hal ide 1 which was thought
to occur via ligand (1 ) dissociation. ;',e j_n_-con. iex
is the kinetic product as exoecter from cis-labtli?ing
considerations and when heated it isomeriaes to the

more thermodynamically stable nei-complex.

Carbon - 13 nuclear magnetic resonance developed in
the early 1970' 5 into a werful tool for structure
elucidation of organometal lie complexes such as
transition mnetal carbonyl complex' . m to the ouadrunole
moment of manganese ( In, 1= /-1 the L NIR signals

tend to be broad and unresolved but may be
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sharpened in some cases by isotopic enrichment or
by thermal decoupling at lower temoeratures.lgo Ihe
sharp sionals for equatorial and axial carbonyl carbon
atoms in PhCH"tnKO)5 (-B7°C), Re?(CO0)IQ (-60'>xC) and
Re(CO) Br (30°C) 1'’ shows no scrambling of ligands 1is
occurino at these temoeratures. The 13C NMR spectrum of
-teMn(CO) _ and Mn,(CO0) 1, ' 1 > gave only a single b-oad
sianal at room i.emnerature and it was uncertain if
intramolecular ligand exchange was occurmg or if the
broadening was just a result of ' in-~ C soin-soin coupling.
When 17G NMR spectra of these two complexes were obtained, 1
two Ixgands for each complex were observed in a 1:4 ratio
and assigned to axial and equatorial carbonyl oxygen atoms
in each case. This undei tnese conditions (28 C) no
ligand scrambling is occuring in Me -In(Co )" or Mn"(CO)1"
similarly the O N R spectra at a ibient temperatures of
Mn.,(CO)9 (F: h3) 14 and Mnr (C( )8 (PPh3)2 ‘8 ' implied ligand
scrambling was not significant.

Using H NMR spectroscopy the isomerisation of
Mno (C< )? (‘w'eNC)3 has been observed, the two signal”

clearly resolved at 30 o are seen to coalesce on heating

until it lo* °C only one inglet . seen. > The iiest Known

The low timnerature *H NMR pec fra of in-(Co)"( 'eNC)3
con-i “ts of two sinolots with intensities in a 1:2 ratio.
This corresponds to one manganese atom having a single
isonitrile bonded to it and the other manganese atom havino

two isonitriles bonded to it.



28.

systen in which ligand isomerisation is important, is that
of jcDFe(CO) 3 and its derivatives for which the Cotton-
Adams mechanism 1In' is widely accepted. A similar
mechanism is nronosed for the isomerisation of

Mno(a -)7(''e.NC) 3 in which two ligands rever Lbly and
simultaneously take up bridging positions and return to
equatorial nositions on either metal atom. inally
Cp, in (CO) ,(NO)0O exists as two isomers in solution If #
and the "H NMH data available has been interpreted in

187
terms of the Cotton-Adams mechanism. 1



3. A KINETIC STUDY UF THE SUBSTITUTION REACTIONS

AND ISOMERI SATION OF M,(CO) } , AND ITS DERIVATIVES

3.1 Introduction

The synthesis of co "'wounds 'lg(C( [ , n(CNR)n ( 1='n. Re .

has been documented since the early IQbO’s and synthetic

139
strategies were recently reviewed by Yamamoto and
19

Singleton and Oosthuizen. ihe more successful of
the methods of aonroach are listed below.

The direct substitution >f isonitrile on

191 _

"(Ci i10 has been perfor led thermal ly, using
tnmethy la nine - . - oxide, * ! ohotochemical ly,
and by catalytic means. ' ether indirect methods have

o . . . . 193,fig
bc”n utili-ed to oive a variety o; isonitrile compounds.

Fenerally the unner limit to direct substitution has been

n = 4 with only equatorial osition- being substituted.
However, a series of comolexes 'n*"(O0O (C

( = e, 1'h, m-1: K: 4, have been oreoared indirectly from

nlCC and n(CNh I, < (X=halide). substitution into the

axial oosition has been achieved when ohosnhines rather than

isonitriles are used, e. j, ax- nn(G ( ‘ »

;4*" 2 and diax-he2(0. . A(M-h ,-g" 2

Although N{s(CI? ),i n(CX1 n,,(n~1—4) comnlexes are



) ; . . ; .2 no kinetic data for the

reaction of ~(CO), , or Its derivatives with KNC is
available. Further,no kinetic evidence for the mechanisms
of any of the transition metal catalysed c.-rbonvl
substitution reactions has been reoorted. A
limited number of kinetic studies have, however, been
undertaken on these types ot dimers containing a metal-metal
bond. "2 6 An extern ive kinetic study of the reactions

of M,(CG , ( = n, Re and h, (e.g. R=lh) was reported and
led to some controversy about the mechanism 151, 155,2 >6,2 =7
which was only recently resolved by isotopic labelling
studies. © 4~ (see Section 2.4i

The strong evidence now available suggests that the

substitution of O on A~ nd an”(CO QL by L'

,' .. - , 1hl, h ,1 du.,, Vsi h. occurs via a dissociative
orocess with AH and A > being 1 16 ) klmo 1
and 35-47 JK~1mol~ respectively. i similar studv on

showed that the fir<t sub”t tition occurred mainly on the

riicnium atom with AH and AS beinn ! >B—166 klImol

and 67-86 JK~1 iol" ' re ee- tivelv. uch reactions have been
shown to be fir t-order in metal carbonyl although the
. . S s . . 52
order in the incoi.ni lioand i uncertain.
X mixture of the dimer O ', (' >,i<e) scramble

at. ele.ated te mer «ture by a pathway involvino homolytic
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fission of the metal-me tal bond. .here is pre ently
only < report movement of a non-carbonyl liqand across
a Mn- n bond,' ' The rearrangement of In,, (CU)7(CN-le)”* was

shown to he unimolecular and intramolecular and occurred
rapidly at 1o0O°C. Observing the coalescence of the proton
maonetic resonance signal due to the methyl isonitrile
igands allowed the activation parameters for the
isomerisation process to be calculated and the values are
AH* = 34.2 (4.2) kjmol" , AS* = -74.0 JK 'mol 1
md = 70.4 (b.l kJmol-1.
A kinetic investigation of the reactions of
M (CLi1 pl-r (MEMn, Se; n =0-2) with L (L=Bu NC) (3.11)
was thus undertaken with the hope of further clarifying
the reaction mechanism (1.11) and to obtain kinetic data

for a compan-on of th< catalysed and uncatalysed reactions.

M |CO,10-nln * L e M2 (COh .n Lni-Il (3,U 1

There arc two structural isomers of the complex
Mn2(C0)8 (dutN ,(eq-eq )(Fig.3.1) and the isolation of the
pure isomers and their possible interconversion was also

investigated.



Pi rjurp 3.1 jtructural isoopr! 11 the ComnIt*x

Mn2 (CU)H(Hu’NC)? (eq-eq )

CNBu> Bu’NC

NBu* CNBu*

1,1-'in 2(CO)8 (But NC)2 1, 2-Mn2 (CU)8 (tSut NC)2

32.



33.

3.2 Kesults

The spectral and physical data for the substituted

homonuclear dimers >2(CO0)] | n(ButNC)n (M='in,Ke; n=1-3 ) is

given in tables '.1 and 3.2 and similar data for the

comr>lexes e (CO, . n(Bu NC)»I (n= )-2) is presented in

mable 3.3. The reactions were followed bv infrared

snectrouhotometrv using the intensities of >oaks in the

absorbavce mode as a measure of the extent of the reaction

Data were recorded at various temperatures and reactant

¢ "centrations* although a large excess of isomtrile was

alva-s maintained to allow the use of pseudo-first-order

kinetics.

The substitution of Mn? ((X ., bv 3i;tNC (3.21) was

only observed at a reasonable rate (t, < 2 hours) when

temperatures in excess of 7U°c wtre used. The second

substitution ( at these temoeratures occurs at a

comparable rate but it was jenerallv possible to follow

the first substitution to over three half-lives before

significant deviations from the first-order kinetics was

o.iservep. .t was assumed that these reactions were zero -

order in incoming 11 jand concentration and first-order in

metal dimer concentration, and thi- was confirmed later.

n2(':0;i) > But'c ~~~— > 'ina_( :q)g(:>ut \C) (3.21)

M2' ' '91:’NC> f 3uTdc -- > :@n0(C ) (Bul:
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An inert atmosohere was used throughout these

experiments. When the
an "induction" period

reaction occurred) was

53.20"°

system was insufficiently purged
(initial period during which no

oDserved and much decomposition

occurred. The rate constant calculated for this

reaction (3.21) was found to be 3.7 x 10 s 1 (73°C)

(Table 3,4) which is ¢

calculated for the reaction of Mn,(CO), with phosohines

(see Discussion).
The catalysed rea

occurs rapidly at much

onsiderably greater than those

151,155

ction of Mn~CC)® with ButNC (3.23)

lower temperatures. The reaction

was fol lowed at room temperature tId' 'c) and at temperatures

up to 26 C, the upper
soeed at which monitor

amount of catalyst was

temperature being limited by the
ing could be pertor led. A constant

used and the same stirring rate

was used for all reactions. The catalysed reactions were

assumed to follow the

same kinetics as the uncatalysed

reactions. This wa” investigated and indeed the rate

constant appears to or

concentration (Table 3

independent of isonitrile

.4 and does follow first-order

kinetics to at lea t 3 hall-lives before deviating

significantly fro a lint ir nlot. The

t
Mn2 (CO), + ;<u NC

Ido, -COv

> Mn (Co) Autv) (3.23)

rate constant for the catalv ed reaction w,. rsti lated to



1m
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be greater than that for the uncatalysed reaction by a
factor of approximately 40 at 7 3 with a catalyst to
dimer rftio of 1:20 (by mass, or 1:7 bv molesl.

tt"mpts at substitution on Kr?20(CC)1 by Hu '
without catalyst were not successful (lit c, hours).
The catalysed reaction (3,24) did however, occur at much
lower terr eratuies and the reaction rate was found to be
dependent on the choice of catalyst, see Table 3.4.
Using 1'dO catalyst the reaction occurred at almost the
same rate as the eouivalent catalysed reaction with
'no(Co 1 (3.23).

% catalyst, -CL
Bu NC i3.24

The second substitution (3.22) was shown by reactant
concentration variation to be independent of 1 Doitnle
concentration (when in laroe exce > see Tab = 3.3.

ripure hows examples fr 1 set of srectra,

in this case corresoondino to the reaction of

n,, ( Bu NC) with $u NC in the presence of a catalyst
0

(r'dO) at 26 ('. The rate constant for this reaction was

calculate'* for several tempera tur< over a .? range

(Table 3.m®) and an Arrhenius nlot yielded the acllv m

* . -1 *

parameter AH s 1). C 134 4

(2.3) JK”* and !<J mnl



TABLE 3.5 Kinetic Data for the substitution Reactions

on MI(CO)0 (ButVC) by 3ut.M

3 o
Reaction T(°C) Cataly5t1>,21C0)V,l> Buf NCb k C "

3.22 52 - 1.0030 17.73 1.272  51. 1(7)
3.22 52 - 1.))3U  35.48 1.223  26.6(5.1
3.22 52 - 2.1000 17.73 1.2 9 54.0(4)
3.22 65 . 0.7205 19.74 3.382  17.3(5)
3.22 77 - 1.3,150 2).19  8.060 7.1(6)
3.25 18 PdO 1. 90 ’3.25 4.651 7.5(8)
3.25 23 i’d<) >.41 31 27.71  6.324 6.6(100
3.25 25 Pd(» >.>641 21.21 6.726 8.1(6)
3.22% 11 > - >.421 >  : $.4i nrf -

3.26 25 do > 4045 13.79  3.260 25.7(4)

Isinq Pd( or no catalyst.

Initial comcentrations in m 1~ (x10*;.

Pseurio-fi rst-orcier rate comnstant in s~ (x10

Half-1 lie for reaction ( i.n.' and number of half-lives

the reaction was followed r in narentheses.

or e, <)9( ul1C) instead o' n2 tC( !<( *

m reaction ibserved af <rr hours.



Figure 3.2 Typical Infrared Snectra Recorded Inuring
the Reaction of Mn_(CO)Q(BufNC) and
t *
Bu NC in the nresence of ['dO

A8 FV g
ill n -

50

%

Infrared spectra recorded between 2100 and 19000m-1
tor the rea< tion of Mn}(O ), (Bu”NC) with BulNC in the
nresenc* of I'dO at 23 C recorded at various times

a) start, b) B mins, c) 16 mins, d) 21 mins
e) 29 mins, f) 41 mins, 1) 50 mins. The change
in inten ityof certain borbancc band« (e.g. that
indicated by th* arrow) could be used to measure the

exte 11 of the reaction.
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A variable temoerature studv of the catalysed (PdO)
second substitution on -In2(CU) A) by ButNC (3.25) over a
7°C range in temperature nave a similar Arrhenius slot and
the activation oarame -:er? 1o obtained are A = 39.2
(0.4) kjmol" ', AS* = 90.( (1.3) JK- !mol""! and

AG* = 12.2 (0.3) kJmol' 1.
t Q .
In2(a '~(3u  NC) + U NCrorm mmmmmemmeeee > n2(0 HH(BuxNC)2 (3.25)

The second substitution on Re0(C* )* by Bu <" could
not be followed without a catilyst although prolonged
heating of asolution if 1e0(G ( u NC and excess ButNC
was attempted (lie 1, b hours . The catalysec reactions
(3.26 roceeds rar idly at Low te peratures although it
is still considerably ilower than the catalysed reactions
of "n2(CU 9 (BuTNC with '-u'NC (3.25),

t . I'a . -O .

