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ABSTRACT

Reactions of transition metal carbonyl and cyclopentadienyl
complexes with disulphides and acetylenes bearing fluorocarbon
substituents have been investigated,

Photoiytic reactions of disulphides RSSR, R = CF3, 06F5 are
considered to proceed via RS-radicals and with dimeric complexes monomers

have been obtained e,g,

RS- .-

[CpMo(CO)3]2 Cpo(C0) ;SR

Use of closed reaction systems has enabled the identification of
thermally unstable compounds such as Mn(co)sscz‘3 and CpNi(CO)SR which
decarbonylate readily in an open system to di-or polymeric mercaptc

bridged complexes e,g.

2Mn(C0) . SCF, — [Mn(C0) ,SCF + 2C0
5 4

3 3]2

The dimers in many cases exhibit isomerism due to inversion at sulphur
and this has been studied by i.r. and n,m.r, spectroscopy.

The photolytic reactions of disulphides and monomeric carbonyls
e.g. Fe(CO)s, Mo(CO)é, gave dimeric ﬁercapto—bridged compounds directly,

e.g. [Fe(CO)BSCF [MO(CO)4SCF3]2, but in the absence of u,v. light

3]2
cpc°(co)2 and CF SSC.F, gave CpCo(CO)(SCst)Z which can be decarbonyiated
to [CpCoscéstz, illustrating that monomeric carbonyls can react with
disulphides to give sulphur bridged dimers via an oxidative addition
reaction; Possible mechanisms of these reactions and steric ard
electronic effects of the substituent on sulphur are discussed,

Reactions of these orgarnothic derivatives with acetylenes
CF_C=CCF, and CFBCECH gave a variety of novel complexes, Complexes

3 3

Cpr(CO)BSCF M = Mo, W,were observed to undergo CO substitution by

3’



CF3020F3 to give CpM(CO)z(CFBCZCFB)SCFB, the variable temperature

n,n,r, spectra of which have been interpreted in terms of restricted
rotation of the SCF3 ligand. Similar complexes were obtained with
CH_C=CCH
3 3
the cyclopentadienone derivative CpMo(CO)[(CF302H)QCO]SCF3 wnich was

and PhC=CPh, In contrast CpMo(CO)BSCFB and CF,C=CH gave
7.

photochemically decarbonylated to [Cpr[(CF502H)2CO]SCF3]2.

Insertion of CF,C=CCF; into the Mn-S bond of [Mn(CO)4SC6F5]2 gave
Mn(C0)4C(CF3)=C(CFB)SC6F5 while CFBCECH gave Mn(CO)4(CF3CZH)2SC6F5.
With excess acetylene the former yielded Mn(CO)B[C4(CF3)4806F5] which
*has been shown by X-ray studies to contain a non-planar heterocyciic
sulphonium ion [04(CF3)4§C6F5] bonded to an Mﬁ(CO)3 species, Several

ofher examples of acetylene insertion into M-S bonds were observed but

with [Fe(CO),SR], insertion into the Fe-Fe bond gave complexes
372

1
[Fe(co)3SR]20F3023', R = CFy, B, X-ray studies of
Fe(C0),SCF. | CF,C,CF, have revealed that this results in a significant
3773273273 _
change in the Fe282 ring geometry which allows the formation of the

syn (axial, axial) isomer not observed in the parent complexes.
[CpCoSR]2 and CF,C=CCF; in contrast gave CpCoCs(CF3)6 containing a
tetrahapto hexakis(trifluoromethyl)benzene ligand,

Attempts héve been made to rationalise the various reaction types
in terms of the properties of possible reaction intermediates,

Reactions of certain cyclopentadienyl-nickel complexes with hexa-
fluorobut-2-yne gave prcducts resulting from ccndensaticn of the acetylene

and a cyclopentadienyl ligand, e.g.

Cp Ni + CFBCECCFi———CpNi[(CsHS)C4(CF3)4]

while in other cases cycleoeligomerisation of the acetylene was observed,
These reactions have been rationalised in terms of acetylene

coordination promoting a n-o¢ rearrangement of a cyclopentadienyl ligand.



Several complexes were isolated in which a n-cyclopentadienyl ligand
appears to have been replaced by a nickelacyclopentadiene ring,
CpNiC4(CF3)4, e.g. cp2N;§6(CF3)6, CpNi2[C4(CF3)4(05H5)02F301] and
[CSHSNiC2(CF5)2]4. The crystal structure of the last has been solved
and suggests that the molecule is formed by a Diels-Alder addition of
the nickelacyclopentadiene ring of a dipuclear intermediate
[CpNiCZ(CF3)2]2Ito the 1,2 positions of a cyclopentadienyl ring of a
second dimeric species,
The reactions of CpMo(CO)3X, X = C1, Br, I, with acetylenes
«RC=CR, R = CF3, CH3’ have been found to give sixteen electron
molybdenum compleies Cpr(RCzR)ZX and with R = CH3 tetramethylquinone
was also obtained, Variable temperature n,m,r, studies suggest that
the coardinated acetylenes undergo an intramolécular exchange reaction
at temperatures above -25°C, R = CF,, +15°C, R = CH,.

CpMo(CO)3X and PhC=CPh gave sixteen eleétron complexes
CpMo(CO)(PhCzPh)X at low temperatures ( < 50°C) or on photolysis in
pentane, At higher temperatures the tetraphenylcyclobutadiene
derivatives CpMo(CO)(PhC)4X were obtained,

Brief studies of reactions of acetylenes with transition metal
trifluorophosphine complexes suggest that in certain cases the latter
react in a similar manner to analogous carbonyl derivatives, CpCo(PF3)2
and CFBCECCF3 gave CpCo[C4(CF3)4PF3] according to mass spectral
evidence and this undergoes stepwise hydrolysis to [CpCoC4(CF3)4P02H]
via CpCo[C4(CF3)4POF]. An X-ray study of the terminal hydrolysis
product has revealed a structure containing a heterocyclic P(V) ring
n-bonded to a cyclopentadienyl-cobalt moiety, This is analogous tc

CpCo[C4(CF C0] obtained from the reaction of CpCo(CO)2 and CF3CECCF3.

3)4
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The emergence of organo-transition metal chemistry over the pa<t
fwenty years has led t§ a new understanding of the principles which
govern structure and bonding in all classes of chemical compounds,
The development of coordination chemistry has now reached the point
where modern theory can give a convincing explanation for many of the

-new classes of compounds which have been synthesised during the
period of intense activity which followed the discovery of ferrocene
in 1951, |

Research into organo-transition-metal chemistry has necessarily
been an interdisciplinary endeavour and consequently studies into the

.reactivity of coordinated ligands have led to organic synthesis via
organo-transition-metal complexes, Many of the compounds produced
by synthetic transition metal chemists have proved to‘be of immense
use,not only in homogeneous catalysis,but to offer new routes to
organic compounds, employing the principle of carbon skeleton assembly
during complex formation, The many unsaturated compounds capable
of forming w-bonds with transition metals frequently re-arrange to
form new ligands,sometimes organic moieties being produced which are
not capable of separate existence (cyclobutadiene),while in other
cases entirely new organic compounds are formed,

Two areas of coordination chemistry which have attracted much
attention in the past twenty years are those involving sulphide and
acetylene complexes and it is with the organometallic chemistry of
mercapto and acetylene ligands bearing fluorocarbon substituents, that

this thesis is concerned,
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Transition-metal Mercapto Complexes

Since the early 1960's a rapid expansion of the literature on
sulphur derivatives of the transition metals has occurred resulting
in a comprehensive review in 1968.1 The foliowing introduction is
not intended to be extensive in view of this situation and is
limited to the chemistry of organo-transition metal mercaptides with
emphasis on their stability, since this is of relevance t§ the contents
of Chapter I, Two basic types of mercapto complex can be described,
(i) those containing terminal RS ligands(R = organic group, €.g.
CH3, C6H5’ CF3’ CsFSJ which function as one electron donors to a
- transition-metal (ii) those containing bridging RS ligands donating

three or five electrons to two or three transition-metals respectively,

Structure and Bonding

In valence bond térms the metal sulphur bond in terminal mercapto
complexes is formed by overlap of a tetrahedral sp3 hybrid orbital on
sulphur with a ' o type orbital on the metal, In bridging mercapto
derivatives one or itwo of the sulphur Sp3 hybrids containing a lone
pair of electrons donates these to other metals to form a coowdinate

bond, e.g.