>

The low t« merature catalysed reaction of
n2(0 g(Bu NC) vith tufiC ( '.25) -lavn a iroduct with an
infrared snectrui different from that irevi >uslv re-orted
for n2(C ;( lu N . All eaks in .he snectrun of the
product from the 1>w temperature reaction were common to
the soectrum oreviou .iv re orted. I on heating the

product fro n the 1>v temperature reaction to temperatures



greater than 5!>C the spectra chanced to that previously
reported. The first (low temperature) product was assigned
the structure of 1,2- Ino(CO)8(Bu\WNC)0 (see later ) and the
heatino clearlv induced an isomerisation to the equilibrium

mixture of the disubstituted products (Pig. 3.3).

Figure 3.3 1so nerisa lion Kquilibri.um for

Mn? (Cu , H(du t\(")2

CNBul Bu'NC

X N Bul CNBu

iure 1,2-disubstituted product could be ootained by
work up of the low temperature catalysed synthesis and
pure 1, 1-disubstituted product was obtained as orange
crystals from a refrigerated lexane eolution of a mixture
of the isomers. The assignment of the structures of the
two isomers was made possible by a mass spectral study and
a crystal structure determination of the complex
1, 1—in? (CO)8 (BufNC)2." )

Kinetic data for the isomerisation were collected over
a temperature range of greater than 3()°C and is presented
in Table 3.7. Typical spectra collected during an
isomensation are presented in Fig. 3.4; thev form a part

of the complete set ol spectra for the isomerisation of



TABLE 3.6

Arrhenius Lata for the Reaction;

"TngfCUjgOu'w ) — > 12(CO3(ButNC 2

Keaction (00 ka I/T(K'!) Ink
3.22 2 1.235 3.0755 -6.6067
3.22 65 3.382 2573 -5.6 393
3.22 T 8. >6) 2.8 -4.820b
1.25 13 4.651 3.4347 -5.3707
3.25 23 6. 4 3.3767 -5. n4
3.25 25 6."'"76 3.3 5. 18

1 seudo-first-order rate constants in s'] xir .

52
2d
7!

73

meti ¢ .iata f>r tne 1s vnerisation of

n2 (Cl B
k b k_.b % =
C r A 3 0On
). 3L."7 >.6101 0. -410 .058
>2 121 0.5856 A ".66 7
'74 $.228 i 4.1"40 s
>*4023 O il) 5.27-'3 >.790
' 5171 o. 641 11.366) V. 5 X

Concentration in nol I~1(x10)

tr <nnm-ant s~' x! ! r + k k .

€o

> .nt in concenti xtimm 5 ml ]%“1.



Tvnical Infrared mectra Recorder: During

the Iso nerisation ot

4 *1

to an 1out librium Mixture of the true®

Tsomers of x>0 (cc- ,(Bu

501

254

Infrared snectra between 2I1< ") and V) 'Mem to the

structural isomen sation of vn2(CO)8( "~ NC ?at 2

recorded at various times

a) start, b) 12 mins, C) 31 mins,

e) 95 mins, f) 130 mins



\rrheniu

4)k Jmo I
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other isomer, 1, [-ReCC ;. ~(Bu NC) )t was svnthesised
indirectly from Nak’e( C(;) and Te(CO).,(BulaC; 1 and also
did not isomerise to the 1,2-i.somer on nrolonqed heating
at 111°C* The physical and spectral data for both the
isomers of the comnlex XA(CC)d(Bu <Cj,ZL (M.. n,Ke) are
presented in Tables J.1 and 3.2.

The reaction o.t ¢ino(0C :y(BurNC;* with But.NC (3.27)
was only observed at elevated temperatures in the presence
of a catalyst, .hen a mxture of the two isomers of
m*"\A v( u‘NC , was used the 1, 1-i somer was seen to react
at a greater rate thanmn the 1,2-isomer (by a factor of
approximately 2.5 . imilarly ne0(0O.) But'-C and
3u :C reacted (3.2B) in the iresence of « at elevated
temperature, and the 1,1-iso ier reacted more rapidly than
the 1,2-iso .«cr. The tine 11 data tor these reactions is

>resented in Table 3.).

P
n2(CC d(ButNC) . > iuVKkC  ——m- X



TAR1 3.3 Arrhenius Data for the Isomerisation of
the Two I-omers of nO0(Ci ' (3u NCO)
o _ '
T(°C\ v T-1 In KA In kQ
52 i.b )24 $. >76 -9.717 -9.305
71 3.2280 4.174 ) 2.006 -7.781
73 4.211 ) 5.2705 2.889 -7.77 3 -7.548
84 11, 5bo ) 2.8 > -6.921 -0.762
-ate con-tants in S x]
K* : (x1 ) .
metic ata for the eactions of
M(CM < u'.v: 2 ( = n.i e) with 3ulINC
usino .d. Catalvs t
Connlex T(°C) di :era 3u *NCa kb
o - 73 0.2186 1 ! 3. 53
» - 73 r',71 I.43
1,1- p2{co)3 (E:xut ;c 80 321" 28.6"' 9. 15
1,2- e2:3 )al ..f 82 570 33.25 2.0"
Initial concentrations in :01 1~1(xl1
seudo-1irst-order rate ¢ “n rant in S vl !



Arrhenius

Data

for

the

Isomerisation

of

48
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3.3 Discussion

The results obtained su'ige; t that the reaction (3.31)
involves car bony1l ligand di sociation .vs the rate
determining ste . Ihis is evidenced by the correlation of
the data with first order dependence in metal dimer
concentration and the apparent lack of ligand concentration
dependence on the reaction rate (Tables 3.4 and 3.5). The

data are thus not incon ¢tstent with the general rate law

observed in other systems ’ * 1
kobs kT k{ 0 )[> (CO)"]
<k2 < kl>-

e.g reaction 3.31, in which a # all ligand

vV CO>n " 1 — Mm(CO0>n-1 1 <3-31>

dependence was observed. The limited data do not preclude
some ligand dependence and further studies with other
isoni triles will be needed to complete this rtudy,

A surprising feature of the reaction between
Mn (CO), and isonitrile is that the observed rate constant
(kobs ) is larger than that for the reaction with
ohos bines 1’1 or even labelled Co 1 °(3.7x10 !s~! at 73°C

for Huf N , 2.6x1 ““s-1 for I'l'h; at 120°C). Since the



3.3 Discussion

The results obtained surjoest that the reaction (3.31 )
involves carbonyl ligand dissociation as the rate
determining stem. lhis |s evidenced by the correlation of
the data with first-order dependence in metal dimer
concentration and the apparent lack of ligand concentration
dependence on the reaction rate (Tables 1.4 and 1. >i. Ihe
data are thus not inconsistent with the general rate law

52,151,153,210
observed in other svs terns

kobs = <V k=[I>[Mn(CO )n]
(k2 < kl1>.
e.g reaction 3.31, in which small ligand

i‘few)n. I 'm 3 V 00*-! L (3-31)

dependence wa observed. lhe limited dat.. do not preclude
some ligand dependence and further studies with other
isonitriles will be needed to complete this study.

A surprising feature of the reaction between
Mn”*(CO)1 and isonitrile 1is that the observed rate constant
(k r ) is larger than that for the reaction with
nhosphines ~’* or even label l«*d Co (1.7x1(1 s at 71 C

for BufNC, 2.0x1 ~° " for 1vh , at 120nC). Since the



reaction with .ih” and CU is assumed to occur via a

dissociative mechanism (and there is comorehen”ive data

to supoort this), this would imoly that the reaction

with i1isonitrile must be different i1i.e. the term

1' non-zero. However, the data at least suggest the

reaction occurs dredominantly via a dissociative mechanism,

There has been much controversy over the mechanism
of these substitution reactions althouoh all types of

associative processes have been ruled out. 52 Extensive

kinetic studies by .oc and others ’“»1>>1156, 159, 1b3, 169,

208,211.
led to a oronosed mechanism involvino homolytic

cleavage of the etal-metal bond as the first step in

Tnp substitution reactions of the homonuclear dimers

?7(CC I  and their derivatives 1 »212 (see earlier ,.

~e echanism scheme '.. would he expected to give a

mixture of di, mono and unsubstituted dimers from a

reacti on of O ~ and 1dC in 1 to 1 orooortions but

it was observed that no detectable amounts or disubstituted

product appeared in under 3 half-lives of the reaction

o! di ,er with cess isonitr.le. .hen the reaction of

tn2 ' CO)™! ,-u N ) with Bu NC wa followed no :n0(CU) "~ was

detected during the reaction. urther,. les’ mechanism

(.-scheme J.1) would lead to a mixture of radicals <+ (0 ) _
and ¢ n(« < .4(3utNC and fron Itown's work (ci”-labi 11 zation

128—130 .
the substitution on <« IMCC (Bu\w would be
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exoected to occur more rapidlv than that on -Mn(CO),S.
ithus the major initial nroduct (before isomerisation)
would be exoected to be the 1, 1-disubstituted dimer.
This 1is not seen in '.his work or reoorted work with

phosohines. No trisubstituted nroducts were observed
either when ohosohines or isonitriles were used and thus

none of the results agree with those predicted by Poe's

mechanism unless further oostulates are made about the

.0si tions o1 eou.libria or the relative rates of

recombination of different radicals. Indeed a recent

communication by oe et al 11 showed that reactions uoon

the radical soecies <*Re(C( ). oroceed by an associative
pathway, the CO dissociation being negligible.

'n alternative mechanism suggested initially by Jasc’o
and .awersik and later by Atwood and co-workers [ °

involves carbonyl dissociations from the dimer as the first

and rate determining steo n the substitution reactions
7ee earlier . IThis explains the kinetic data for the

substitution on ~(CC 1 ( E n, :e-. however, when ~ nke

see later) or the second substitution of v.J by I is
considered this mechanism also fails to satisfactorily
exnlain the available results. Work bv irown et al 11

has shown cis - labilination to be important in substitution

reactions of many netal carbonyls and so n.(CO) j( ,ut.\C)
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Scheme ’.]

112(/\V gL
*M(CO)5+ 1

‘M(CQ)4L + L
*M(CO)5 + M )5

*M(CO) 4L + *M(O )4i
"M(CO)s > -M(a )3I

*M(CO)41 > -M(CO)3L2

Scheme 3.2

-CO

53.

"M(CO)c > *M(CG)4L
*M(CO)4L * CO

-> *M(CO)" * CO

> 1,2-M2 (CO)8L2

M-m2(C0)8:.2

>

M2 (CO)7L3

CNBu'

NBu'

CNBu'



anc

ion was offered






xjth ramolecular



3.4 Experimenta 1

3.4.1 Kinetic wadies

All reactions were carried out in the dark under an

inert atmosphere in n-hexane,or

requiring te operatures greater

solvents were redistilled,

were removed through a “uba-seal using a

than b )°C.

in i-octane for

dried and degas ;ed.

spectra were obtained using a \a< 1 windowed cell

ye-i nica.n SdOij inf rared -oectroohoto neter

to an ApOole [I microcomputer.

m the transmittance

units before integration of the
Stirring rate was constant throuonout and te inerature

stability of the reaction flask was estimated to be within

1° of the tabulated values.

for the following reactions:

in i [ i i -
t t —€0
no(C IJ 'u KC)*Ku N C v >
-CO
'n.,(CO *, )+Ku'KC
catalyst
Ke2 (CO)1 »3utNC
catalyst

-C V
In2(a.)9(BuKc).«u'sMCcatalys.t

ne (0 ),.( BUUNCI.HU'NC — A
- ' catalyst

t t -co
n (C( i,(BuMe) ¢ .u >
A | - catalyst

He (CO _ (HUTN< | -f.3ui:NC >
" ° ] catalyst

lhe

iode and then converted

ate constants

-elected

n.(G -n(BulINC)
n2(C°)8(But>C)2
In2 (C( )9 (ButNC)
Ke2 (¢0)9 (ButNO
In.,(CO)g (ButNC)2
X (>)"IV NO

In;i(Cu)7 (ButNC).3

ce_(( >(lu\C)_

interfaced

Eefore use the

syringe and the

soectra were collected

to absorbance

were obtained

(3.

(3

(3.

(3.

(3.

(3.

(3.

(3.

57.

reactions

leaks was performed.

21)

.22)

23)

24)

25)

2b)

27)

28)



The uncatalvsed substitution of Rc”(CO)or
Ke ,(CO)(((Bi.t 'JC) with Bu!NC was not bserved even after
following each reaction for b hours at 110 C. In each
reaction pseudo-first-order kinetics was used, this being
justified by the isonitrile concentration always being

far in excess of that of the metal dimer.

3.4.2 Synthesis of 1,.-Mn” Coj (ButNC)

'In, (CO i (Immol ) and Bu*NC (2.1 mmol) in benzene (30ml)
witn Be* catalyst (20mg) was stirred at room temperature
(2 C) for 60 rain. ihe reaction could be followed by
infrared snectroscopy or thin layer chromatography (silica,
hexane). After solvent removal a crude product remained
which was ;>urifred by column chromagography (silica, hexane/
benzene mixtures) and recry tallization of the disubstituted
oroduct from a refrigerated hexane solution gave orange
crystals in aoorox. hJ5r yields. These were identified by
microanalysis as Mn"(CO) ( NC) , alalysis found C=42 .94
H=3.28 , .-5.33 ,; C | requires C=43.200, H=3.62%,
N=560%-* Mass snectrometry distinguished the structural

isomers. Other nhysical and spectral data are presented in

Tables 3.1 and 3.2.

3.4.3 Synthesis of 1, I-Mn,,(CO)ft(Bu NC)*

Bure 1,2-vn,,((° Bu'NC)2 (Immol), synthesized as
above was heated ti ,3 C in benzene (30ml) for 2 hours.

The solution containing the equilibrium mixture of the



isomers so produced was filtered and solvent removed

under vacuum. The crude product was taken up ir. a minimum
amount of hexane and refrigerated. The required isomer
was collected as orange crystals after 48 hours. The

solution could then be reheated to obtain the equilibrium
mixture of isomers a<jain. Using the technique of fractional
crystallization reasonable yields (- 40rV) of the 1, l-isomer
could be obtained. This product was fully characterized,
microanalysis found r=4"'t. 14 , 11=3.70° , N=5.58?/;C} 80 8 N2 Mn2
requires 0=43.20", H=3.62 and N=5.60* . A crystal structure

209

determination confirmed the isonitrile arrangement.

Physical and spe ‘ral ¢ ta are presented in Tables 3.1 and

3.2.

3.4.4 Synthesis of 1,2-Re.,(CUI (8utNC)»

Keo(CO0), ) (Immol) and Bu NC (2.2mmol) were stirred
in benzene (50ml) with Pdo catalyst (2Gmg) at room
temperature for 4 hours. The reaction was followed by
thin layer chromatography (silica, hexane-benzene (9*1)).
The crude product was purified by column chromatography
and identified initially by a comparison of the infrared
spectrum with that of i,2-Mn,, (COM(ButNC;?. Microanalysis
found 0=29.12 , H=2.55 , N=3.t>2 : Ci8M18°8N2Ke2 recliires
C=28.35 , H=2.36->, N=1.67 . Other physical and spectral

59.



data are given in Tables J.1 and 3.2. Generally high

yields (- 82 f) of the off-white powder were obtained.

3.4.5 Synthesis of 1, 1-Re.., (CO)H(ButNC),;

Re(CO) tl was synthesized from Reo(CO0) 10 and In in
refluxing benzene (see later), and its purity was judged
by its infrared spectrum which showed no Reo(CO0) . Se>
But .NC (2.3mmo1) was added to a refluxing solution of
Re(CO) I (Immol) in benzene (30ml) with Pd/CaCCO0 (IQ )
(5mg) catalyst. The reaction was monitored by infrared
snectroscopy and judged to be complete within 15 mins.
The product, a yellow oowder, was obtained in 82 yield
and microanalysis found C=28. ;1 , H=3,26 , N=4.88 ,
1=21. "<; C]3HI, rN2Rel required C=27.72 , H=3.2W,
".'=4.9" and 1=22.5"" . ther snectral data are given in
Table 3.3.

Re(C( )2(ButNC) I (Immol) vas added droowise as a
thf solution (2 mil) to a solution of NaRe(CO) -21H in
thf (30ml). The reaction mixture was stirred under an
inert atmosnherc, at 60 C for 24 hours after which time
the solution appeared slightly darker. After filtering
and solvent removal the required product was obtained by

recrystallization from a refrigerated hexane solution.

60.



data are given in Tables 3.1 and 3.2. Generally high

yields (-82 ) of the off-white powder were obtained.

3.4.5 Synthesis of 1,1-Re0(CO)8(ButNC)2

Re(CO)Ql was synthesized from Re,)(CO)7*i) and 10 in
refluxing benzene (see later), and its purity was judged
by its infrared spectrum which showed no Re”CO) 1Q. 56
BuNC (2.3mmol) was added to a refluxing solution of
Re(CO),,I (Immol) in benzene (30ml) with Pd/CaCC”* (101)
(5mg) catalyst. The reaction was monitored by infrared
spectroscony and judged to be complete within 15 mins.
The product, a yellow oowder, was obtained in 82 yield
and microanalysis found C=28.01i , H=3.2b , .\=4.88 ,
1-21. 'O ; CI13HI$( ?Nfel required 0=27,72 . H=3.2CWf
N»4.9?r and 1=22. 53r.. ther spectral data are given in
Table 3.3.

he(CO0)g(ButNC)~I (Immol) was added droowise as a
thf solution (2>ml) to a solution of NaRe(CO) 218 in
thf (30ml 1. The reaction mixture was stirred under an
inert atmosohere, at 60 C for 24 hours after which time
the solution appeared lightly darker. After filtering
and solvent removal the required product was obtained by

recrystallization from a refrigerated hexane solution.



Only low product yields (- 30 ) were obtained and
microanalysis found C=2B.S51f.-, H=2.52%
requires C=2. . 15% H=2.36! , X=3.67y . The physical and

spectral data are presented in Tables 3.1 and 3.2.

3.4.6 Isomensation of M,( u) (HufNC), (M=Mn or Re)

All isomeris,\tion studies were done in i - octane
solutions under an inert atmos: here at a known constant
stirring ate. Pure .amples of the 1,1 and 1,2-disubsti tuted
dimanqanese and dirhemu compounds were obtained as

described earlier.

Figure 3.6 Structural Isomers of (AC ) MMi3uTNC)2

CNBul Bu NC

n*(00)*(du v A ( .Immol) was heated in i- octane
at a variety of temperatures (see Table 1.7). The
isomerisation was mom 'ored by infrared spectrophotometry
over a period of - o hour during which time eouilibrium

Af hed, A similar study of the isomerisation of
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The chemistry of MnRe(CO), has been largely neglected
over t.ie years and the few reactionsthat have been rerorted

are listed below. L'he direct synthesis of derivatives from

InRe(Cu)l ; have ei ther involved reactions at a carbonyl 221

or substitution of a carbonyl by PR (&<l h, ORh or Buni

to give a carbene or 'InRe(CO) , .dne M ¥ ¢ ]~2222"
Indirect methods from Na n(O . and (o-ohen )ive(CO, Zn"CI*

or fron , e(0 j: \B)'< (X=halide and MnfCX))*- (Na or Ksalt)
have also been used to obtain MnRe(G , derivatives 64» vy
such as n e(0 A(o-)hen 1and n e'.'l1 "(UAB).2/*"

The electrochemical reduction of ' \Re(CO)1 ) was studied
by Gross qt >1 70 arid the reduction ootentiai was found to
be intermediate to that of Mn (O | and -e,x X)1) (as
exnected) but the metal-metal bond dissociation energy was

found to be greater than that for either In, 00', ) or

e ,(0 , *  F n- ei wa -e.-n to undergo a phase
transit; n in the 1iolid tate a' )°C ' ' very similar to
that undergone by n,( < , (o8nC ' and Re.1(Cv)]
(43°C). 211

inetic studies f the substitution reactions of
n e( , “with 10S hines h, ve been reported. '1 !
e-lacenent of one carbonvl lioand was found to give
nredoni nantly §$ product in which the 1; land is introduced

into the axial ,ite on the rhenium atom."2' (Figure 4.1)



PR

anc



reformation

mechanism

the

on



Scheme 4.1

MnR «(co)I0” £0 Mn(CO),(cNBu*)R*(CO0),

- A Mn(co)sRe(co)4cNBulJ

The following study was undertaken in the hone of
clarifying this little under toori reaction mechanism.

The reaction between n e ( and u - was *Utied«

the BufNC being chosen as the substituting liaand as
.t has a small cone angle 233 and thus steric factors
in the course of the substitution reaction should be
elim oized. Further, KNC can act as a bridging lioand
(like CO) and the possibility of the transfer of
unsaturation between letal centres can be further
investigated.

During the course of thi synthetic id kinetic
investigation the monosubstituted product A h/iNC)

was isolated and if crystal and molecular structure

67.
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determined. Prior to this work the structures of only
three Comdexes containing a manganese-rhenium bond have

been determined, they are:

cis-Mn(CC)5,Re(CO)4C( (ref. 222)
Co(CO).vvin.h'e(CO)4( p -C( h)CC (ref. 54
enke(CO 9. (HRe(CO)5 - (ref. 234)

4.2 Results and 1liscussion

The ohvsical and snectral oronerties of the complexes
MM'(CL -Q( iuCNC MM, M'= 'n, e and the complexes
nrelCC / \C (,--8ut, rl, Xy, Cy are given in Tables 4.1
and 4.2 respectively.

nRe(C- , wa obtained in yields apnroaching 7 C
Although this nroduct did contain some in.,(CO ~ impurity
it could be mnfied by fractional -ublimation, the
Mn2 (CO;" subliming at room i- ineratures with pressures of
L io""a atm. sufficiently oure material was obtained so
that the C >substitution reaction could be followed clearly
by infrared snectroscony . Occ v;ionally traces of n”(Ct **
were found as an imnurity in the heteronuclear dimer, this
reacted rapidly and generally, substituted nroriucts
MnRe( CO ~(RNCi and n2(0 , ) ~RNC n(n*l,2 could be

seoarated by column chromatooraohy (silical. The reaction









Of MnRe(CO)lo with ButNC, (4.1), gave only one monosubstit-
uted product MnRe(CO)Q(ButNC) as detected by thin lay®r
chromatography (silica, hexane) and infrared spectroscopy.
This oroduct was taken un in a minimum volume of hexane

and refrigerated, and after 48 hours orange crystals suitable

for diffraction studies were obtained. This leaction (4.1)

MnRe(CO)v) + ButNC —* MnRe(CO)g(But.NC) 4.1

rencated on a smaller scale using hexane as a solvent and
followed at 25°C by infrared spectroscopy to obtain a rate
constant which is compared to those obtained for the
homonuclear dimers in Table 4.3. This oroduct was shown
conclusively by an X-rav diffraction structure determination
to have the Bu NC bonded to the rhenium atom (sece later).
This rhenium substituted isomer could not be converted
thermally to the manganese substituted isomer (95°C, 8 hours)
as determined by infrared voec.troscooy. The reverse
isomerization i.e. from the manganese substituted isomer
tindeoendently synthesized) to the rhenium substituted isomer
was also not observed at 9<1’1over a period of 8 hours.

Thus, initial substitution of manganese followed by
ligand isomerisation to oive the rhenium substituted dimer
can be ruled out as a possible mechanism for the first

substitution of MnRe(CO,, | by BufNC. Metal-metal bond
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substitution is much slower than that observed ror first

substitut on. Xcis-labilizing ability, would be ordered

Mn(CO) 3y Re(CO)4(ButNC) > Re(CO)5

which combines with the c.ata presented in Chanter 2 to give

an overall ordering:
Mn(CG) 3(:iutNC 2 > Mn(C< i4(ButNC) > Mn(G Ke(Cv ;4 ( iut C) >
Re(CO)..

"nlike the cis-labi liratipii data presented for the comnlexes
vi(C( 4. ir(M= n, e;L='" ,:>Cryi., PPh3,F(01’h g) 128,129 ster.c
factors are negligible and the series i-a result or onlyv
or oredoninantlyv electronic effects.

Subseouent work in this laboratory 292 nas nroducec a
mixture Of disubstitutfd oroducts from the reaction of
(CO -Mnke(C< “Bu' - and tii/ *C, but with a dominance of
(CO)-MnRe(COj y and a lesser a fount of

(CO au”NC MnRe( :0 ;( ur Ci.This confirms the ordering

.resented above with Mn(CO . having a ireater cis-labi lizing
effect than ie(CO ,( <u' C . Study of the reaction of the
di substituted conm’exe withisonitrile ( F ., ) is in

rogre s and a coinari son, u .no the reactions:

© t
2,2- ne(&l .ydi C - > 1,2, 2 lie( 17(Bu\\)3
t t -0 t

> 1929 -

1,1,2- ’nRe(C&v -( u'\C 3



of rate constants and product ratios will lead to being

able to place We(CO)"(BurNC)0 in the above order.