- AL *
S N

n—2

/

Like phosphorus, sulphur has empty d orbitals which, if energetic-



ally accessible, could accept excess electron density from filled d
orbitals on the metal to form a metal-sulphur w-bond, .However,
little reliable iﬁformation about the extent to which w-bonding
contributes.to the metal-sulphur linkage is at present available.2
An increase in CO stretching frequencies in mercapto

derivatives of transition metal carbonyls is observed as the electron
withdrawing ability of the organic group R in the mercapto ligand RS

3,4,5,6

- increases, Since this greater electronegativity would
possibly enhance the = acceptor ability of sulphur the implication
is that the M-SR bond has significant = character, However,
electron withdrawing substitution will also reduce the o donor ability
of sulphur producing a similar shift in CO stretching frequencies to
high energy, It.is therefore probable that shifts in carbonyl
stretching frequencies reflect overall changes in ¢ and = components
of the metal-sulphur bond7 ana not,as suggested by some workers,4’5’6
modifiéation to the = acceptor component alone,

| Attempts have been made to relate metal-sulphur and metal-phosphoxus
o and n.bonding in [Fe(CO) 3x]2 X = PRy, SR to the ioniéation potential
of the ligand, and average Fe-CO ionic bond dissociation energies
respectively, these being obtained from mass spectral data.8 The
results suggest that sulphur ligands are less efficient o donors and
surprisingly more efficient = acceptors than phosphorus ligands,

46 9

However, Greenwood ~ and Dessy”’ have studied similar complexes using
Mossbauer spectroscopy and suggest that itransmission of negative charge
in the sulphur complexes occurs mainly via o rather than w orbitals,

Perhaps the most conclusive method of estimating w-bonding
effects is by measuring the metal-sulphur bond length as revealed by
X-ray diffraction studieé. No crystal structures of terminal

mercapto complexes have yet been reported but several studies of complexes



containing bridging RS~ligands have been publisned in which various
types of four membered M’zs2 rings have been found, The four basic

types of ring are shown here :

::::: ‘\\\\ ’/,/’ \\\\\ " & M/,,/’\\\\\
/,,/' ~\\\\ //,/' <ls— N
s \\\\z////

Planar A Non Planar

From the X-ray data available'C it can be concluded that the
metai attempts to achieve either four or six coordination depending on
~the number and type of ligands coordinated to the mefal. Thus the
steieochemistry of the iron atoms in [Fe(CO)BSR]z'is’pseudo~octahedra1

as a result of the grossly non-planar ring system.11 With a planaxr

QO Fe
O S
o C
e O
fD R

ring the metal atoms would be pentacoordinate with trigonal bipyramidal
stereochemistry which is rarely found in transition metal chemistry.12
Unlike sulphur and phosphorus, nitrogen does not have energetically
available d orbitals to from multiple bonds, Thus, from X-ray studies
of transition metal complexes containing M;NRZ, M%PRZ and M-SR linkages,
it is possible, taking into account the different covalent radii of the

bridging atoms,to estimate n -bond character in metal-sulphur and

metal-phosphorus bonds, Comparison of M-X bond lengths X = R_N, RZP’



RS, leads to the conclusion that transition-metal sulphur bonds do
exhibit a slight shortening iﬁdicative of a small amount of dn-dw
bonding, Thus tge single bond covalent radius of sulphur is 1,04 X
so that a cﬁromium—sulphur single bond distance should be close to
2.52 &, In [CpCr(NO)SPh]Z* the average Cr-S bond length is 2,316 &
and the contraction of 0,2 X therefore suggests some multiple~bond

13

character, Comparison of this metal-sulphur distance with the

0
analogous metal-nitrogen distance in [CpCr(NO)NMe2]2 1,99 A confirms
14

Dahl and co-workers have reached similar conclusions
10

this conclusion,
from a comparison of Fe-X bond lengths in [Fe(CO)3X]2 X = NMe2, SEtz.
In the related complex [CpCoPPh2]2,15 despite the fact that the

'~ estimated covalent radius of phosphorus is 0,06 X greater than that of

sulphur, the doubly-bridged Co-PPh, distances are significantly shorter

2
than the comparable Fe~SEt distances in [Fe(CO)BSEt]2 suggesting that
metalfphosphorus bonds have substantially greater multiple bond
character than metal-sulphur bonds,

In planar or near planar M2X2 rings, in the absence of a metal-
metal bond, thé M-X-M angles are in the region of 100°. However,
the presence of a metal-metal interaction produces a reduction in the
M-M distance leading to very acute M-X-M angles in the region of 700,
a similar situation also being found in highly puckered rings with a
metal-metal bond.10 The strong M-M interaction which must exist in
order to maintain such-a distorted geometry has raised unanswered
queétions concerning the nature of the hybridisation and orbitals
employed by the metal in these complexes, In [Fe(CO)BSEt]z the
octahedral valence model of Dahl11 considers the Fe-S bond to result

3

from overlap of an sp3 orbital on the sulphur with a desp orbital

T (Cp denotes a w-bonded cyclopentadienyl ligand, w -C5H5)
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on the metal, However, the acute Fe-S-Fe bridge angle of 68.5o

‘ necessarily requires bent Fe-S bonds, since each bridging sulphur
atom must use two equivalent orbitals to form normal electron-pair
bonds to thé two metal atoms, and equivalent orthogonal hybrids which
point at an angle less than 90° from each other cannot be constructed
from s and p orbitals, The situation seems less clear with [Fe(CO)SS]2
but the octahedral valence model is also favoured by Dah116 for this '
complex, It does however seem contradictory that the Fe-S distance
in [Fe(co)33]2 is shorter than in [Fe(CO)3SEt]2 where because of the

. angular component the amount of orbital overlap is greater,

It has been pointed out that in the isostructural complexes
[Fe(CO)BS]z, [Fe(CO)BSEt]z [Fe(CO)BSC(C()HS)]z” the largest Fe-Fe
distance is associated with the shortest Fe-S linkage suggesting
that the sum of the bond energies of the orbitzl overlaps in Fe-Fe
and Fe-S remains fairly constant, However, Dahl and co-workers have
noted'? in a structural comparison of [CpNiPth]2 and [CpCoPth]Z,
the latter of which has a metal-metal bond, that the metal phosphorus
bond lengths are not affecied by the immense structural alteration |
resulting from this bond, |

It therefore appears that the stability of the four types of M282
ring depends on a variety of factors, 1In the absence of a metal-metal
bond maximum overlap of metal and sulphur orbitals can occur when the

rings are planar13 and it is notable that no great distortions from

plaharity have been observed in such rings. VWhen metal-metal bonds

are formed, despite the resulting apparent incomplete orbital overlap
within the ring, no significant dec;ease in stabilty is noticeable,

It seems probable that in M-M bonded rings the stability is a function

of both M-S and M-M overlap but in view of the rather contradictory



bond lengths in [CpNiPPh2]2 and [cpCoPPh2]2 and [Fe(co)33]2 the
situation remains far from clear, 4
A consequence of the octahédral valence model presented by Dahl

for highly distorted M2X2 rings is that the metal-metal bond arises
through the non-colinear overlap of a pair of the apical orbitals,
one from each metal, This results in the formation of & so called
bent metal-metal bond which has aroused some controversy, The
resulté of a single-crystal broad line 5900 N.M.R, study of
Co2(CO)818 vhich, according to Dahl's theory, would also contain a bent
.bond, do not support this conclusion but suggest the cobalt-cobalt
interaction is direct, This is in agreement with the M,0, treatment
of.Coz(CO)sPhCECPh presented by Brown'? which predicts a direct
metal-metal interaction, possibly through the 4pz orbitals,

| A recent qualitative symmetry-based molecular-orbital theory of
the stereochemistry of di- and polynuclear complexes of the main group

and transition metals containing bridging RS-, R_P- and related ligands,

2
has been presented by Mason.20 This approach adequately explains the
range of metal-metal distances found in these complexes and the linear
relationship observed between this distance and the M-5-M angle in the
sulphur derivatives, The size of the bridging ligand X in M2X2 rings
is considered to be relatively unimportant in agreement with the
conclusions of Dah11o and it is also suggested that 5-S and M-S bond
lengths should be independent of metal configuration, It is
concluded, perhaps significantly, that M-M bond lengths, which are
decided to a large extent by the electronic configuration of the metal,
play the decisive role in determining the M-X-M bridge angles in Méx2
ring systems,

As a result of the X-ray studies described it is now well



established that in di- and polynuclear complexes the sulphur,
being divalent, has a2 pyramidal configuration, As a result,
isomerism is possible due to the relative configurations of the organo
groups R about the bridging sulphur atoms.21’22'

With planar rings two isomers are usually possible, the syn and

anti forms'illustrated.

R\\§’//////’M\\\§/(B %f'//////’*\g\§//R
N A

syg Anti

It can be seen.that if for example R = CF3 both isomers would
each exhibit a single resonance in the 19 N,M.R, spectrum, In many
cases only one signal is observed at ambient temperature and this can
be reconciled with the presence of only one isomer, Alternatively
the inversion at sulphur could have a very low activation energy
resulting in rapid flipping of the organic groups R above and below the
plane of the M282 ring22 to give only a single time averaged resonance,
24 low temperatures it has proved pogsible to identify both isomers
of [CpNiSCH3]223 whereas the syn and anti forms of szTi(SMe)2Mo(CO)4

24

can be detected at 34°C. These results suggest that the barrier

to inversion depends largely on steric interaction between the organic
substituent on the sulphur and other ligands coordinated to the metal,

With non-planar M_S, rings, as in e,g, [Fe(CO)BSR]z, three

252
isomers are possi’ble‘1 now. In general when R is small e,g, CH3’

CF3,26 two isomers can be detected, the syn (e,e) and anti (e,a) forms

25

(e - equatorial, a - axial) but with bulky R groups only the anti



i (é’é) R | u(//// \\\< éyn (a,2)
' » \S/ \S‘
S i \ o

R
Anti (e,a)

isomer is observed.27 In this type of complex the barrier to
inversion appears to be relatively high compared with that in planar

'rings, since it has been possible'to isolate both syn and anti forms

of [Fe(CO),SMe], by chromatography.25 Studies of isomerism in a
) > -2

variety of similar complexes have been ﬁade by Bor and factors

27

affecting isomer equilibria subsequently identified,
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"Mononuclear Mercapto Complexes

The reactions of sulphur and sulphur derivatives with transition
metal carboﬁyls and cyclopentadienyls have produced a wide variety of
unusual organometallic complexes.1 Considering the fairly extensive
range of transition-metal mercaptides which also contain a =» -bonded
‘ligand it is perhaps surprising that it is only as recent as 196328
that a mononuclear derivative was first reported although at the time
it was not recognised as such, ‘

. Dimethyldisulphide and CpW(CO)BH react to give a product
originally formulated as [Cp'W(CO)ZSMe]Zz8 but which was later shown to
be CpW(CO)BSMe by Knox and Havlin, These workers also prepared a
range of similar complexes CpM(CO) 3SR, M = Mo, W, R = Me, Ph, C/F,
but CpMo(CO)3SMe, could not be isclated, since it apparently decomposed
under the conditions of formation to give [CpMo(CO)2SMe]229’3O. The
C6FSS derivative on the other hand showed exceptional thermal stability
and could not be decarbonylated to [cpm(co)2s06F5]2 M = Mo, W under
any conditions, Later work by Stone showed that unstable monomers