4.3. X-ray Crystal looraphy of ‘“1nWe(CO)9 (8ut.NO)

Single orange plate shaned < ystals were obtained after

a period of 48 hours from a refrigerated hexane solution

of ,vinKe(GO)Q(8ut.NC). Using oscillation and Weissenb< rg
photographs, recorded with Cu-Ka radiation, the space groun
and unit cell dimensions were determined. The crvstallog-
raphic and physical data for this complex are recorded in
Table 4.4. the intensity data was collected using a thilios
PWI100 four-circle diffractometer, using nickel monochromated
Cu-KQ radiation. Accurate unit cell parameters and crystal
face di ensions were obtained to make absorption corrections
to the data at the later stages of structure refinement.
\fter eaco oroun ol h7 reflections three standard reflections
were easured. These were een t be decreasing slightly
with time. The data was corrected for Lorentz and polariz-
ation effects;absorption corrections were only made after

all non-hydro'ion ato:>is had been po itioned.

The vector corre < >onding to the two rhenium atoms, in
the asymmetric unit, were loc ‘ed on a iatterson mnan and the
subsequent two Fourier synthe”e revealed the posi ons of
all the non-hydrogen atoms. The structure was fir"t refined

by fu -matrix leat-t jouares with isotropic temperature



TABLE 4.4 Crysta 1lographic and Physical L."ta
for the Complex Mn(CO)5Re(CO)4(Bu NC)
Crystal Data
Formula Ci*"HgNOg"nFe
Molecular Weight 576.36
Velting Foint 103°C
Crystallisation Solvent hexa ie

Crystal System

Soace Groun

lonoclinic

P2/n

a/}f 15.202(3)
b/g 2 .356(5)
C/A 12. )51(3)
3/° 91.54 (6|
V/A' 3339.45
8

Dc/gem 5 I. >94

Pm (by floatation;/gem 1.90

P (Cu-Ka 166. )9
F(000; 217 3.55

Data Collection

Crystal Dimensions/mm . 15x0. H5x0. )mm
:>c.an  ode w - 9

>can meed/' 0-, 0.048

Scan idth/ 0 1.2)

onge c¢. nn«d/ 9 5 - po

lumber of ef lections Collected =V'4

Number of observed t?flection 5" ,
Significance test i0>0 (Fc,
Stability oi tandard eflection '3.a



78.

factors. The calculations were ca rted out m aC D C Cyber
174 commuter of the C.S.I.R* with the )helx-'h oackaqe of
commuter programmes. 236

The structure was refined using a unit weighting
scheme and onlv isotropic temperature factors to R = 13.24-',
Inclusion of absorption corrections reduced this to
Rf = 9.89': = 8.76") . The final coordinates of all the
non-hydrogen atoms in the asymmetric unit ar given in

Tables 4.5 and 4,o0. » Orteo diagram %37

of the molecule
is given in Tig. 4.2 and the narking diagram is given in
Appendix C. Average selected bond angles and bond len iths
are given in rablet 4.7 and 4.8 anrl tables of iso ronic

and anisotrooic temperature fetors along with observed

and calculated structure fact r are liven in ependix

4. 4.i-cm ;'
The crystal structure of n ei )(Tu |(') makes interesti nc
comparisons with two other groups of previously reported
structures: 1 those heteromet.> ic complexes containing
a'm- e bond and 2' those complexes with the general
formula M (C( ).. . . . €« ~ t=1in, <: n=1-4

<nly three other structures ha'been published that
have contained a Manganese-rhenium bond and pertinent
structural detail are oiven in Fable 4. > The Re- n bond
length deter-,i..« hem ,- , ) A longer than the average
:n-'.e bond reviow Iv re wrted and both the lanoanese-



t #
Finure 4.2 Crystal Structure of MnRe(CO0)o(Bu NC)
Re Mn
1117
IM1
CH

0
)elected bond lenqths aiven in A,
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Fractional

in Molecule 1.

TABLE 4.5
x/A

Mn .1265(°5)
Re .2556(2)
Cl .0477(25)
C2 .2233( 16)
C3 .1256(25)
C4 .0479(18)
Cs5 .1454(31)
Cé6 .1881(22)
Cc7 .3140(23)
C8 .3297(22)
c9 .3335(19)
CIO 1727(19)
Cll .0706(18)
Cl2 .0662(35)
Cl3 -.016 5(24)
Cl4 .1053(33)
01 -.0045(21 )
02 .2831(14)
03 .1222(24)
04 -.0021(16)
05 .1483(22;
06 .1596117)
07 .3483(20)
08 3667(17)
09 .3827(16)
N 1276(17)

y/B
.3453(4)
4251(4)
.2968(20)

.3124(15)

4140( 11)

.3871(20)

2844(15)
.4036(20)
4446(19)

.3505(12)

4784(15)
5035(11)
5981 (j.2\

6371(24)

5715(25)
.6399(22)
2662(18)
.2942( 13)
4541(12)
.41 25( 16)
2474(11)
3861(14)
448 3(15)
.3038;10)
5132(13)
L 5465(11)

Coordinates

z/C

3066(6)
.1890(9)
.3793(32
3766(26
.3992(24
2166(25
.2028(26
0547(19
.3305(17
.1698(29
.1135(30
2124(26
.2372(24
1372(33
.2518(41
.3247(35
4221(30
4267(22
464221
1583(22
. 1372(18

>290( 14

. 1.62(16
1548(24
0742(23
.2233(22

of Atoms



Fractional

in Molecule 2.

TABLE 4.b
x/A

M .6991(4)
Ke .6946(3)
Cl .7077(50)
C2 .7609(23)
C3 .8070(12)
C4 .6581(26)
C5 .5918(12)
Co6 .8143(11)
C7 .5732( 12)
C8 .7399(29)
Cc9 .6959(29)
CIO .6526(25 1
Cl11 .6126(21 )
Cl12 .6813(27)
Cl3 .5904(33)
Cl4 .5350(28)
01 .6892(27?)
02 .7910(15)
03 8713 (12"
04 6161(21 )
05 .5230( 12)
06 .8849(11)
07 .5033(12)
038 7613(21)
09 .687Q(33)
N .6304(18)

V/ B

.3525(3)
3776(5)
.3363(30)
L4270(11)
3169(17)
L2734( 1))
3907(16)
4087(17)
.3489(22
2916(1)
. 3913(22)
4696(9)
.5842(10)
6287(21)
5917(25)
6044(29)
.3391(13
4775(7)
.2905(14)
.2285(14)
4132(15)
.4276(15)
.3283(17)
.2386(8)
3997(14)
.5210(8)

Coordinates

z/C
. 1278(6)
.3707(7)

-.0194(13)

1237(30)
1474(25)
1628(31)
1312(32)
.3655(27 )
3704(32)
398 5( 34)
. 5246( 12)
.3258(28)
2771(22)
.3126(38)
'597(25)
3351 (44)

1124(22)
.1204(19)
1677(25)
. 1785(25)
. 130'7(22 !
3648(22)
.3688(23)
4082(24)
. 6183( 18)
.3076(20)

of Atoms

81.



TABLE 4.7 Average Bond Angles for the Molecule

Mn(CO) 5Re(CU)4 (ButNC)a

Ke-Mn-Cl 178.4 16)
Re-Mn-C 8". 5 11)
eq
Mn-Re-C ¢ 88.4 U)
eq
*1n-Re-C7 89.8 10)
Mn-Re-C9 177.0 9)
Mn-Re-CIO 86.7  8)
Mn-Cl-01 177.4 7)
Mn-C  b-0 173.9 6)
eq
Re-C ¢-0 173.9 7)
eg
R«-C7-07 173.8  6)
Re-C9-09 173.9 17)
Re-C10-N 177.4 5)
C10-N-C11 175.7 6)
N-C11-Cd 110. 1 6)
c-cii-c'l 1)8.7  6)

Measured in degrees, e¢.,s«l. in parentheses.
J Average for enuatonal car'oonvls.
¢ Average for C6 and CS8.

Average for Cl12, Cl 3 and 1 14.



TABLE 4.8

Mn-Re
In-Cl1

Mn-C b
€q

Re-CecC
Re-C9

Re-CIO
C10-N
N-Cll1
cn-cd

C-0

a Measured

o

C

Average

Average

N~ Average

in

for

fo-

for

Average Bond Lengths,

for

Mn(CO ) [Re(CO)4(ButNC)a

A with

L2«< S.
C6-C 3.

Cl12-(

2.975

1.817

1.946

1.879

2. 89

1.143

1.396

1.456

1. 151

e.s.ci.

14.

(4)
(9)
(5)
(5)
W)
(9)
(9)
(9)
157

(3)

the

in narpntheses.

loleculp
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for either of the homormclear diners. If direct
substitution on the rhenium aton is assumed>l= then the
rate of substitution ner equatorial carbonyl is more
raoid than either of the homonuclear dimers. This is
strongly suooortive of the mechanism sugnested earlier in
which the grout) X(X= 'n(Cu) )causes a labilination -'f the
¢c_i_s-carbonyls in XRe (CO)”" relative to Re2(CO) X<sHe( CO )" -
The structure of the .nonosub- t: tuted heteronuc lear
dimer n e(C( ),"But.NO) wa =completely solved by X-ray
crysta.loaramhic nethods. Thi , showed conclusively that
the catalysed carbonyl ub t.tution reaction of MnkefCC)"
gives a nroduct substituted at the rhenium atom. The

structure shows no unusual features when comparisons are

lade with other known structures of the tyne (CO “g n(hNc :

n=1-4:M= n, e: =-e, lal,. o - , I, @

o isomerisation oi m e( (X i*( JulNO > .va observed when
either the nanganese or the rh«mui ubstituted dimer

was heated in i — octane solution to %0 inr 8 hours.



4.6 Experimental

4.6.1 Synthesis of MnRe(CO)j

A sodium amalgam (NXx, 4mmoles; Hg, 5ml) was preoared under
an inert atmosohere in \ two-necked flask equipped with a
side-arm which was fitted with a tan. ,' Ino (CO i (Immol)
was added dronwise ”“s a tetrahydrofuran solution (30ml;
and a rapid colour change (yellow to green) was observed.
stirring at room temperature was continued for a further
hour after which the amalgam was ooureti off through the
side-arm and the reaction ixture washed with a further
3ml of clean mercury.

The solution of NaMn(CO _ was used in -itu and yields
were assumed to be 7JE*. n an rooriate amount of
x'e(C )g.3r (1.4mmol) was then added to the Na n(CO)”" as a
thf solution ('""ml . This mixture was then stirred over-
night at room tennerature before solvent removal and ether
extractions yielded the reouired product in approximately
70 yield. The complex was identified by comparison of its

a.*z‘zo

not and infrared .nectrum with the literature dat

*

Yields of ?'aMn(CU) were probably greater thin 707

but cn excess Na In('<m)» WV preferable to an excess of

ke(CO)-3r in the wub<eouent reaction.



4.6.2 Substitution Reactions of MiKe(CO)

In the presence of the catalys* 1'dO, a solution of
'stnKe (CU) |,, (1 rnol ) and isonitrite (1.1 mmol), in hexane
(50ml) was stirred under nitrogen at room temperature and
the reaction monitored by infrared spectroscopy or thin
laver chromatography (silica, hexane/benzene). The
reactions were usually complete within 4 hours (as judged
by infrared spectroscopy. The monosubstituted complexes
were purified by recrystallization from a hexane solution
at —p"C. Yields were between 65-75%

The complexes were all shades of yellow. Other
physical and spectral data for the complexes with R=8uT,

;1 ,2,6-Me, '"M1”~ and CfH, , are given in Table 4.2.

4.6.3 Synthesis of M CO)4(ButNC)Re(CO) g(eq)

I,2- :n,(CO)8(Rul «C)2 war prepared from Mn,,(CO) "*() and

2.2 equivalents of Ru NC using PdO catalyst as described
earlier (Section 3.4.2). The required product was then
synthesized in the same manner as MnRe(CO)* ~ Section 4.6.1)
using 1, 2-Mn,;(CO)8(Bu’NC) in pl'ce of Mn.,(CO)* T h e
required product was obtained as orange crystals from a
refrigerated hexane solution and was fully characterized

by spectroscopic and analytical techniques (“able 4.1).

4.6.4 Isomerisation of MnRe(CO)g(But NC)

Isomerisation studies were carried out %s described carlier,

3,4.6. No isomerisation was observed at 90-95°C in under



5. SUBSTITUTION REACTIONS CI? [7;pRu(CO)J 2

5.1 Introduction
Cyclopontaclieny 1 metal complexes have been of special

interest since the discovery ox ferrocene. n nee then

many eyelopentadienyl metal carbonyl complexes have been
synthesised and their chemistry is intimately related to
the develon.nent of orqanometal lic chemistry. l.ie oresence
of the cyclooentadienyl 1 oand can influence the chemistry
of the metal carbonyl fragment, for example, it was recently

orcoosed that the cyclooentadienyl ligand oro otes an

unex ected associative oathway for ligand substitution
. . . 137
reactions in stable 18-electron organometallic complexes.
Indeed, modifying the cvelo entadienyl ring can have
dramatic effects on both the rate and mechanism of the
. . . 22H- '4]
carbonyl substitution reactions.
Studied in this chapter are the substitution reactions
of jco u(Q )Y with isonitriles. This metal dimer
first re orted in 1<62, ha b«< largely neglected when
compared to the analogous iron i ound "e ( )= e

In order to place this work in mt< xt comparisons between

these two dimers vi.ll be tade throughout this chapter.