M(CO)SSCSF M = Mn, Re, could be isolated from the reactions of M(CO)SH

5

and C6FSSH under mild conditions, in contrast to similar reactiions
which gave dimeric, and even tetrameric complexes, with less electro-
negative groups attached to the sulphur, Re(CO)SSCF3 has since been

igolated’ but all attempts to obtain Mn(CO)BSCF have met with

3
faiiure,3’32 only dimeric [Mn(CO)4SCF3]2 being isolated,

Monomeric complexes CpFe(CO)zsR have been reported with a wide
variety of R groups‘4 and it is notable that even the CH3S derivative
is fairly stable, thermal decarbonylation to [CpFe(CO)SMe]2 being

effected only above 70°C.33 The CSFSS derivative could not be dimerised



34,52

thermally or photochcmically,even under severe conditions,
It can be deduced from the results described that the thermal
stability of mohomeric carbonyl mercapto complexes depends on several
factors, in'particular,_(a) the metal, (b) other ligands coordinated
to the metal, (c) the electron withdrawing #bility of the organic
substituenf R on the sulphur, The last factor was originally

recognised by Hayter35’36

who prepared several monomeric (CF3)2AS
complexes which exhibited unusually high thermal stability, In
several cases monomeric selenium and tellurium derivatives have been
isolated and their thermal stabilities found to decrease in the order
RTe > RSe > RS?7* Monomeric RzP- complexes are known,38 but are less
common, since more drastic conditions are frequently required to
prepare such derivatives, and dimerisation usually results, This will

be discussed more fully in Chapter I with relevance to the mechanism

of formation of RS- and RZE-’ E = P, As, complexes,

Di- and Polynmuclear Mercapto Complexes

The fact that the mercaptide ligand could be used to bridge two
m2tal atoms in a binuclear c;mplex was realised many years ago and a
large variety of such complexes are now known,

In addition to the doubly bridged complexes thM(CO)ZSR]2
mentioned earlier2’?>° quadruply bridged [CpMo(SMe)2]2 is also known.39’4o
Bowever,'[CpCr(CO)B]2 and MeSSMe are reported to yield an unstable
triply bridged species (CpCr)Z(SMe)3 although the possibility that a
bridging hydride ligand is also present cannot be discounted, A large

variety of dimeric tetracarbonyl manganese and rhenium thiolates

' 1
[M(CO)4SR]2 have been prepared from a variety of synthetic routes,
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An X-ray study of the related seleno derivative [Mh(CO)4SeC%ﬂ241 shows

the Nh2Se2 ring to be planar with the metal atom effectively

octaehedrally coordinated, The reaction of alkylthio derivatives of

$in with M(CO)SX M = Mn, Re, X = halogen results in the high yield

formation of oligomeric tricarbonyl complexes.1’42

Mn(CO)SBr + Mezsn(SR)z —_— {Mn(CO)BSR]n

These derivatives are also obtained in low yield by thermal or photo-
chemical decarbonylation of the dimers [M(CO)4SR]2.1

Al though the alkylthio-tricarbonyls of Mn and Re were originally

formulated as trimers on the basis of molecular weight studies in

31,42

benzene, mass spectral studies indicated that the manganese com-

43

pounds exist as tetramers in the vapour state, A similar situation
exists in the crystal state of [Re(CO)BSMe]4,an X~ray study44 of which
has revealed an almost regular tetrahédron of rhenium atoms with each
sulphur atom equidistant from the three nearest metal atoms and the
CH3-S bonds normal to the triangular planes of the tetrshedron, Thus

each rhenium atom achieves the favoured eighteen electron configuration

without the formation of formal metal-metal bonds,

| ' O Re
(CO groups omitted) o s

[Fe(CO)asEt]2 the first known carbonyl mercaptide was prepared as
ghd 1

long ago as 192 and meny similar derivatives are now known,
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Substitution of carbonyl groups in these complexes by phosphines
arsines and stibenes has been studied extensively and a variety of

complex behaviour found.46'47

In the reactions of [Fe(CO)3SPh]2 and
PRy, R = Et_; OMe, in addition to CO substitution,bridge cleavage was
also observed to give Fe(CO)B(PR5)2. Mononuclear intermediates were
postulated to account for some of the isomeric products obtained and it
was concluded that the reactivity of [Fe(CO) 3SR]Z towards group V donor
ligands is related to the ease of cleavage of the bridging sulphido
ligands,this being more facile with R = Ph than when R = Me, Et.47
This is in agreement with the stability of monomeric complexes containing
terminal RS ligands described earlier,

In addition to the dimeric tricarbonyl complexes just described,
various derivatives of a polymeric nature are frequently obtained from
the reaction of the iron group carbonyls with disulphides,but little
is known about their stru,ctures‘}8 Fe(CO)z(NO)2 reacts with organosulphur
compounds RSX, X = H, RS to give dimeric complexes [Fe(NO)zsR]249 hut
unlike the tricarbonyl derivatives the F9252 ring is planar and the metal
atoms tetrahedrally coordinated.so

Decarbonylation of the dicarbonyls CpFe(CO)ZSR described earlier
gives the dimers [CpFe(CO)SR]2 which exist in two isomeric forms,
one of which is thermodynamically more stable than the other,

Extensive studies of the stability of the monomers and dimers and isomers

of the latter have been carried out by Knox4’51’52

and this is discussed
in greater detail in Chaptef I,

Cobalt carbonyl was originally reported to react with mercaptans
to yield complexes of empirical formula [Co(CO)3SR]253 R - Ph, Et but
subsequent workers have been unable to reproduce these results.54

Instead,complex reactions have been found which give a variety of

complexes depending on reaction conditions, e,g. Co4(CO)SSEt)7
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Co4(CO)7(SEt)3,005(CO)9SPh55 etc, and in some cases 003(00)95,
CoB(C0)7S2 and [002(00)551n are found indicating C-S bond scission,

| X-ray structures of several of these coumplexes have been reported by
Dah1.1’56

However, the observation that electron withdrawirng substituents

attached to sulphur tend to inhibit formation of polynuclear complexes
led Bor and co-workers to investigate the reactions of CoZ(CO)eiéith
disulphides RSSR, R = C6 5e 6015, which gave dinuclear complexes
[Co(CO)st]2.57 The number and intensity of CO stretching modes in
the i,r, spectra of these derivatives according to Bor suggest the

presence of a metal-metal bond, which is only possible if the S-S5 bond

is retained and the sulphur atoms are tetravalent, An X-ray

(CO) Co” "Co(co)s

\s/
R’ \s
\

diffraction study éf these derivatives would 5e desiiable in view of
this unusual and unexpected bonding situation,particularly since the
phosphido complexes [C°(C°)3PRz]2 R = Ph,58 CF5,59 are also known
which givé similar infra red spectra,

CpCo(CO)2 end dimethyldisulphide react with complete CO expulsion
to give [CpCoSMeJ2 for which a puckered ring structure similar to
[Pe(co)SEt], is proposed.®  However, [CpNiSR],, R = Me, Et, Ph
obtained from the reaction of nickelocene and RSH,61 probably have
planar M2S ring systems, Interestingly, the reaction of nickelocene

1. 34

and C F.SH gives black polymeric [CpN1806F5

65

High polymer mercaptides were originally obtained from the



reaction of N’J’.(CO)4 and disulphide562 but soluble hexamers were also’
obtained by later workers, An X-ray study of one of these [NiSEt]663

hd s I3 ¢ *
has revealed an interesting crown structure,

O N
O s

o Et
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INTRODUCTION

Recently several trifluoromethylthio derivatives of transition-

metal carbohyls and cyclopentadienyls were prepared (1) from the
3,64

metathetical reaction between AgSCF3 ahd carbonyl halides, and

(2) from the thermal cleavage of CFBSX, X = SCFB, SCH

32,65

3 Cly P(CFB)Z,

Early attempts to prepare CF3S

in the presence of metal carbonyls,

derivatives using the disulphide CFﬁsSCF3 were unsuccessful66 but an

alternative method of synthesis was suggested by recent work in these
laboratories, On photolysis in pyrex apparatus CF3SSCF3 gives adducts

and telomers with olefins and perfluoro-olefins in reactions which may

67

be explained in terms of the presence of trifluoromethylthio radicals,

On irradiation CFBSSCF3

presence of mercury, CFBSNF269 in the presence of FZNNFZ and CFESCI70

in the presence of (COCl)2. All of these reactions are postulated to

has been reported to give (CFBS)ZHgG8 in the

proceed through CF,S radicals produced by homolytic cleavage of the

3

disulphide, These radicals are also postulated as intermediates in

the formation of (CF3)2S on irradiation of CF,SSCF, in quartz reaction

37773

vessels, small quantities of elemental sulphur also being formed68
indicating C-S as well as S-S bond fission, However, no reaction was

observed in pyrex reactors and it is noteworthy that irradiation of

CF SSCF3 and olefins in quartz vessels does not give clean products’,67

3
It appears that the filtering action of the pyrex towards high energy
radiation inhibits C-S bond cleavage thus facilitating the formation
of CF3S redicals,

It was therefore decided to study the photolytic reactions of
F_SSCF
CF3550Y;

reaction vessels with a view to the preparation of new complexes contain-

and transition metal carbonyls and cyclopentadienyls in pyrex

ing the CF3S ligand(s), These studies were subsequently found to be
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m and the photolytic method extended to the preparation of

71b

successful

C6r58 derivatives from CGFSSSC6F5'

General Expérimental Methods

Manipulation of non-volatile materials was carried out in a dry
oxygen-free, nitrogen atmosphere in a Lintott inert atmosphere box,
Volatile materials were transferred using standard vacuum-line techniques,
Hydrocarbon solvents were dried over sodium and deaerated before use,
Unless stated otherwise, photolytic reactions were carried out in pyrex
reaction flasks irradiated by a Hanovia medium pressure mercury lamp,
the reaction mixtﬁrgs being stirred magnetically, Molecular weights
were determined by mass spectrometry, Melting points (uncorrected) of
air stable compounds were determined on a Reichert hot-stage apparatus
and those of air sensitive compounds in sealed capillaries under nitrogen,

Elemental analysis are by Alfred Bernhardt, Mikroanalytisches

Laboratorium, West Germany,

Infra-red (i,r,) spectra were recorded as solutions (solvents

indicated in Tables 1.1, and 1,2,) in 0,1 mm cells with KBr windows,
obtained from R,I.I,.C,. Spectra were recorded on Perkin Elmer 225 or

457 spectrophotometers calibrated against carbon monoxide, Qater vapour,
methane and ammonia from Tables of Wavenumbers for the Calibration

of Infra-red Spectrometers, I.U.P.A.C. monograph, London, Butterworths
1961, The following abbreviations have been used in the text : s,
strong; m, medium; w, weak; sh, shoulder; b, broad; v, very;

v, stretch,

Mass spectra were recorded at 70 eV using an A,E, I, M,S, 12 spectro-

meter with source temperature as stated in the text, Samples were

introduced into the ionisation temperature by means of the probe inlet,
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N,m.r. spectra were recorded on Perkin Elmer R 10 and Jeol C 60
H,L. spectrometers operating at 60 m,Hz, for 1H and 56,4 m,Hz, for 19F
n,m,r, spectra, "Probe temperatures were R 10 34°C, C 60 H,L. 20°C.

Spectra were recorded in CHCl. solution, 'JF, and CDC, ,'Hawith CCLF

1
31

272 3
end Me,S5i ,(T.M.S,) respectively,as internal references,
TM.S = 10.0 T
CClBF = 0,0 ppm
SUMMARY OF REACTIONS
(1) RssR + [cph(co)s], Ve CpM(CO) ;SR M = Mo, W
| R = CF;, CfFy
A
(2)‘ CpMo(CO)BSCFB —_— [CpMo(CO)zsCF3]2 + [CpMoCOSCF3]3
A
cpw(Co) 35CF; ——— [cpw(co) 2SCF3] 5
hv
(3) BSSR + Mn,(CO),, — = Mn(CO)SSR
A
(4) Mn(CO)5SR -2 - [r'xn(co)l,}s&]2
(5) RSSR + [CpFe(C0),], —¥e  CpFe(cO),SR
CpFe(C0) ,SCFs _hv [coPe(co)scr, ], |
hv ‘
(6) CFBSSCFB + 002(00)8 — - 003(00)901?‘ + [COZ(CO)SS]n
(7) CgFeSSCEFs + Co,(C0)g hv [Co(C0)55C¢Fs ],
(8) RssR + [CpNiCo], —™ — CpNiCOSR
OpNiCOSR —2 = [CpNiSR]_ R = CFy, 0= 2

R = CgF,, n = ?

(9) [CpNiSCF3]2 + PPh, ——= CpNiPPh_SCF

3773
[M(co) 45CF

3
hv

(10) CFySSCFy + M(Co) 3)]2 M= Mo, W
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hv

[Fe(CO)3SCF3]2 + [Fe2(00)6SCF

(11) cr'Bssm’?3 + Fe(co)5 , 3]23
' + Fe5(00)982 + [Fe(co)3s]2
’ hv "
(12) CFBSSQF3 + Fe2(00)9 + 1s*e(co)5

(13) CFSSCGFs + Fe,(CO), . [Fe(co);5Cc% ],

(14) [Fe(CO)3SCF3]2 + PPh, — = Fe2(00)5(PPh3)SCF3)2

3

—= [Fe(cCO) PPh;SCF

3 3]2
(15) [Fe(CO)BSCFB]z + NO — [Fe(NO)ZSCF3]2

hv

(16) CF,SSCFs  + CpCo(CO)2 Y - [CpCoSCF3]2
17 CFBSSCFs + cp00(co)2 L CpCo(CO)(SCF3)2 ? + unidentified
| | . products
(18) CFSSCFs + Cplo(CO), _bv CpCo(00) (SCFS), + [CpeosC,F,],
. o '
(19) CGR.SSCF, + CpCo(C0), _20%¢ [cpCosC,F ]
. 0
(20) CGFSSCF, + Cplo(C0), 208 CpCo(C0)(SCFs)
pentane ,

(21) CpC<>co(s061i'5)2 /oy V[Cp00806F5]2 + CpCoz(CO)(ScsF5)3 ?



-19 -

RESULTS AND DISCUSSION

(&) Reactions of Dinuclear Transition-metal Carbonyls with

Disulphides CFssSCF3 and CSF5SSC6F5

Reactions of CF_SSCF, and C F_SSC F. with [CpM(C0).]., M = Mo, W
A J U O J <

The cyclopentadienyl complexes [CPM(CO)S]Z’ M = Mo, W, reacted

with CFBSSCF3 in pentane to give orange-yellow crystalline solids

CpM(CO)3SCF M= Mo, Ia, M = W, Ib in 80% yield. Ja was also obtained

3’
from CpMo(CO) 31 but in much lower yield, Irradiation of [CpMo(CO) 3]2
and CéFSSSCGFS in pentane similarly gave CpMo(CO) 5sc6F5, II, in 70%
yield, The CF3S complexes have similar spectroscopic properties to

other mercapto complexes of this type isolated by Knox, who also pre-

pared complex II.29’30

The mass spectra of Ia and Ib give molecular
ions and stepwise loss of carbonyl groups while in the i,r., spectra
three CO stretching modes (2a1, a2)‘are observed indicating the low
symmetry of the molecules (Cs). On this basis a square pyramidal
structure is suggested similar to that of Cpr(CO)5C2F5 as revealed by
72

X-ray diffraction studies, The 19F n.,m,r, spectra in each case gives

a sharp singlet at low field in the iegion (20 ppm - 30 ppm) expected

for terminal CF_S ligands.B’s4

3
Due to the CF5 group reducing the basicity of the lone pairs on
the sulphur3 the thermal stability of these monomers is expected to be
greater than that of CpMo(CO)BSR, R = Me, Ph described by Knox29 and

the following decarbonylation temperatures support this contention

CpMo(CO)BSCFB ~ 40°¢c, Cp-Mo(CO)BSPh ~ 20°, CpMo(CO)3SMe ~ 20°,
OpW(C0) 5SCF; ~ 65°c,
However CpM(C0)3306 5 M = Mo, W could not be decarbonylated under
30

~any conditions,
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Thermal decarbénylation of I(a) in refluxing hexane (70°C)
gave reasonable yields of the dark brown solid [CpMo(CO)ZSCF3]2, IIIa
which from ;.r. and n.m,r, evidence contains bridging CFBS groups.3
The mass spectrum does not give a molecular ion, the highest peak
corresponding to [CpMo(CO)SCF3] *. In the i.r. spectrum two sirong vCO
bands are observed suggestiing that the carbonyl ligands are trans
to each other since the cis isomer would give three terminal CO
stretching modes, Two isomers of [CpM(CO)ZSMe]2 exist in solutionZ®
giving rise to five CO stretching modes, but as with other similar

\ 2
derivatives, e.g. [0pm(co)25ph]2, M= Mo, W, 9 [CpMo(CO)zAs(CF3)2]235

only the trans isomeric forms are possible for IIa based on cis and transg

| 5CFy ligands and the various configurations of the Cp and CO ligands,

so it is obviously impossible to identify the isomer isolated from
spectral data, A singlet in the 19F n,m,r, spectrum could be reconciled
with various possible structures, or alternatively with rapid inversion
at sulphur, However, based on the gauche configuration indicated by

the i,r., spectrum, steric interactions are probably at a minimum in the

trans-gauche isomer indicated below,

/C F3
S (co),
M6///’ \\\\‘Méf 2
«cog/ \\\\\s/’//
ee!

Traces of a green solid III were also isolated from the thermal
decomposition products of the monomer, but insufficient was obtained
for full characterisation, The i.r, spectrum gives a broad band and a

shoulder in the terminal CO stretching region and C-F stretching modes



neaxr 1100 cm"1 characteristic of bridging CFES groups, The highest
. ion in the mass spectrum is observed at m/e 580 = '[cmo(co)scy5]2*,
cf, [CpMo(CO)ZSCFa]z, but the low solubility of the complex suggests a
tri- or tetranuclear species which fragments to the stable dimer in the
mass spectrometer, |

The reaction of [CpMo(CO)3] and (Pth)2 has been reported by

Hayter73

to give dark green [CpMo(CO)Pth]3 which gives a single vCO
frequency in the i.r, spectrum, On the basis of its similarity to
this phosphido derivative it is tentatively suggested that III is

« trimeric and has the following structure,

. /CF3
Mo S
CF3\§/cé \ s
\ Mo
Mo S/ \

Two isomers are possible (neglecting the &isposition of CF3 groups)
but the 1H and 19F spectrum each give a single reéonance in agreement
with the postulated structure, The two vCO modes in the i,r. spectrum
are also in agreement with this conclusion,

Isolation of the dimeric tungsten complexes [CpW(CO)ZSCF3]2
IIIb was not achieved but spectral evidence was obtained for its
existence as one of the products formed in the thermal decomposition

of CpW(CO) 5SCF After heating the latter for 4 hr, in vacuo at 85°C

3.
an infra-red spectrum of the crude product showed,in addition to weak
bands due to the starting material,two strong peaks in the terminal

CO stretching region suggesting the irans isomer by analogy with the
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i,r, spectrum of the mclybdenum complex [CPMO(CO)QSCF3]2' in the
C-F stretching region two sets of two baﬁds were observed,chéracteristic
of bridging trifluoromethylthio groups. However, attempted decarbonyl-
ation of thé remaining CpW(CO)BSCF3 by further heating resulted in
decomposition of both complexes and a pure sample of the dimeric species
was not obtained,