It is interesting to note that recently the mixed letal

p43
dimer :0 ,( X j '2 hac; been ,vnthe i ed © and a

crystal structure howed two carbonyl to :e r jino.'

91 .
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N 245,
The iron dimer ha. been prepared by several methods

4”, hich of )erally involve the reaction r.f an iron
Carbonyl with cvclorx ntadieno or one of its derivatives
such as nethy Icyclooentadi ene f “or
eienta nethvl eye 1 >pentadi <ne. fhe ruthenium dimer however,
was first svnthf ised from |[i i(('< And NaCn.
once then othei ruthenium carbony 1 halides and
sodium cyi lopen tadienide h ve \lso been usee,247-249
luantitative yields of the ruthenium dimer have been reported
when synthesised from H,Ru .(CO)12 and eyelonentadiene 250
in the -resence of air, where s analogous reactions using
other ruth# niurn carbonyls qive lower yields."zs) 252
he organic cheoi try of the diruthenium .centre
stabilized by ryelonentadienyl and carbonyl 1i jands has
only recently been reported,“ but of import mce in this
dissertation are the sub 1litution reactions of the ruthenium
di ter. It i1l become clear rro.n this study (seec below j
that the ruthem u di ler is relatively chemically inert
co® >ared to the iron dimer and this partially accounts for
the limited available data on the chenistry of jcnRu(CO)J -
The lonosub- t.ituted complex* s cp~1'>,,(co) RNC)
(i e, t,!T', u’,i’h have been renared by direct substi t-

ution on the dimer." 154,255

The phenyl isonitrile complex
ha: al,0 been reported from the reduction of

J'2(:0( h< 1 I imi more forcing conditions the



more highly substituted complexes Cp,,Fe., (CO),, (RNC)"
(e.g. R=Me, 1t,Bu,Ph) and Cp,,Fe0(CO) (RNC)3 (R=Me, Et,Prl)
h.Ave been prepared but only tvith lower or unreported yields.
The synthesis of the completely substituted dimers
G  Fe2(KNC)4 has been reported 2 >7 and recently a crystal
s icture determination and variable temoerature IH NMR study
on comp It of this type has been performed." " Fewer
isonitnle substituted derivatives of the ruthenium dimer
have been prepared. Unspecified yields of the monosubstituted
complexes Cp2Ru2(CO)3(RNC) (R=Me,Et,Prl1,But) were obtained
by prolonged refluxing in xylene of |cpRu(CO) I and
isonitrile.255 Only with isopropyl isonitrile has the
disubsti tuted ruthenium dimer been obtained * and then only
in low yields from a reaction involving prolonged heating.
Other reactions of the dimer carbonyls |[cpM(CO)2J 2 which
are relevant to th s work include the reaction with
halogenated hydrocarbons CX4(X=C1,Br) to give the carbonyl
ij lides CpM(CA )2X (M=Fe, Ru '"“ ¢). The same carbonyl
halides are produced by the thermal metal-metal bond
cleavage of the dimers in the presence of the halogens
X, <M=Fe,263°264 Hu252°265,.
ml re have been several reports of nhotochemical
reactions of |CpFe(CO)2] , with halocarbon solvents 260*261»
Put ten with other ligands (in non-halogenated solvents).

Until recently it was generally believed that the photo-
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reactions of [cpFe(C0)2] 0 occurred via the 17-electron

radical intermediates C p F ¢ (C G )~ . However, for the
photochemical reaction of p3pFe(C0O0)oJ 2 with phosphines or
chlorocarbons a recent paper has proposed an intermediate

with no metal-metal bond but a bridging carbonyl:'*7

Cp(CO) 0Fe( )J-CO)Fe(CO)(PR3)Cp

This substitution reaction is inhibited by a carbon monoxide
atmosphere, the quantum efficiency dropning by 36%. The
thermal reaction of the ruthenium dimer with phosphites,
P(OR),, gives a mixture of products CpRu(CG) and
CpRu ( P(OR)1J .,~P(O)(0OR)0'j . "h8 Under vigorous conditions
(14C'°C, 48 hours ) a mixture of CpORu0(CO)3(PR3) and
CpRu(CO)(PR3)H was obtained from jcpRu(CG) 0 and phosohine
PR_(F*=Prn Me”Ph) and when excess PMe2Ph wasused
CoRu( P-'e ,Ph) ,H was preoared. There have been few studies
of photochemical reactions of the ruthenium dimer but one,
which may be of importance in future studies of models for
catalysis, is that with ethene.'241

The iron dimer has been found to bea catalyst of some
importance both in photoinduced radical reactions 469 and
u.ider strictly thermal < mdi tions.* The catalytic
role of the ruthenium dimer in substitution chemistry has

7 277
to date been Le we 11 studied.2



The substituted derivatives of these dimers can oe
difficult to identify by spectrosconic means due to the
number of structural isomers that may be present in
solution. The ronorlion of each isomer present depends
not only on the steric and electronic properties of the
group, R, but also on the solvent and physical conditions
under which the system 1is being studied. The difference

in chemica shifts of the bridging and terminal ligands means

1 13

that "H and C nuclear magnetic resonance can be used to

distinguish between the structural isomers and hence help
to determine their propert fs in solution. For example,
the substituted iron dimer complexes Cp”Fe,, (CO) ~ (kNC)r
(n=1,2) have been shown to exist in solution as a mixture
of lapidly interconverting structural isomers.,274

In th s chapter the catalysed carbonyl substitution
reaction , as developed for other systems e.g.
Mn?/CO) /0,1 R ((X)jO, 1 Fe(CX})c etc., were used to
synthesise substituted derivatives of the ruthenium dimer
with a variety of isonitrile ligands. This work represents
a preliminary investigation of the |Cpku(CO),1 , system,
and will be elaborated on in future work.”3 ' The ultimate
ot jactive of this work include the catalysed synthesis of
the complexes in the series Cp”Ru”CO) " r)(RNC)(n=1-4) and

a study of both the chemistry of these substituted dimers
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. . . 277 . .
(e.g. reaction with electrophiles ) and their possible
role as catalysts especially in those reactions in which

found a use.272’273

5.2 Results

The catalysed reactions of tne dimer |CdRu(CO,2 | with
iscnitrile occurs rapidly and could be readily followed
by infrared spectroscony and the extent of the reaction
monitored by the disaopearance of the starting material.
In the absence of catalyst a molar equivalent solution of
isonitrile e.g.Bu"NC and di er could be stirred in
refluxing toluene for 24 hours before SOP comoletion was
achieved. In this ti ne considerable decomoosition was

observed even when the reaction was carried out in the

dark and under an inert atmosphere. Using either

jMoFe(CO) " ,(Mn=Cc le ) or itO” as catalyst,yields > 50%

of crude roduct O were obtained, after
only 6 hours tirring in r ' luxing toluene. Of the catalysts

considered in this study the best was found to be TdO which
for Bu NC gave yields of approximately 80 after only

2 hours stirring in refluxing toluene. Under the same
conditions siri 1 <t high yields were observed for other
isonitriles e.g. 8n vie Id after 1 hour and

2,6-Me"C"H"NC, 90 'y eld alter 5 hours (see Table 5.1).

Pm
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Problems in purification cf these products were found
when column chromatography was used. After extensive
investigation of numerous chromatograohic materials grade IV
alumina was found to cause least decomposition of the
products. Even the use of flash chromatographic procedures
(to reduce the time on the column and thus decomposition)
gave only 40 - 50*% yields of column purified products.
Fractional crystallization is a superior alternative method
of purification and nay be useful in future work, especially
when the more air-sensitive, di-, tri- and tetra- substituted
derivatives are synthesized. The spectral data for the mono-
substituted derivates synthesized in this work are presented
in Table 5.2. Microanalytical data for these complexes was
obtained and founu to be con=it ant with spectral character-
isation. The complexity of the infrared spectra suggests
a mixture of structural isomers is present for all complexes
except Cp./urCO)3(Bu <C) . Indeed, the bridged isomer
might be expected to be les', favoured in the ruthenium dimer
because of the increased metal-metal bond length, (as compared
to the iron di ner). This howe'er is not found in practice.
Iv has been suggested that the need to bridge a longer
metal-metal bond is more than compensated by relief of steric
interaction between the eye lonentadienyl lioand and the

255
alkyl substituent of the isonitrile. The NMR
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spectra are however simple whijh suggests that if a
mixture of isomers is present that ligand scrambling is
rapid on the NMR timescale. A mixture of bridged and
non-bridged isomers was observed for the complexes
Cp2Ru3 (CO)3(RNC) (R=Me,It, Pr1) using variable temperature

NMR but only terminal isomers for the tertiary butyl
derivative were observed.255

The disubstituted complex Cp*u” (COx2(BufNC)O0 was

observed when excess Bu NC was reacted with jecpRu(CO)r~ 2
in the presence of Pdo and after prolonged heating (110°C,
6 hours). No attempt was made to isolate this complex and
it was identified by comparison of its infrared spectrum

with the known analogous comolex Cn"Ru-"CO)Z(PrlNC)" 259

5.3 Conelusions

Th.s work indicates that the use of catalysts to synthesize
the monosubstituted derivatives Cp..,Ru,,(0 )g( RNC) is a
viable synthetic strategy. The complexes were found to be
moderately air-sensitive and separation procedures using
column chromatography or thin laver chromatography were of
limited use. No attempt to isolate more hightly substituted

derivatives was made here but the complex Co ,1*2 (CO)2(ButNC)n

NMR spectra may be broadened by the presence of

paramagnetic deccmpos’tion products.

MM!



tabu: 5.1 Catalysis of jlecpRu(CO)* 2

Carbonyl Substitution3

Isonitrile Catalyst Time(hours) Yield(% )b
But NC NONE 24 30
But NC [mFe(C( )J 5 50
8utNC PtOA 6 55
3utNC PdO 2 60
MeNC I 4 65
PrINC I 1 45

I 1 80
2,6- e2COHINC It 5 90

All reactions done in rerluxinp toluene using a mole
ratio of reactants jcnku(G ! KNC of “pnroximately

1:1.1 .

Estimated by infrared smnectro cony.
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was observed when a solution of j~Cpku(CO),f] , and 2 mole
equivalents of ButNC were subject to prolonged heating in
the presence of catalyst. This catalysis of the substitution
reactions shows potential as a method of obtaining more highly
substituted dimers. Clearly there remains scope for improvement

in choice of catalyst but the principle has been demonstrated.

5.4 Experimental

5.4.1 "Jener 1

All solvents vere routinely dried and distil led under nitrogen
before use, and reactions were done under an inert atmosphere
in normal laboratory lighting. Infrared spectra obtained on
a Jasco IRA-1 infrared spectrophotometer were suitable for
following reactions.The product characterisation was done
using a Rye Inicam SP 300 infrared spectrophotometer anc a
Varian EM 360A NMR spectrophotometer. Tne catalysts used

were either prepared by literature methods ( j*"MpFe(CO) ?2246)

or obtained fram chemical suppliers (see Appendix A).

4., Synthesis of "CpKu(CO)0J

he crude product, wa» synthesized by the literature method
252

by Dr. 4. C. Albers (N.C.R.L., C.S.1.K.) and further
purified by column chromatography (silica). The first

‘raction (e,uted with hexane) contained unreacted eyetopen-

tadiene iigand which could be recovered and re-used.
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Subsequent elution with dichloromethane gave the oure dimer

in good yields. A less pure product could be obtained

using repeated dichloromethane extractions cf an anueous
solution of the crude product. The dimer is fairly stable

in the solid st«. te and when purified could be stored (at -5°C)
for several weeks before noticable decomposition occurred.

The product was identified by infrared and 1H NMR
spectroscopy aid microanalysis found C=37.90%, H=2.41%;

Cl4H* requires C=37.83

, H=2.27fr,

5.4.3 Synthesis of Cp”Ru,(CO)3(RNC)

jCpRu(CO) 2 + RNC —oeeeme- » Cp2Ru2 (CC )3 (RNC) . 5.4.1

Catalyst (20mg) and RNC (0.22 mmol) was added to a solution
of jecpRu(CO),/j in toluene (30ml). The reaction mixture
was stirred at reflux under an inert atmosphere and followed
by infit--ed spectroscopy. Flash chromatography (silica,
benzene/hexane) allowed isolation of the desired products

in yields of approximately 50??. An alternative method of
purification also used, was recrys*allization from a degassed

solution (benzene/hexane) at -5°C.

pm



6. MIXED METAL TRIMERS MoFe(CO0)14

6.1 Introduction

The logical extension of a study of substitution reactions
of dimers is the extension to substitution reactions of
linear trimers and eventually linear tetramers and
oligomers. Subsequent to the work on the (CO) 1n(M=Mn, Re)
and the eyelooentadieny 1l rutheni umdicarbony ldim*>rc ,the
complexes MMFe(CO)* 4 were chosen for study and the results
of that study are presented in this chanter.