Further attempts to obtain [CpW(CO)2SCF3]2 by thermal and photo-
chemical decarbonylation of the monomer were unsuccessful and this
can probably be attributed to the differences in reactivity of molybdenum

74

,and tungsten derivatives noted by other workers, Evidence for the

existence of IIIb was obtained from the mass spectrum of CpW(CO)3SCF3
at 180°C in vwhich a weak ion at m/e 756 and fragments at lower m/e
values are observéd. This ion corresponds to [CpW(CO)SCF3]2+ and by
comparison with the mass spectrum of [CpMo(CO)ZSCF3]2 is considered
to result from the thermal decarbonylation of CpW(CO)BSCF3 to give

IIIb in the mass spectrometer,

Reactions of CF,SSCF, and C F_SSC F_ with Mn_(CO
"D ) -0 o= 10 )

Irradiation of CF3SSCF3 and Mn2(00)10 in pentane in a closed reaction

system gave a pale yellow solution which,according to the i,», spectirunm,

contained Mh(CO)BSCF v. It was not possible to isolate a pure sample

3,
of the product due to its thermal instability but pale yellow crystals

containing 80-90% Mn(CO)SSCF 10-20% [Mn(CO)4SCF3]2, VI,could be obtained

33

by careful work up of the product solution, During solvent removal

rapid evolution of carbon monoxide occurs to give [Mn(CO)4SCF3]2, VI,

but this can be minimised by cooling the solution to -10°C prior to this.
A sample of the impure product mixture gives a 19F n,m,r, spectrum

containing,in addition to & peak at 34,2 ppm due to VI,a sharp singlet

at 25 ppm attributed to the monomer V., On allowing the solution to sit
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at room temperature in an open n.,m,r. tube this signal gradually
disappeared as the dimer resonance increased in intensity, This
decomposition was also followed by i.r, spectroscopy, the two C-F
stretching ﬁodes at 1129 e and 1085 em™! attributed to Mn(CO)SSCF3
being replaced by the four C-F stretching modes of the dimer VI, The
pentacarbonyl gives three strong CO stretching modes characteristic of

an M(CO)SX species of C, symmetry.75

However, with strong solutions
a fourth weak band at 2090 cm.-1 was detected and since the very intense
band at 2052 em™! is broadened it appears that the non axial symmetry

of the CF5S ligand is sufficient to activate the B1 mode and almost

split the degeneracy of the E mode.76 With Mh(CO)5806F5 this
- distortion from C4v symmetry is even more pronounced and all five
31

stretching modes of a Cs molecule are clearly resolved,

Grobe,who reacted NaMn(CO)5 and CF,SC1 at 20°C in an attempt to

3
prepare V could only isolate [Mh(CO)4SCF3]2, but postulated that this

was produced via the monomer. 32 King reacted Mh(CO)501 and AgSCF3
at room temperature and also obtained the dimer.3 The nature of such
metathetical reactions suggests that open reactién systéms were
employed by these two workers so that carbon monoxide evolution and
dimerisation is facilitated, whereas the closed reactiqns erployed in
this work inhibits this occurrence, King's method, when employed

with Re(co)501 and AgSCFB, gives a mixture of Re(CO)5SCF3 and

[Re(CO)4SCF3]2,3 thus indicating the rhenium monomer to be more stable

-

than its mangsnese analogue, as is the case with the C6F58 derivatives.p1

The latter were obtained in low yield from the reaction of M(CO)5H
31

and C6F SH, at room temperature by Stone and co-workers, However,

5 .
the photolytic reaction of 06F58506F5 and [Mn(CO)5]2 in pentane, besides
being more convenient, gives much higher yields ( ~90%) of Mn(CO)SSC6F5

VII than Stone's method ( ~ 7%). The thermal stability of VII is
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measurably greater than that of Mn(CO)BSCF and, since attempts.by

3

Stone to obtain Mn(C0)sSCeH, and Re(C0)gSCH, met with failure,’

5

- the following order of monomer sitability is indicated,

M(Co)ssCF > pM(co) SCeFe > M(CO)SSC6H M = Mn, Re

3 5 >

[Mn(CO)4SCF3}2 and [Mn(CO)4806F5]2 which result from thermal
decarbonylation of the respective monomeric pentacarbonyls have been

3,65

reported previously but they are accessible in much greater quantities
via this photolytic method., The i.r. spectra in the CO stretching
region are similar to that of [Mh(CO)4SeCF3]2,77 X-ray studies’! of
which have revealéq a planar MiZSe2 ring and octahedrally coordinated
metal atoms,

On photolysing or refluxing Mn2(00)10 mercaptan mixtures in inert
solvents, tetrameric complexeg.[Mn(CO)BSR]4 are obtained in low yield.t
However, attempts to produce a similar CF3S derivative from [Mn(CO)4SCF5]2
by photolytic and thermal degradation were unsuccessful, only insoluble
Aecomposition material and an(CO)10 being formed. Similar unsuccessful
results have been reported with [Re(co)4scsF5]231 and since [Mn(co)ascstjdf1
obtained via organotin thiolates proved to be unstable, it is probable
inat [Mn(CO)3SCF3]2, although it may. be accessible from R2Sn(SCF3)2
and Mh(CO)5Br, will also prove to be unstable, The X-ray study44 of
[Re(CO)BSCH3]4 revealed that both lone pairs on each sulphur atom are
involved in bridge formation and with electron withdrawing substituents
CF3 and C6F5 attached, the ability of sulphur to fprm extended bridge

systems must be impaired significantly,

Reactions of CF,SSCF, and C_F_SSC F_ with prFe(CO)zl
o D 6=or—"0~> 2

3

The thermal reaction of CpFe(CO)ZI and AgSCF3 gave’ a single



-25 -

monomeric complex CpFe(CO)2SCF VIII in 48% yield and this

3
has now been pf;pared from the photolytic reaction of [CpFe(CO)2]2
and cr'BSSCF3 in 64% yield, Substitution of Cl in CpFe(CO)201 gives
VIII in lower yield (37%)., Photolysis of [Cpf‘e(CO)z]2 and

' CgF5SSC4F; in pentane similarly gives CpFe(CO)2806F5 but in much
lower yield than the thermal reaction reported by Stone.34

CpFe(CO)zsCFB, like the °5F55 complex, is thermally very stable
since attempted decarbonylation at 100°C in vacuo, and in hexane
sélution, was unsuccessful, This compares with the successful
decarbonylation of CpFe(CO)ZSR, R = Me, Et, Ph,vwhich gives two isomeric
forms of the dimer'[CpFe(CO)SR]Z.4 However, it was observed that the
photochemical reaction,in éddition to VIII,gave traces of a soluble
green complex, the i,r, spectrum of which exhibits CO and CF stretching
modes, Photolytic decarbonylation of the monomer VIII was therefore
attempted and the following interesting behaviour fdund;

Irradiation with unfiltered u/v light of a pentane solution of
fIII in an open reactor,under nitrogen, gave a dark green solution
containing & mixture of two- isomers of the dimer [CpFe(CO)SCFS]2 X,

A and B, With short irradiation times mainly isomer A was observed
but prolonged reaction times resulted in increased quantities of B,
Both isomers are olive green, reasonably air stable solids which give
similar mass spectra with a molecular ion at m/e 500 confirming the
dimeric formulation, Other dimers [CpFe(CO)SR]Z, resulting from

decarbonylation of the monomers, CpFe(CO)zsR,‘have been reported by

Knox, who found that the isomer first produced is kinetically controlled

and this decomposes in solution to the thermodynamically favoured isomer.4’31

The behaviour of isomers A and B of IX resembles that described by Knox
But as can be seen in Fig, 1,1. significant differences are also

observed,



sjonpoad uoryTsodwoosp +

¢

20s%(00)eadn + g + v .

T

L *FTg

_
Wﬂﬁg
onspsnmmwww sqonpoxd uoTj rsodwoosp + 1 q ;
‘auaxay mﬁomonovmhmo + g UOT}BSTT T8} SAIO
UOTABSTITB}SAIO
p: (044
ausxay sqonpoxd
t Y IoWoST uoT3180dwo0Sp + g ASWOST
&
1

quxos\mﬁommo woxF

UOT3BSTTIB}SAIO
TBUOT30BIY vﬁmdnu

uo T4 Tsodmooap

UOT4BIPBIIT Al
ausjuad |

00001

B

389Y

¢

T¥STIOTS

UOT}BTPBIIT JaA0

Afy38usT uo pawIoy ¢ ausxay ut

£€983T7 98 v ATUTER Lydex8ogsmoayo
2% 405 (00)oado ]

205 (00)2adn



-27 -

It was reported that isomer conversion was in no way an equilibrium

- reaction since the thermodynamically favoured isomer did not revert to the
kineticallyvéontrolled isomer under any conditions, In contrast,
facile interconversions of A and B can be achieved simply by changing fhe
temperature, with B favoured at higher temperatures, A second notable
difference is the formation of mononuclear CpFe(CO)ZSCF3 by
disproportionation of the dimer, a reaction not observed with the
alkyl and aryl mercapto compounds, In addition a strong ion due to
CpFe (CO) ZSCF;was observed in the mass spectrum of the dimer IX,

.These observations would seem to suggest that CpFe(CO)zscF3 is thermo-
dynamically more stable than the dimer, thus explaining the original

| wisuccessful attempté to decarbonylate the former by thermal methods,
It appears that the lone pair electrons on sulphur are of sufficiently
low basicity to render the dimer thermodynamically unstable and it is

significant that CpFe(CO)zscsF5 cannot be decarbonylated by thermal34

or photochemica152 means, thus confirming what has already become apparent,

that monomeric 06F S derivatives are even more stable with respect to

5

decarbonylation than their CF}S analogous,

Spectroscopically the two isomers of [CpFe(CO)SCF3]2 are very
similar, In each case both 1H and 19F n,m,r, spectra give caly a
single sharp resonance indicating equivalence of the pairs of CF3 and
Cp groups, or an achievement of eqdivalence through fluxional behaviour,
In the terminal CO stretching region isomer A gives two strong bands
while isomer B gives only one,

It is apparent from this evidence that unequivocal assignment of
structures to these isomers is not possible since a minimum of five
geometrical forms can exist depending on the geometry of the Fe282
ring'.4’51

An X-ray study78 of the 'stable’ isomer of [CpFe(CO)SPh]2 has
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revealed a slightly non planar ring with an angle of fold near 170.
The Fe-Fe intramolecular distance 3,39 z is too long to accommodate

a metal-metal bond but this is precluded in any case by consideration
of the diamégnetism of the complex, The two cyclopentadienyl and two
carbonyl ligands are maitually g;§ and the phenyl groups have the §xg:
e,e configﬁration in agreement with the reported 1H n,m,r, spectrunm,
However, the i.r.51 spectrum appears io contradict the cis arrangement
of carbonyl ligands since if this geometry is retained in solution

two CO stretching frequencies are expected, but only one is observed
at 1922 cm-1. The 'stable' isomers of [CpFe(CO)SR] are also reported
to give one CO stretching mode, However, the cis isomers of
[CpFe(CO)ERz]Z, E=P; R=DNMe, Ph;j E=4s; R =Me, vhich are clearly -

79 also give onlyia single band

identifiable by n,m,r, spectroscopy
indicating that, in certain cases, coupling between the vibrations
of two carbonyl groups is minimal,

Sim and co-workers have studied the stereochemisiry of cis and
jgggg isomers of [CpCr(NO)NMe2]214 by X-ray diffraction methods and
have clearly shown that, if the cyclopentadienyl ligands are gig, slight
puckering of the M’2X2 ring occurs as in [CpFe(CO)SPh]z. In the trans
icomer of [CpCrNONMe2]2 and [CpCr(N’O)_SPh]213 however, the ring is
rigorously planar; Puckering of the ring in cis isomers is considered
to arise from cou;ombic repulsion between the lone pair on sulphﬁr and
the bonding electrons in the M-Cp b§nd as in szMo(SBun)zFeCIZ,so
but since this is not possible in the dimethylamido complex, repulsion
between the cyclopentadienyl ligands and the substituents on the
bridging atoms must a;so be important, On the basis of the above
observations it is predicted that the all-irans structure of
[CpFe(CO)SCFB]Q, if it can exist, probably has a planar Fe,S, ring,

Such a structure is in accord with the n.,m,r, data for isomer B and would .
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also fit the i,r, spectroscopic data where only one CO stretching
mode is required. However, isomer A, which gives fwo CO modes, on
this evidence, must have a cis configuration of carbonyl groups;
Knox,who studied isomerism in complexes [CpFeCOSR]Z, R = Me, Et,
Ph, has concluded on the basis of the phenylthio complex, that all
'stable' isomers have the cis structure (i) and these are formed via .
the unstable isomers to wvhich structure (ii) has been assigned from

spectroscopic evidence,

co

co : | Cc B
4 /
Fe ' Fe

. N o '
/R Fe Fe —
:EE;;::SZF” 2ij::7 (::ij; \\\Ef’/ﬁfg" ?ij::]
/ R
R
(1) : (ii)

cis syn(e,e) ~ cis syn(a,a)

It has been reported recently81 that szMo(SMe)th012,which also

:\ 8

has a puckered ring and syn configuration of methyl substituents,
undergoes a similar syn-syn interconversion process but, due to the
symnetry of this molecule, the initial and final configurations are
identical and hence this systém is not thermodynamically comparable,
Sche:mer and Baddely have, on the basis of spectroscopic and
thermodynamic similarities to Knox's mercapto derivatives, assigned
appropriate structures to the two isomers of [CpFe(CO)EPh]z, E = Se,

Te.82

While such configurations eppear to be the most favoured on
spectroscopic evidence, it is probably unwise to categorically aésign
similar structures to isomers A and B of the trifluoromethylthio
derivative particularly since, thermodynamically, they are not directlf
camparable with the alkylthio and phenylthio complexes, although some
similarities do exist, It is therefore concluded that the data

available indicate isomer A can have only cis structures (a) or (b)



- 30 -

(syn ee or gzg.ap) while isomer B can have, in addition to any of these

configurations, the all trans structure (c).

‘ R
Q) O N
) S cO
Fe Fe Fe Fe
co” §\§\i::3§¢’- Neo co’ s”/’/” >
ns >0
. R
(a)_ co co (C)
>Fe\ /Fe\
oo
(v)

It should be noted that equivalence of the CF3 éroups can also be
achieved via rapid inversion at sulphur but since this has not been

observed in complexes [CpFe(CO)SR]2 previously or in other puckered

ring complexes such as [Fe(CO)3SR]2 this explanation is less probable,

Reactions of CFZSSCF3 and C[ESSSCSE5 with COzgcogE

The high reactivity of cobalt carbonyl towards disulphides and
mercaptans leads in many reactions to a large variety of polynuclear
products.1 However, a reduction in the reactivity of mercapto

ligands is indicated by the isolation of [00(00)353]2 when electro-
57

negative substituents, R = CGFB’ C6015 are attached to sulphur”’ and a

similar phenomenon was expected in the reaction of 002(00)8 and

CF,SSCF..
3 3

Two products were isolated from this reaction, CoB(CO)ch,(X),
(23% yield) and [002(00)5s]n in trace quantities, Formation of the
latter is not unexpected, but isolation of the methinyltricobalt complex
X is surprising since both C-F and C-S5 bond scission must occur to give

this product, 005(00)90F has been prepared previously from the reaction

of CF.1% or crc1 B4

3 3

i,r. and 19F n,m,r, spectra are in agreement with those reported in the

85

and dicobalt octacerbonyl, and the melting point,

literature,
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Other methinyliricobalt complexes, 003(00)90X are known, and

have been prepared by an extensive variety of methods.85 An X-ray

study of [Coj(CO)9C]286 and other complexes of this type85 has

confirmed the structure originally suggested from spectroscopic85
and chemical evidence.87 |

X

L

ch

(c O) Co—
\\\\\

0)
3

The extreme electronic emvironment of the fluorihe atom in X is
illustrated by the chemical shift in the 9F n,m,r, spectrum O =

44,5 ppm downfield from CCl The only other C~-F chemical shifts

F,
3
below 0013F are those of CF2 and CF3 groups bonded directly to a

transition meta1.88

The formation of Co3(CO)9CF from CF,I and Coz(CO)B is considered

3

to proceed via a radical reaction involving CF;:radical attack on the
carbonyl to give CFBCo(CO)4 which, on further reactién with cobalt
carbonyl, gives the product.83 The isolation of CFBCo(CO)4 in the
photolytic reaction lends support to such a theory, Other workers89
also considered a radical mechanism to account for the formation of
003(co)9cx from 002(00)8 and Yicx,the initial step being formatiog
of XCY200(00)4. This reacts further xig_XCY[Co(CO)4]2 and
CX[Co(C0)4]3 which loses three carbonyl ligands to give c°3(co)9CX.
In this context thermal or photochemical decomposition of the known
complex ClSn[Co(CO)4J39O might be informative, The reaction of
CFBSSCF3 and complexes containing metal-metal bonds almost certainly

involves initial attack of a CF,S radical on thié bond as will be

3
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discussed later, Thus CF3SCo(CO)4 seems a likely intermediate,
Elimination of sulphur would give CFBCo(CO)4,but since this was not
detected, such a reaction is considered unlikely, It would therefore
appear that.an alternative reaction path is involved in the formation
of CoS(CO)ch. An interesting speculation is SFz.elimination from
GFBSCO(CO)4 to give the carbene compiex FCCo(CO)4 which reacts with

Co (CO) to give the final product, Isolation of the carbene bridged
complex CoZ(CO) CFCFy, which reacts with Coz(CO) to give COB(CO) CCF3
has been reported by Haszeldine et al, N and suggesis an 1ntermed1ate
of structure (11) may be involved in the formation of X, The.

following mechanism is therefore proposed

0
|
Co.,(CO
Co,(C0)g —= CF5sc°(co)4 _2%5__BEL_ (CQ)SCO:::jC::::CO(CO)B
(i) 2 / F/ \00(00)4
" (i1)
005(00)90F

- The formation of large quantities of decomposition material in
this reacticn can be explained by fluorination of 002(00)8 by SF, to
give cobalt fluorides, Some of the decomposition material dissolved
in water giving coloured solutionssupporting this contention, The
formation of [002(00)58]n can be explained similarly, Formation of
cobalt fluorides and halides was also observed in the formation of

003(00)9CCF from [002(00)8]2 and CF, = CFX; X = F, Cl, Br, via the

3

carbene intermediate mentioned abtove,

The reaction of thiophenol and dicobalt octacarbonyl gives, among
55

other products,”” & complex structurally related to'CoE(CO)9CF of

stoichiometry Co3(CO)9806H Such a species possibly results from the

5‘
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reaction of PhSCo(co)4 and 002(00)8 and could lead to 003(00)98 also
formed in this reaction, Attempfs were therefore made to prepare
003(00)980635 by reacting élcobalt octacarbonyl and C6FSSSGGF5 in
pentane with u,v, irradiation, but only [Co(CO)3SC6F5]2 was formed,

57

‘which is alsc obtained in the absence of irradiation,

Reactions of CF.SSCF, and C,F_SSC,F. with [CpNi(C0)]
P J =067 2

Irradiation of pentane solutions of [CpNi(CO)]z and a disulphide,

RSSR, R = CF3’ CGFE’ for 15~-20 hr, in a closed reactor gave dark red
. solutions which readily evolved carbon monoxide when the reactor was
opened, The reactor was therefore cooled to -20°¢ prior to opening
10 inhibit decarbonyiation and a sample of the solution quickly
transferred to an infra-red solution cell, which was then sealed,