Complexes of the tyne MM1Fe(CO;,4 (M,M'=MnfRe) were
first synthesised by . nubert md Sheline 'lb in 1965.
Mercury lamn irradiation of a mixture of Fe(CO), and
Mn0 (CO), in hexane for 45 minutes, followed by nroduct work-
un gave red crystals of 'nO0Fe(CO” 4. rrmll amounts of
Mn"Fe(CO)* 4 have subsequently been isolated as secondary
products of the reaction between Li j(C7H7)Fe(CO) and
[Mn(CO)48r] 2.8?

The analogous dirhenium comolex Re,,Fe(CO)}4 was

synthesized in a similar manner two years later by Sheline

91

et al. A second nroduct was also obtained from the reaction
mixture. It was 1solated as the tetraethvlammonium salt
and identified as the cluster ~ReFe”(CO)j ~ by comparison

of its infrared spectrum with that reoorted for

[MnFe2 (CO)121 L4 The salt [(C",.)" "4nF«2(C0)"]
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was obtained from the reaction between Mn(CO)" and
Fe(CO) and its structure was proposed to be that of a
trigonal cluster analogous to Fe ~(CO) with which it
is isoelectromec.
The third member of this series of trinuclear carbonyls
(i.e. MW= Mn.ke) was synthesised in an analogous manner
to the previous two, i.e. mercury larno irradiation of a
mixture of Fe(CO)” and MnRe(CO0)"* ..
The infrared spectrum of the complexes MvFe(CO0»14
(M*sMn*, Re.,,'InKe )were recorded in hexane solution and shew
3, 4 and 5 terminal carbonyl bonds respectively.71’86*87 2207
The 'ow solubility of these complexes is well illustrated
by the need to use a 3.0mm path length NaCl cell with
saturated hexane solutions to record the infrared spectra.220
An added problem related to nroduct characterisation is the
decomposition of these complexes in organic solvents.220
The high symmetry required for such simple infrared
soectra and the lack of bridging carbonyls strongly suggested
a linear trinuclear system. This was confirmed for
Mi ?Fe(C0),4 by an X-ray crystallogranhic structure determin-
ation,90'278 from which a mean In-Fe distance of 2.8152

was reported. Levy nt a] 02 have also refir jd crystallog-

raphic data for Re0Fe(CO)14 in which the Re-Fe distances of

5

No absorptions in the bridging carbonyl region were

observed.
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was obtained from the reaction between Mn(CO)" and
Fe(CO)* and its structure was proposed to be that of a
trigonal cluster analogous to “HFe”(CO).J with which it
is isoelectronic.
The third member of this series of trinuclear carbonyls
(i.e. MM* Mn,Ke) was synthesised in an analogous manner
to the orevious two, i.e. mercury lamp irradiation of a
mixture of Fe(CO)* and MnKe(CO)IfJ. 1
The infrared spectrum of the complexes MVFe(CO) *4
(Mn=.Mn0, Reof MnKe )were recorded in hexane solution and show
3, 4 and 5 terminal carbonyl bonds respectively.
The low solubility of these complexes is well illustrated
by the need to use a 3.0mm path length NaCl cell with
sati rated hexane solutions to record the infrared spectra.220
An added problem related to product characterisation is the
decomposition of these complexes in organic solvents.220
The high symmetry required for such simple infrared
spectra and the lack of bridging carbonyls strongly suggested
a linear trinuclear system. This was confirmed for
Mn;,Fe(CO)14 by an X-ray crysta llograohic structure determin-
ation, "' * from which a mean Mn-Fe distance of 2.815A

2
was reported, levy o' ai have also refined crystallog-

raohic data for Fe”Fe(CO)* 4 in which the Ke-Fe distances of

#
No absorptions in the bridging carbonyl region were

observed.
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o

-.S76A and 2.84912 v,ere found. Few other details of this
structure were however reported.

An investigation of the metal-metal stretching frequen-
cies of the compounds MMFe(CO)]; (MM'sMn0, MnRe)established
torce constants ior the metal-metal bonds.” The electronic
structure of these trinuclear carbonyls was investigated by
Oray et al ' and compared to those of other trinuclear

carbonyls such as M3 (CO)12 (M=KufOs,Fe). The lowest elect-

ronic excitation was predicted to be a a —a * transition

which would be polarized along ti.<? metal-metal axis and this
was confirmed experimentally. The absorptions measured at

27 C were observed at 431nm, 380nm cnd 4Q3nm for MMlFe(CO)14
(VV1:ry”*e2iMnRe) respectively. With the scructuial0 )f92%278
4Q.71 , on

and spectral data for these linear trinuclear

carbonyls available a quantum-mechanical study was unaer-
taken 89to develop potential models and calculate atomic
and Average moiecular polar)zahill ties.

There are no reported reactions of the linear trimers
1Fe(C0)I14 (M M -Mn, ke) e" lher resulting in cleavage of a
metal-metal bond or involving carbonyl ligand substitution,
other than the reported decomposition in organic solvents.?2°
'O substituted derivatives have been synthesized indirectly

either. No doubt the synthetic strategy presently used
(i.e. photochemistry), which only gives the starting
materials in low yields is at least partly responsible for

this situation.



The following preliminary study was thus undertaken

with two main aims, 1) the development of a synthesis of

the trinuclear carbonyl complexes in at least moderate

yields and 2) the initiation of a study of the substitution

reactions of the tnmers and their properties.

6.2 Results and Discussion

The synthesis of the trinuclear carbonyls M~*Fe(C0)*4 from
a metal carbonyl halide and a metal carbonyl anion can in

theory be performed in two ways as represented by 6.1 and

6.21
2Na>1(CO)5 + He (CO) 4X2 >M2Fe (CO) 14 + 2NaX 6.1
2M(CO)5X + Na2Fe(CO) 4 *M2Fe (CO) 14 + 2NaX 6.2

(>I=-n,h’e$ X=halide).

Thus the situation 1is similar to that for the synthesis
of MnRe(CC',” ) (see Chanter 4) and as with the MnKe(CO)""

only one of the two possible routes was found to give the

. 7 . o
required oroduct.s On the basis of nucleophilic strengths

it might be expected that the reaction of the suoernucleo-
phile NaOFe(CO) , with MC( )*X (h.2) would be most likely
to give the desired products. Surprisingly this was not

found to be the case and more success was had with the

alternative mute (6.1).
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Although the compound Mn.)i7e(CO) | j was successfully
synthesized (route 6.1) and identified by spectroscopic
means,problems of nroduct decomposition in solution made
purification of the product extremely difficult. As a
consequence of :he problems of work-up it was decided to
concentrate on the synthesis and subsequent reactions of
the an. lagous rhenium trimer, Re, 'e(CO),4. The reaction
of NaRe(C0)< and Fe(CO) (I ., (6.1), (M=Re; X=1) gave the
desired product Re”Fc.CU),t in moderate yields (20-40
based on ke2(CO)1()). The alternative approach, (6.2),
(M=Re, X=1I) gave several unidentified products and sincn
there were also other problems associated with this method‘
the anoroach was not further investigated. The rhenium-iron
trimer was purified by hexane extraction using Soxhlet
extraction techniques and purified trimer could then be
recrystal lized from hexane by cooling. The physical and
spectral data for the trimers 'RFe(CO)L4 (M=Vn,Re) is
presented in Table 6.1.

Having devised a route to the trimer RezFe(CO)1.4 an
attempt was then made to investigate the chemistry of the

linear trimer. In particular the reaction with isonitrile

»
Na2Fe(CO)4 was synthesized by a modification of the

. 279 . . .
literature method ant 1is an extremely air-sensitive

complex and thus required special handling techniques such

as chlenk-tyoe apparatus or ylove-box techniques.

wm %
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was chosen as a model reaction. We were primarily

interested in obtaining information about the site of
substitution and the possible isomerisation of the complexes
Ke .,Fe(C0) j KNO). The reaction of the trimer with isonitrile
in the presence of a catalyst was expected to give a substit-
uted trimer, M)!'"e(CO)j3(RNC) and from a knowledge cf the
catalysed substitution reactions of Fe(CO)”* T~ and
ke,,(CO)’\),197 the substitution might be expected to occur

at the iron atom.

The reaction with BuXNC gave a yellow complex thought
to be a substituted trimer. In order to further identify
this complex, an attempt to synthesize the iron substituted
complex was made usinqg Re(O )*I and NaOFe (CO)3(ButNC)
(synthesized by a modified literature procedure 27° A
yellow crystalline complex was obtained and both mass spectral
and preliminary X-ray diffraction studies strongly suggest
the isonitrile is located at ome of the rhenium atoms in
the substituted trimer. Mass ioectral studies give a
molecular ion of 877 (Re0Fe(CO)13(BufNC) requires 877.11 ).
Other important fragments that wee observed are 168.

(Fe(CO) t, Ms167.89) and 382 (Re(CO)4'ButNC), M=382.16).
Crystallooranhic stu'-es were incomplete because of problems
encountered in collecting and correcting the data on a
small crystal which was decomposing with tirr.e, best results

0
obtained gave an Fe-ke distance of 2.80(1 A and showed the



isonitrile to be equatorial on a rhenium atom which is
essentially octahedral. The exact correlation Of infrared
and NMR spectra data vetween this complex and the product
of direct substitution on the trimer, Re”"Fe(CO)”, show
the product of monosubstitution is the trimer derivative
substituted at rhenium. The product of the indirect
synthesis gave a substituted rhenium atom by a mechanism
which remains presently inexplicable. This product could
only have been produced in one if two ways: I) initially
the iron substituted trimer was prepared but rapidly and
irreversibly isomerised to the rhenium substituted trimer
or 2) the isonitrile was transferred before trimer
formation possibly in an intermediate such as

NaFe (CO)g(ButNC). Re(CO)r> Thus the substitution reaction
of the unsubstituted trimer with liutNC is thought to be
occurring directly at a rhenium atom.

The reaction with isopropyl isonitrile gave a complex

identified by comparison of spectral and physical properties

(Table b.l1) with analogous complexes 1 to be
Re.,(CO)8(Pr1.NC)2. A possible explanation for the observed
product is: 1) substitution of one equatorial carbonyl
ligand at each rhenium atom, 2) metal-metal bond cleavage,
yielding a solution of "*Re(CO)4IPrINC)" and " 'Fe(CO)4"
and 3) rapi” decomposition or reformation of metal-metal
bonds giving 1,2-Re2(CO)g(Fr’NC)"» and other unidentified

meta 1 compounds.



Clearly further work is

viability of the catalysed

trimer KeoFe(CO0)l” and further

pathway. The data suggests this

difficulties both in the

starting materials and also the

required to
substitution
examine

trimer
synthesis

reaction with

establish the

reaction on the

this "decomnosition"

system has inherent

and solubility of the

isonitrile

can lead to product breakdown.
b.3 Conelusions

As an extension of the ecarlier work, on the substitution
chemistry of metal carbonyl dimers, the trimers offer
analogous possibilities. Thus information on selective site
substitution (e.g. in heterometal lie systems) as well as the
oossibility of pathways which may include metal atom re-arrange-
ment may be studied using trimers. The work presented here
illustrates the potential of such a study.

Further work depends upon the adeouate development of

synthetic strategies and purification
starting materials which has only
for Fe, ,Fe(CO)j~. The heterotn metallic

MnkeFe(CO)l; can not be

synthesized by

procedures of the

presently been achieved
carbonvl

the method used here

but when available, an analogous study of the substitution
chemistry could be undertaken.

It was hoped that the use of inert atmospheres and dark-
ened reaction vessels would eliminate #*he anticipated problem



r: metal-rnetal bond cleavage but c learly the result with
isopropyl isonitrile shows such bond rleavage may not have
been eliminated. The results of this preliminary study
did not oro/e sufficiently rewarding to warrant further

study.