The i,r, spectrum obtained in this way in both cases exhibited a weak
band above 2100 cm-1 and a strong bénd near 2045 cm-1. The weak band
disappeared more rapidly than the latter on evolution of CO gas indicat-
ing that two distinct species were present in solution, On removal
of solvent from the product mixture loss of carbon monoxide occurred,
and the CO free complexes [CpNiSCF3]2,XIIa,and [CpNiSCéFS]n ,XIIb%4
were obtained in ~80% yield, Insoluble decomposition products were
also found, The strong CO stretching mode in the i.r spectrum near
2045 cm-1 can be compared with the'single band observed in this region

%22 14

with complexes CpNi(CO)R, R = CF,, C,F. etc, described by Stone,

5’

is proposed that the monocarbonyls CpNi(CO)SR, XIa, R = CF,, XIb,

3’

R= C6F5 are formed initially and, like Mn(CO)SSCFB, are fairly stable

in'a closed system but decompose rapidly in the absence of a CO

493

atmosphere. A similar phenomenon has also been reporte when ICéE‘SSe]2

and [CpNi(CO)]2 are allowed to react, Monomeric CpNi(CO)Se06F5 was
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detected prior to work-up but only [cpliiSeCyF, ], could be isolated,
However, the identity of the species responsible for the weak CO
stretching frequency in the product mixture from the disulphide
Aremains unkﬁown, since no analogous species was detected in the
seleno reaction, The dimer [CpNiSCFB']2 was also obtained,but in
very small quantities, from the photochemical reaction of nickelocene
and bistrifluoromethyldisulphide in pentane,

A molecular ion at 448 in the mass spectrum of XIIa and the
presence of four C-F stretching modes in the i,r., spectrum indicate

.2 dinuclear, CF_S bridged complex, and the structure is probably

5 |
similar to that of [CpNiPPh2]2,15 the M,S, ring therefore being planar

22
and, as expected, a éinglet is observed in the 19F n,m,r, spectrum
at 34°C. Since proton n,m.,r, studies revealed two isomers of
[CpNiSMe3]223 at low temperatures the 19F n,m,r, spectrum of the
trifluoromethylthio complex was studied down to ~90°C but no splitting

of the sharp singlet was observed, Either the syn and anti isomer

resonances are coincident, or a much lower barrier to inversion exists
in XII, relative to the methylthio derivative, The latter explanation
is preferred since weakening of the Ni-S coordinate bond, as a con-
sequeﬁce of replacing CH3 by CF}’ might be expected to reduce the
energy barrier to inversion, This follows from the work of Cross21
vho studied inversion in complexes '(R802H4SR)MX ;s M= Pd, Pt,
Weakening of the metal .sulphur bond when X has a high irans effect was
found to lower the temperature of which coalescence of the
proton resonances occurs, ,

The related complex [CpNiP(CF5)2]2 has been isolated from the
2H94

reaction of nickelocene and P(CP3) and,in addition,the interesting

organo-phosphorus compound 05H7P(CF3)2 was also obtained, The latter,
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which appears to result from the addition of (CF3)2P and hydrogen
to a cyclopentadienyl ring,is also obtained in addition to CSHB and
organocobalf complexes from the reaction of CpCo(CO)2 and P(CFB)ZH,95-
No organosulphur products were detected in the reaction of CFSSSCFE
and nickelocene and when 06F5SH and other mercaptans are allowed to
react with Cp_Ni the only organic compound isolated is dicyclopentadiene,
The facile elimination of C5H6, vhich subsequently dimerises, explains |
why thiols react with nickelocene to give high yields of [cpmsa]z.96
However, the reaction of ¢FBSSCF3 and nickelocene is very slow, indicating
possibly that only very energetic radicals are sufficiently reactive to
promote qleavage of M-Cp bonds to give [CpNiSCFE]Z. |
The reaction of XIIa and P(CgH5); results in cleage of the mickel-
sulphur bridge and orange crystalline CpNiPPhBSCFB, XIII is formed in
high yield, A similar product CpNiPPhBSC.SF5 has been reported
previously from the reaction of PPh3 and [CpNiSC6F5]n?4 The two C-F
stretching modes in the i,r, spectrum and the low chemical shift of
the CF3 group in the 19F n,m,r, spectrum(25.1 ppg)are in accord with a
monomeric complex containing a terminal CF3S ligand, The product is
thermodynamically more stable than the carbonyl .CpNiCOSCFB which
decomposes below room temperature whereas dimerisation of XIII with
elimination of triphenylphosphine does not occur below 180°C. At
this temperature the mass spectrum reveals ions due to [CpNiSCF3]2

and PPh, but no trace of ions due to CpNiPPh,SCF, was found,

3 33
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(B) Reactions of Monomeric {ransition-metal Carbonyls with

Disulphides CF_SSCF., and C, F_SSC F.
- 7 o

J v

Reactions of CF.SSCF, with M{(CO),, M = Cr, Mo, W
7 7 v

Irradiation of group VI metal carbonyls M(CO)G, M= Cr, Mo, W

and CF_SSCF, in pentane gave insoluble polymeric material ﬁhich was not

3 5

investigated further, The green solid obtained from Cr(CO)‘6 is similar
to Cr(SMe)5 obtained by irradiation of Cr(CO)6 and CH35803397
suggesting the stoichiometry Cr(SCFB)B. After several minutes irrad-

iation the reactiop mixture of Cr(CO)6 and CFBSSCF3 turned purple but
~on further irradiation this colour disappeared, This suggested
f&?mation of an intermediate organometallic complex which undergoes
further reaction to Cr(SCF3)3' The reactions were therefore repeated
using a low energy filter and small quantities of the blué solids
[M(CO)4SCF3]2, M = Mo, XIVa, W, XIVb, were isolated chromatographically
on work up of the reaction mixture, It was not possible to isolate
tﬁe analoéous chromium complex although thié is considered to be
responsible for the transient purple colour mentioned above, The
greater reactivity of the latter is not unexpected in view of the
significant differences in reactivity of chromium molybdenum and tungsten

T4

organo derivatives frequently reported in the literature’ ' and encountered

earlier in decarbonylation studies of CpM(CO)BSCF M= Mo, W,

39
The molybdenum and tungsten dimers XIVa, and XIVb are dark blus

crystalline solids which dissolve in organic solvents to give green

solutions, The i,r, spectra exhibit three strong CO stretching modes

-

instead of the expected four, A similar phenomenon has been reported
with complexes [M(CO)4E32]298’99 M = Mo, ¥, E = P, 4s, and since,in

both CF.S derivatives the low frequency band is very intense and

3
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broadened slightly,it would appear that two of the modes are
~ virtually degenerate and are not resolved, The mass spectra are

fairly typical of CF,_S bridged carbonyl compounds and lose all the

3
carbonyl groups sequentially, The 19F n.m,r, spectrum in each case
gives & single resonance at relatively high field indicating rapid
infersion at sulphur, .

Both derivatives can be compared with [Mb(CO)4PMe2]21OO which
contains a planar Mo,P, ring. The eighteen electron rule requires a
metal-metal bond and in the phosphido derivative the resulting’M;M
distance 3,057 X produces a strained M-P-M angle of 75°4°. In
[Mn(CO)4SeCF3]241'in the absence of a metal-metal interaction the
corresponding M;Se-M angle at 96.90 is much nearer the ideal sp3
hybrid angle of 109°, Since the overall structure of (M(CO)4SCF3]2
probably consists of two distorted octahedra sharing an edge,this
metal-metal interaction can occur via dxy orbital overlap,

These are the first mercapto derivatives of this stoichiometry
to be reﬁorted although a large variety of complexes'are known with
bridging phosphido ligands.98’99A Anionic monomers M(CO)SSR: M = Mo,
V, R = CFy, CHy, CcH are known'©! isoelectronic with Mn(00) gSCF
and Mn(CO)SSCGFS described earlier but, unlike the latter devivatives,
these do not undergo decarbonylation to dinuclear species or react
with M(co)6 or M(CO)S(THF),although complex anions M§b0)1OSR- are

knovn.102

Reactions of CFBSSCF3 and CEFSSSCSFS with FefCO\Z5 and Fezgcozg

The reactions of CF3SSCF3 with Fe2(00)9 and Fe(co)5 are virtually

identical but the emnea~carbonyl reacted much more quickly and also

gave Fe(CO)5 as one of the products, A mixture qf four sulphido
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complexes was obtained in each case, the main product [Fe(CO)BSCFB]2

XV being separated by repeated slow recrystallisation from cold

pentane, The other products obtained in trace quantities were isolated by
chromatograéhy of the residues from crystallisation and identified
spectroscopically as the new complex [Fez(CO)GSCFj]zs and the known
derivatives Fe3(00)982 and [Fe(CO)BS]Z. Evidently C-S bond scission
occurs in these reactions, Similar products were obtained in identical
relative yields, but much more slowly, from the dark reaction of

Fe2(CO)9 and CF,SSCF, in pentane, illustrating that cleavage of C-S

3773

bonds is not a photochemical process,

The i,r. spectrum of [Fe(CO)BSCFB]2 exhibits four strong terminal
13

CO stretching modes above 2000 en™! and a weak
6,27

CO mode characteristic
of such derivatives, A grossly non—planar M282 ring in [Fe(CO)BSEt]é
has been revealed by X-ray studies, and as discussed in the introduction
indicates that three isomeric forms are possible.11 However, the syn
a,a form has been precluded on steric grounds so that with [Fe(CO)580H3]2
fhe two isomers have been separated chromatographically and identifie&
as the m(e,e)an'd _gn_ti_(e,a). forms by proton n.,m,r, stud:les'.25 The
19F n,m,r, spectrum of [Fe(CO)BSCF3]2 contains two resonances at
25,7 ppm and 35,7 ppm characteristic of the anii isomer and a third
weak resonance at 32,0 ppm attributable to the‘gxg(e,e)isomer. The
ratio syn:anti = 1:12 compares with syn:anti = 1:4 in the methylihio
derivative, The factors affecting isomer type and equilibria will be
discussed in greater detail in Chapter II,