6.4 Experimental
6.4.1 Synthesis of Fe(CO)MNN 72M(

Ke(CO)5 (Smmol) was stirred ir a two necked flask

112.

under an inert atmosphere in a cold bath (- 0°C). 10 (5.2mmol)

was then added droowise as a cooled chloroform solution (50ml)

over a period of 10 nins. Stirring at 0 1C was continued for

a further 45 mins. Excess iodine was removed using an
aqueous scdiui thiosulphate extraction and the chloroform
solution was dried using anhydrous sodium sulphate.
Filtration and solvent removal left a dark crystalline
material in yields approaching 80 . The product was ident-
fied by infrared spectroscopy 1 and analysis found

Oil 41", I=57.b5 : C"U~"Fel® reouires C=11.39°, I--56.19.
Before wuse. i-"efO.) 0 w. stored in the dark, under nitroge-

and at -5°C.
6.4.2 Synthes ,s of Fe(CU)3(Hut\C)I ,

This was synthesized as above but replacing Fe(CO).
by Fef CO) 4 (:sut,NC), which was prepared by the catalytic
method from Fe(CO)s and Bu NC. The product, a black

solid, was obtained .n 45 yield based on re(CO)and was
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identified by comparison of mpt (72-74°C, decomp.) and
infrared spectra (yNC,2200(vs)cm : yC0O,2100(s), 2065(m),

204S(rn)cm*“ 1, CHC1 s) with those in the literature.
6.4.3 Synthesis of Re(CO)SI

See Chapter 4.

6.4.4 Synthesis of Mn(CO)"I

A solution of Mn. ,(CO) () (S5mmol) in tetrahydrofuran
(30ml) was added to a sodium amalgam (Hg 7ml/Na 12mmol,
in a two-necked round-bottom flask equipped with a
side-arm with a two-way tap. An inert atmosphere was

maintained at all times up to the work-up of the product.

The solution became green after -5 min stirring at room
temperature (20°C). Stirring was continued for a further
30 mins. The amalgam was drained off using the side-arm

and maintaining a positive pressure of nitrogen and the
remaining solution washed with a further 5ml of mercury.
Draining off all mercury leaves a solution of NaMn(CO)1=.2~18
A “*trahydrofuran solution of 1, (10. Smmol, 25ml) was then
av.ded dropwise to the NaMn(CO)r. After a further 15min
stirring the crude product was dried, taken uo in chloroform
and filtered. An aqueous sodium thiosulphate extraction

was used to remove any excess 1,, and after drying the

solution with a ydrous sodium sulphate,solvent removal



(rotory evaporator) left a semi-crystalline orange/ted
. e . 282,283
nroduct, identified by infrared soectroscopy
and analysis found C=19.15%, 1=38.95%; C505Mnl requires
C=18.66%, 1=39.42%.

6.4.5 Synthesis of Nake(CU)S5 218

A solution of Re.)(CO)If) (Immol) in tetrahydrofuran
was added to a sodium amalgam (Hg 3ml/.Na 2.5mmol) whilsv
maintaining an inert atmosphere. The reaction was stirred
at room temperature (~0°C) for a further 3 hours. The
tmalgam was drained off and the remaining solution washed
with fresh mercury (2ml). The solution was then used
in-si. t-u and a quantitative yield of NaKe(CO)* was assumed.

279
6.4.6 Synthesis of NaoFe(CO0)4

A sodium sand (22mmol) was oreoared in refluxing
toluene under a nitrogen atmosphere in a Schlenk tyoe
aonaratus. The toluene was removed using steel tubing and
whilst maintaining an inert atmosphere,a benzoohenone (Immol)
solution in tetrnhvdrofuran (50ml) was added. To the intense
blue solution, Fe(CO)r (1O0mmol) was added dropwise always
maintaining t 3 blue colour. vhen either all the Fe(CO)"
was added or the blue colour did not return within an hour,
the reaction was assumed comnlete. The solvent was removed
using a vacuum line and the croam powder washed twice with

freshly distilled, dried and degassed hexane which was
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transferred ' ' means of steel tubing to the reaction
The product darkened and spontaneously inflamed with traces
of air. Na2Fe(Cu) , was used in situ and the syn. ?s s was

assumed to be quantitative based on Fe(CO),..
b.4.7 Synthesis of Na“KeiCO)”*(ButNC)

Fe(CO) j(Hu *NC) was synthesired from Fe(CO)” and Bu*"XC,
this was then used as a tetrahydrofuran solution in the same
manner as Fe(CO)" in the previously described synthesis of
NaOFe(C<>)-« Being ev”n more air-sensitive than Na2Fe(CO)4,
the product Na,Fe(CD) t(Bu?NC) was used in situ and assumed
to be produced in ouant.tative vields. The product when

dried was seer, to be pale pink powder which spontaneously

inflamed in air.
6.4.8 Synthesis of Re?Fe(CO)14

a) Reaction of NaRe(CO),- Fe(CO)4In

Fe(CU)41, (1*Smmol) in tetrahydrofuran (30ml) was
added dropwise to a solution of Nake(CG),. (?.8mmol) in
tetrahydrofuran (25ml) maintaining an inert atmosphere. The
reaction was stirred for a further two hours at room
temperature (20°C). Solvent removal left a brown crude
reaction product. Hexane extraction removed a yellow
fraction which was not identified. A Soxhlet extraction

was then performed on the remaining brown powder using hexane.



After two days of continuous extraction using 250ml hexane
at -60°C the solvent was removed and on cooling to room
temperature microcrystals formed. Cooling the solution in
a dichloromethane slush (-77°C) a pale yellow powder was
collected by decanting off the solvent at low temperature.
This pale yellow powder was identified by infrared spectro-
scopy and melting point 163-165°C(uncorrected{ lit.163°C
>1). The yield was estimated to be 24% based on NaRe(CO)".
A tetrahydrofuran extraction of the remaining brown
powder gave on solvent removal a yellow powder, which on
continuous pumping became pink, this colour change was seen
to be reversible on pumping or exposure to air or solvent.*
The spectral and physical data for the product, Re,re(CO)" 4,

is presented in Table 6.1.

b) Reaction of Na.,Fe(CO)4 and Re(CO). I

Re(CG;rl (2mmol) in tetrahydrofuran (30ml) was added

to Na”Ke(CO)4 (l.lmmol estimated) in tetrahydrofuran (30ml)

whilst maintaining an inert atmosphere. Reaction was rapid
with instant darkenina of the solution. The reaction was
stirred for a further 6 hours. A black solid remained after

solvent removal but no hexane soluble fraction was obtained
from the solid. A tetrahydrofuran extraction gave a red
This product remains unidentified and is being further

investigated.
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solution which on long exposure to air (e.g. filtration)
became green. The infrared spectra of the red and green
solution were recorded and neither had any bridging

carbonyls. The red oroduct, B, and the green product, C#
both gave crystals from refrigerated tetrahydrofuran/hexane
solution but neither was identified. The crystalline
compounds have physical and spectral properties as follows:

B) mpt, 105-1 )7°Ci i.r.,2145(w), 2090(w), 2065(w), 2040(vs),
2005(s ), 1090¢( 1915(w) and analysis C, 12.30?; H, 1.57% and
N, <0.3

C) mot, 97-100°C:i.r., 2073(m), 2045(m), 2020(vs), 1983(w),
1977(s) and ana is C, 18.04 ; H, 2.02% and N, <0.3%

(melting r its aie uncorrected and i.r. were,run in hexane).
6.4.9 Synthesis of HeOFe(CO)*(Bu~rNC)

a) Reaction of Re ,Fe(CO) "4 with Bu N

ButNC (0.1 mmol) was added to ReoFe(CO0)14 (0.09mmol) in
tetrahydro furan (50ml with idu (10mg) catalyst present.
The reaction was followed by thin layer chromatography
(silica, hexane(60)/benzene(40)) and was judged to be
complete after 3 hours stirring at room temperature (20°C).
The crude product was obtained by filtration and solvent
removal. The off-white product had increased hexane solub-
ility and the infrared, N*R and ultra-violet spectra of
this new compound were recorded (Table 6.1). Yields of
Re ,FeiCO) ] 3(Bi”NC) by both methods (a) and (b) were found

to be 25 - 30



b) tieaction of NaRe(CU)r with Fe(CO)g(Bu A

A solution of Fe(CO)3(But.NC)lv (2.5mmol) in tetrahydro-
furan was added dropwisr to a NaKe(CO),. (S.Ommol, estimated)
solution. The solution darkened rapidly and after a further
2 hours stirring the solvent was removed on a vacuum line.

A hexane extraction of the crude product gave a yellow/orange
solution which gave yellow crystals after 3 days refrigeration.
These crystals were found suitable for Crystallographic study
and a crystal structure determination was initiated. The
physical and spectral data for this complex correspond
exactly to that obtained from the reaction of ke, ,Ke(CO;]4

and iutNV (6.4.Qa), and are presented in Table 6.1.

e.4.1 ) Synthesis of Mn2Fe(CO)l14

n(< ),1 (2mmol) was added dronwise as a tetrahydrofuran
solution to a solution of Nt.,Fe{CO)4 (Immol, estimated).
After 2 hour* stirring at room te iperature, filtration and
solvent removal on a vacuum line,a brown powder was obtained.
Hexane extraction removed a yellow powder identified as
in2(" ). . Isc of 1 continuous ioxhlet extraction on the
brown powder fhexane at - 60 C) resulted in isolation of
a single product (a determined by thin layer chromatography).
Filtration and solvent removal left a red powder in low yield
This was identified by mpt 115-117°C (Lit. 112 C, ) and

infrared spectroscopy (Table 6.1), (yield 15-20!%) .
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6.4.11 Reaction of Re”Fe(CO)i” and Ir N(.

rh( reaction described earlier (6.4.9a) was repeated
usinp isopropyl isonitr3le in place of Bu NC.

The tetrahvdrofuran solution containing both reactants
and PdO catalyst was followed by thin layer chromatography
(silica, hexane(60)/benzene(40)). stirring was continued
for 4 hours at room temperature and the crude product
isolated bv filtration and solvent removal. kecrystalliz —
ation from hexane gave an off-white product whose physical
and spectral roper tie are given in T.'ble 6.1. By comparison
with other isonitrile substituted derivatives of ReA(I/,\O§AQ197
the product wa: idenlliied as 1,2-—ke0(CO) (Pr Nv.) and was

isolated in 40 yield.



/ CONCLUSIONS

As discussed in earlier chapters the understanding of
reactions of transition metal complexes, such as ligand
substitution, is pertinent to the development of synthetic
and industrial chemical orocesses. A complete understanding
of a mechanism can be difficult to obtain and may involve
not only kinetic investigations but also structural and
synthetic work, all of which have been used in the course
of this study. The conclusions that can be drawn from this
work with a few possible interpretations and suggestions for
future work will now be discussed.

A study of the reactions of the complexes
v (CO), A(id\C)  M='eIn, He#n=0-2) with isonitriles, resulted
in a comprehensive set of rate constants for both the
catalysed and uncatalv ed (when t, ~ 4 hours, at 120°C)
carbonyl substitution reactions. iome of the more nteresting
observation' resulting from this study will new be discussed.
Lower cemneratures were required for the uncatalysed carbonyl
substitution reaction of MnO(CO f by Hu NC than for the
enuivalent reaction with either phosphines or labelled carbon
monoxide (13CO), This would suggest that either the
substitution reaction with BuTVC contains an associative
term (which seems unlikely as no ligand dependence was

observed) or that previous reactions have not involved a



Ipurel dissociative reaction. is there is no evidence to
support either of these possibilities, the reasons for this
effect are presently unknown. Catalysts such as PdO provide
a high yield route to the substituted complexes

M1(CO)1 ( n(RNC)(i( 1=Mn, re ;n=1-41 which proceed rapidly at
ambient temperatures, whereas the uncatalysed reactions
required prolonged heating. The Arrhenius plots for the

reaction s
t t CO t
Mn ,(CO ,0(Bu NC) + AulC -—mmm- > 4n”(C0)g(Bu NC)2

confirrr that the activation energy barrier for the catalysed
reaction is ;nly about ..alt of that for the unca”alysed
thernai reaction. further reductions in the activation
energy barrier would be expected when more effective catalysts
are discovered. Homogeneous catalysts have largely been
neglected here and indeed their study may provide more
effective c. taly ts for the future, although then problems
of product isolation must be overcome for synthetic utility.
The initially formed disubstituted dimer is the 1,2-isomer
(the kinetic product) in both the catalysed and uncatalysed
reactions. The i1 lomerisation between the 1,2- and 1,1-
disubstituted dimers is unaffected by catalyst or excess
isonitrile and ,tudie have hown that the 1,2-disubstituted

dimer is also the thermodynamic allv favoured product. The
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slow rate of isomerisation of the structural isomers of
nn(CO)8(HutNC)rules out the possibility of initial
formation of the 1,l-isomer followed by isomerisation as

the reaction mechanism. Indeed the rhenium analogue= of
Mnu,(CO) .(BufNC) <could not be interconverted at temperatures
up to 120 C. Thus an alternative mechanism involving direct
substitution onto the unsubstituted metal atom of the dimer
M (CO)Q0*U NC) was ronosed (see earlier). This mechanism
can be used to explain all the kinetic data for the
substitution of MV (CO); _ (BuTNC)n( "Mn,Re;n=0-2) by
isonitriles presented in this dissertation, as well as
previously reported data on other ohosphine and isonitrile
derivatives. Thus an order for degree of labilization of
cis-carbonyls by a group X (X=I(Co)”*(Bu 'NC)*) was determines.
The results presented earlier suggest orders of increasing ci s-

labilization are:

MC(/) < "((".( )4(But:iC)< (CO)1tBut nC) (M= In, Re)

and

RO ¢< n(@c.

If the vork on the substitution of 'NCO" “by larger
ligands (e.g. ohosnhines) is considered, then it is suggested
that subsli tion occurs initially at an equatorial sit'- and
steric factors encourage rapid rearrangement to give axial
substituted deri natives. Indeed nost reported data on



Mn6-(co)iu—nLn (L=phosnhine# n=1,2) are consistent with
axial phosnhine substitution, )1 whereas the di-rhenium
analogues are known with both axial and squatonally
substituted phosphines. '’ ~'1 Such observations are
consistent with the proposed importance of steric factors,
as the metal-metal bond lennth is approximately 0.215
longer in the rhenium dimers.

The movement of ligands (RNC,CO) between metal atoms
was observed for the complex M n(CO)*(BulNC)” but not for
the rhenium analogue or for the mixed metal dimer
'nRe(CO)g(Bu NC). Thi: is also thjught to be related to
the increase in metal-metal bond length, although increased

netal-isonitrile bond strength may 'e the reason why no
isomerisation is observed. The rearrangement Process for

Mn”*tCQ) tj(ButNC)”® was found to be intramolecular and

ummolecular and a mechanism involving two bridging linands,

analogous to that widely accented for |cpFe(CO) ~! ° was
proposed.
Catalysed substitu in of carbonyls was found useful

for the synthesi o. the monosubstituted derivatives of
the mixed letvl dimer, MnKe(CO), * These derivatives,

mnKe(CO)g( R.V;) were fullv characterised and the Question
of site of sub' titution was solved conclusively for the

molecule InRe(O )"(tiufNC) by X-ray crystal structure

123.



determination. Indeed the molecule MnRe(CO)u(ButNC) was
found to be substituted at rhenium, with the isonitrile
in an eo* arial site. This is a little surprising when
metal-carbonyl bond strengths are considered but may be
easily rationalised by the mechanism proposed earlier.
The determined bond lengths for this molecule are
comparable to those renorted for other similar systems
e-9- dMn-Re * 2°¢975' o dMn-CG = dRC-CO = ’+896°
etc. A bending of the equatorial ligands was observed with
an average metal-metal-equatorial carbonyl angle of 86.4°,
similar to dat' renorte . for the analogous homonuclear
dimers. The manganese substituted comolex MnRe(GO ig(ButNC)
was synthesised indirectly and an X-ray crystal structure
determination on this diner is to be oerformed in the near
future.

The reactions of |cdKu(CO)J ,, with a variety of
isoni triles to give Cp2Ruo(CO0)3 (RNC) were performed using Pd
a catalyst. These comoleves had previously been preoared by
low yield methods which involved prolonged heating and so
the catalysed method offers a conveni t alternative route,
‘his study is to be followed uo with attomdel synthesis
and 1 olation of the di tri - and tetr&subs <tuted complexes.
These complexes are expected to be more air-sensitive and
th"s problems if purification may be more significant,

esults of this study suggest recrystallization may be a



sunerior method of purification than chromatug”aohy.

The mixed metal trimer e( CO)| ™ was oreoared . m
Ren(CO)1 ) and Fe(CO)s via N&Re(CO)” and Fe(C(-)412 and this
method affords better yields than present literature methods.
Unfortunately nurification involved solvent extractio hich
v:is not suitable for the analogous manganese complex which
was far less stable in solution. The first substitution
reactions of the linear trimer Ke.)Fe(CO))4 were carried cut
using isonitriles and a palladium catalyst. Such substitution
resulted in isolation of a monosubstituted trimer complex

or products of metal-metal bond cleavage.
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Appendix A

THE SOURCES 0~ CHEMICAL , USED IN THIS STUDY

Chemicals used that required no further purification

were ourchased from Chemical suppliers as listed be low:-

(al B. D. H. Laboratory Keaqents,
Pd/C (5%
(b> 3. t.wen Jones,
Na (metalj.
(c Fluka A. u. Chemicals,
3u JC, PrINC, CfHI,'JC, 2,b-Me C*H~ANC.
(d; Johnson 'atthey Chemicals Limited,
d_, 1tv.,. CoCl. .01l ,
(e erck Chemicals,
Id/CaCec , (1 , molecular sieve (tyoe 4?&), KI,
benzoohenone, silica gel and alumina.
(f rotea Laborat ry ervices,
I , sodium thio-ulohate.
(ni -.AAR Che . Pty. Ltd.,
Br2.
(h; itrem Chemicals Incorporated,

Fe(CC )5, In2(CO), )f Ke.~CO)~ ,.



Appendix B

GENERAL EXPERIMENTAL DETAILS

(a) Chemicals
The chemicals used in this study were either obtained
from the sources indicated in Aooendix A or synthesised

by the methods indicated in the relevant chapters.

(b) Solvents
The solvents used were obtained from a variety of
sources and. were generally of "Chemical Purity" or
of Analytical Grade. Solvents were dried and distilled
under a nitrogen atmosphere prior to use.
Benzene and tetrahydrofuran were distilled from a
sodium benzoohenone ketyl solution. Toluene, n-octane,
i — octane and xylene were distilled over molten

sodium. lexane was distilled from calcium hydride.

(c) Experimental Details
An inert atmosphere was generally maintained for all
reactions aad additionally all kinetic work was done
in foil covered glassware to prevent radical
involvement. Reaction temperatures were generally
maintained at a constant value (20.5°C ) using
thermostat controlled oil-baths. To monitor reactions,
samples were removed using a syringe through a

Suba-seal. Thin layer chromatography was performed



on silica gel (Kieselqel 60, F254) or alumina
(aluminium oxide 150, F254, tyoe J). Column
chromatography was generally carried out under air
(except in chapter 5) using silica gel tKieselqel 60,
63-200 m) or neutral alumina (aluminium oxide 90,
63-20 ) ;n). Other grade alumina was preoared from
neutral alumina following the manufacturers

recommendations.

Recrystallizations were generally performed in the
dark under an inert atmosohere at -5°C, ecither from
hexane or a mixture of hexane and other organic

solvents.

Instrumentation

Infrared spectra were recorded using NaCl cells of

e.ther .1oir .> im athlenoth on either a Jasco
I X1, a ye (uicam 3 or a Perkin Imer 5806
instrument. vhen problems of low solubility were

encountered or spectra of particularly important
compounds were involved,the spec r\ were obtained on
a Bruker 85 Infrared Spectrophotometer at N.C.R.l
C.m.I.R., retoria, under the instruction of

Dr. “. (;. Albers.

All nuclear naqnetic resonance spectra were recorded
using a Varian '360A N"R spectrophotometer or a

mruker M 80 I X spectrophotometer.
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U.V. — Visible spectra were recorded using a Varian 634
,erie  ilv. - \j ibl spectrophotometer. “lass soectra
were obtained by Dr. D. Boshoff using a Varian Mat CH7
mass spectr<>metei or by Dr. I. 1'ourie at Fotchefstroom
Uni versi ty.

Microanalysic wei@m performed ? « Microanalytical Division
of N.C.K.I .f C.>1.R., Dretorid or for air-sensitive
complexes by the ,albraith Laboratories Inc., Knoxville,
Tennessee, U.S.A.

The oscillation, zero layer and first layer diffraction
photographs for the crystal structure were obtained
using a Seifert lso-Debye?lex 10)1 fully stabalized
X-ray generator. The intensity data was collected by

lr. J. Albain at the N.P.R 1., C.S.I.R., Pretoria.

Mass spectra were obtained with a 70eV ionizing
voltage and the source temperature was between

100 C and 200

wwrm



Appendix C

X-RAY CRYSTAL STRUCTURE DATA

Tables for the final atomic coordinates of the atoms in
the molecule MnRe(CO)Q(Bur NC) along with average bond
lengths and bond angles were given in Chanter 4.

Isotropic and anisotropic temperature factor and structure
factor tables are listed below. Table CI gives the
isotropic temperature factors for the protons in the methyl
group of the isonitrile for molecule 1 and molecule 2.
Tables C2 and C3 give the anisotropic temperature factors
for the non-hydrogen atoms in molecule 1 and molecule 2
respectively, and Table C4 presents the observed and
calculated values for the structure factors. The molecule

packing in the unit cell is illustrated by Figure CIl.

C12, Cl11, and Cl14 were resolved a CH> groups and only

an isotropic temperature factor was determined.

.30.



TABLE Cl Isotronic Temperature Factors for

Methyl Croup Protons

Methyl Group Isotropic Temperature Factor
Carbon Atom Molecule 1 Molecule 2
C12 0. )907 0.1162
C13 O.1320 0.0505
Cl4 0.07 30 0.1301
Figure CI Unit Cell 1iolecular racking Diagram

for Mnke(CO)g (ButNC)



TABLE C2
Ull

Mn 0,0438
Re 0.0491
Cl 0.1175
C2 0.0660
C3 0.0448
04 0.0574
C5 0.1152
Coé 0.0081
C7 0.0089
C8 0.0925
C9 0.0632
CIO 0. )333
Ccl1 0.0410
Cl2 0.1293
Cl3 0.1124
Cl4 0.1094
01 0.1130
02 0.0852
03 0.1228
04 0.0508
05 0.1325
06 0.0597
07 0.0771
08 0.0744
09 0.0572
N 0.0510

Anisotropic

for

u22

0.0339
0.0485

0.0603

0.0226
0.1053
0.0255
0.1462
0.1061
0.0088
0.0195

>.0472

0.0581

0.1261
0.0629
0.09 52
0.1113
0,0468
0.1200
0.1081
0,0547
0.0865

0.0454

Molecule

U33

0.0366

0.0556

0.1028

0.0714

0.1441

0.0837

0.1349

0.079 5

0.0995

0.0845

0.1122

0.0605

0.0525

0.1243

0.0976

0.0887

0.1143

1.0537

0.1123

0.1113

0.1081

0.0626

U23

-0.0008
0.0002
-0.0149
10168
0.0394
-0.02 32
~0.0122
-0.0045
0. 1115
0.0173
0.0046
0. X)97

0.0018

0.0232
-0.0)20
-0.0069
-0.0055

0.0018

1.0040
-0.0025
-0.0010

0.0024

0.0032

Temperature Factors

U13

0.0124

.0056

.0436

.0142

.0053

.0641

.0380

.0060

0211

.0101

.0449

.0006

.0003

.0338

.0059

.0381

0127

1110

0121

.0420

.0056

.0022

.0015

Ul2

-0.0020
0.00 54
0.0041
0.0162

-0.0037

-0.0398
0.0480

-0.3291
0.0279

-0.0190
0.0131
0.0106

0.007 3

-0.0289
-0.0174
-0.0021
0.0002
0.9372
-0. >329
9,0164
0.0063
-0.9084

0.0116



TABLE C3
Ull

ivh 0.0462
Re 0.0517
Cl 0.06 42
C2 0.0313
C3 0.0117
C4 0.1606
C5 0,0454
Cé6 0.04 57
C7 0.0804
C8 0.1282
C9 0.1599
CIO 0.1105
Cll 0.0558
Ci12 0.1030
CI3 0.1053
Cl4 0.1421
01 0.2477
02 0.0566
03 0.0379
04 0.1093
05 0.0590
06 0.0557
07 0.0513
08 0.1145
09 0.1405
N 0.0694

Anisotropic

for Molecule 2

u22

0.0283
0.0497
0.0365
0.0517
0.0717
0.0091
0.0566
0.0590
0.0832
0.0877
0.0663
0.0283

0.0601

0.0304
).069 5
0.0943
0.0916
0.1096
0.0979
0.1419
0.0628
0.0767

0.0106

0.
0.
0.
0.
0.
0.
0.
0,
0.
0.
0.
0.

0.

0.
0.
0.

0.

0.
0.
0.
0.

0.

0

U33

0375

0551

0165

0928

0580

0665

0808

0490

0604

0236

0081

0434

0595

0794

0583

12 58

0918

08 54

0886

0880

0999

0534

.0538

U23

0.0029
0.0036
0.0291
-0. )237
~0.0312
-0.0100
~u,0063
0.0054
0.0196
0.0320
0.0363
0.0084

-0.0225

0.0082
0.0042

0.0195

0. .71
0.0050
20,0244
0.0163
0,0118

-0.0110

Temperature Factors

013

0.0081
0.0090
-0.0404
0.0030
0.0038
0.0146
0.0226
-0.0052
-0.0110
0.0170
0.0040
-0.0055

0.0405

0.0035
0.0055
0.0117
-0.0187
0.0228
0.0024
). 0092
0.0170
0.0230

1.0161

U12

-0.0031

-0.

0001

—+.0558

-0

.0390

.0138

.0462

.0205

.0053

.0240

.1017

.0329

.0838

.0040

.0149

.0242

.0047

.0358

.0048

.02 59

.0327

.0167

.0781

.0029
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