The thermal reaction of Fe(CO)5 and CFBSSCF5 has been reported65
to give [Fe(CO) 3scr*i]zs structurally related to [Fe(CO)BSCF3]2 but
with a sulphur atom having inserted into the Fe~Fe bond of the latter,

No analytical data or melting point are reported for this derivative
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(CO)aFe Fe (00)3

although brief details of the i,r., n,m,r, and mass spectra are given,
This complex,which was not detected in the photolytic reactions,
appears to identify closely with XV, In both cases four CO stretching
‘modes are observed in the i,r, spectrum [Fé(CO)BSCF3]2 : 2086m,
2066vs, 2031s, 202é.ss,[Fe(co)350F3]zs : 2090s, 2066s, 2026s, 2019s,
Differences could be accounted for by use of different solvents, The
position and intensity of the high frequency mode near 2090 c:m"1

depends on the interaction constant between CO groups trans to the
metal-metal bond in [Fe(CO)BSCF3]2 and trans to sulphur in
[Fe(CO)BSCF3]28.6’57’1O3 Since these are comparable in both complexes
it seems strange that interaction through a metal-metal bond is as

great through a sulphur atom, In the i,r, spectrum of
[Fe(CO)BSCF3]204F6, (described in Chapter (II)) where an acetylinic
species has inserted into the metal-metal bond of XV, the high frequency
band has a very low intensity and, on this evidence, it would appear

that [Fe(CO)3SCF3]2S is in fact [Fe(CO)BSCFs] This is further

20
supported by the molecular ion observed in the mass spectrum of the
former at 481 which is strangely identified by the authors as
[Fe(°°)3SCF3]23+ whereas the molecular ion of [Fe(CO)380F3]2 occurs
at 482,

The other new product XVI isolated from the reaction of iron
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.has been elucidated by X-ray crystallography,
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carbonyls and bistrifluoromethyldisulphide was obtained in very low
yield and anlalytical data could not be obtained, However, the masé
spectrum gives a molecular (é) ion at m/e 798 corresponding to the
formula [Fez(CO)6SCF3]ZS and this loses twelve carbonyl groups in a
stepwise manner, The i,r, spectrum in the CO stretching region shows
five bands with an intensity and frequency distribution comparable to

105
104 Ba® " but shifted to higher

those of [Fez(co)6sn]zs, R = Me
frequencies, On this evidenée complex XVI is formulated as the
trifluoromethyl analogue of [Fe2(00)6SCH3]2S,the structure of which
104 The structure of
XVI shown consists of two [Fez(CO)GSCFB] fragments bridged by a metal;
coordinated tetrahedial-like sulphur atom which donates all six

valence electrons to the four iron atoms,

Fe

CF

'O e 0 O e}
o

The methyl substituents in the methylthio derivative werevfound to
occuﬁy equatorial positions in the solid state and the appearance of
only one proton resonance in the 1H n,m,r, spectrum indicates that this
configuration is retained in solution, A single CF3 resonance at

32.4 ppm in the 19F n.,m,r, of the trifluoromethylthio complex suggests
a similer conclusion, which is not surprising, since [Fez(CO)GSCFj]zs

is formally derived from [Fe(CO)ESCFBJ2 with Fez(CO)ssCF5 occupying
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both axial and equatorial positions on the sulphur formerly occupied
by CF3 and a lone pair, Steric interactions would therefore

prevent the CF, from taking up an axial position.11

3

The otﬁer sulphur complexes obtained in this reaction,
[Fe(CO)ss]2 and Fe3(00)982, are frequently isolated from reactions
inveolving iron carbonyls and sulphur derivatives1 and apart from
indicating C-S bond scission no special significance is attached %o
their formation from iron carbonyls and bistrifluoromethyldisulphide.

16,106

The structures of both complexes have been determined by X-ray

methods, .
The reaction of iron carbonyls with CGFSSH appears to be much

simpler than with CFBSSCF3 only [Fe(CO)BSC6F5]2 being formed.27 An

identical result was obtained on irradiation of pentane mixtures of

Fe2009 and 06F

in this case,

5SSC6F5 and obviously C-S bond scission is not favourable
Substitution of carbonyl groups in complexes [Fe(CO)BSR]z,
R= CHB’ C6H5 ete, by phosphihes has been studied extensively by a

46,47

number of workers and in particular by Haines ané Greenwood,
results of these studies ﬁndicate that the organic substituenis on
the phosphine and the mercapto ligand are important factors in
determining the rate and products of the substitution reactions, The
reaction of triphenylphosphine and [Fe(CO)BSCF3]2 was therefore
studied and the following results obtained,

[Fe(CO)BSCFBJ2 and PPh3 (1:1 molar ratio) reacted vigorously in
pentane, at room temperature, with rapid evolution of carbon monoxide,

to give the deep red oil, Fe2(CO)5PPh3(SCF3) XVII, which could not be

2

crystalliced and was characterised only by i.r, and n,m,r, spectroscopy.

This complex reacted further with triphenyiphosphine (1:1 molar ratio)
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to give the disubstituted complex [Fe(CO)ZPPhBSCF3]2, XVIII,as dark
red crystals, Similar results have been obtained by other workers46
with related alkyl and aryl mercapto complexes and, as with these
derivatives; i.,r. spectra in the CO stretching region indicate that CO
ligands trans to the metal-metal bond have been substituted, This is
further supported by the structures of related complexes As2 CoéCO)sPPh31O7

108

and BhZ(PF (PPhB)zPhCECPh in which triphenylphosphine is in the

5)4
apical position, The four CO stretching modes of Fez(CO)SPPhB(SCFB)Q
correspond to isomer 1 of Greenwood46 vhereas the three carbonyl

bands of [Fe(CO)zPPh SCF3]2 are similar to isomer II, The lability

3
of the apical carbonyl groups is possibly related to the trans-effect
of the metal-metal bond, this apparently being greater than for
bridging mercapto ligands, However, since no significant difference
in the M-CO (apical) M-CO (basal) distances in complexes [FeCO)BSR]1O ‘
was revealed by X-ray studies it must be concluded that steric factocrs
may also influence CO substitution,

It should be noted that the reactions of [Fe(CO)BSMe]2 and
P(Et)3 or PPh3 in refluxing benzene gave only monosubstituted compounds,
disubstitution requiring higher temperatures or u.v, irradiation,
This contrasts with the ready formation of both mono and disubstituted
derivatives of [Fe(co)3s0F3]2, XVII and XVIII, at room temperature
probably as a consequence of weaker M-CO bonding in the latter, This
is suggested by the CO stretching modes in the i,r spectra, which are
shifted to high frequency in the trifluoromethylthio complex as a
result of lower M-CO back donation7. The electron withdrawing ability
of the organic substituent on the sulphur which produces this effect

has also been observed47 to influence the reactivity of [Fe(CO)BSR]z,

R = Me, Et, Ph towards chelating diphosphines, but in a slightly
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different context, The difference in reactivity was found to be
related to the ease of cleavage of the bridging sulphido groups, which
was more facile with the complex containing the more electronegative
phenyl subs£ituents.
An interesting consequence of replacing carbonyl ligands with tri-
phenylphosphine is the gradual change in isomer population observed
"on increased substitution, The isomer ratios, measured by integration
of CFy 19 n.m,x. signals,are syn:anti [Fe(co)330F3]2 i:12,
Fez(CO)S(PPh3)(SCF3)2 1:4, [Fe(CO)Z(PPh3)SCF3}2 1:1, indicating gradual
destabilisation of the anti isomer, Since the apical carbonyl ligands
Arans to the metal-metal bond are replaced by the bulkier trirhenyl-
" phosphine, increased steric interaction between the apical ligands
and the CF3 group in the axial position must result. This will |
subsequently destabilise the ggﬁi(eg)isomer with respect to the syn
(ee)isomer accounting for the observed trend in isomer equilibria, A

27

similar trend has been reported by Bor et al,” but these workers

only studied [Fe(CO)BSR]Z, R = CH;, C,Hy, CgHg, CgFs, and the mono-

substituted derivatives,R = CH3, C although in greater detail than

s
the present work,
109

However, these results are in contrast to the work of Cullen
who reacted the separate isomers of [Fe(CO)BSMe]2 with triphenylphosphine
and obtained monosubstituted products with retention of methyl group
configuration, Bor,who reacted the [Fe(CO)BSMe]2 isomer mixture with

PPh,,attempted to separate the isomers chromatographically but failed

3

due to the very rapid isomer equilbration, It can only be concluded,
on the basis of these two completely contradictory reports, that the
n.,n,r. spectra reported by Cullen were collected immediately on
dissolving the isomer samples before significant isomerisation occurred,

46

It should also be noted that Greenwood observed =~ only the syn isomer
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in Fez(CO)5SbPh3(SMe)2, Fez(CO)sL(SR)z, L = Pn,PCH,+FFh

2 2’

Ph,As+CH,+AsPh,, R = Me, Et,

2
Substitution of carbdnyl ligands in [Fe(CO)BSCFB]Z was also

effected by'nitric oxide which reacted to give brown air-sensitive crystals

of [Fe(N0),SCF;], XIX in high yield, The amido complex [Fe(co)3N32]21'°

has also been reported to react with NO to give [Fe(NO)zNH2]2 but this

does not appear to be a general route to such nitrosyl derivatives since
111
20

However, stronger M-CO bonding in the dimethylphosphido complex is

no reaction was observed between nitric oxide and [Fe(CO)BPMeZ]

.indicated by lower CO stretching frequencies and this may be responsible
for the reported lack of reactivity towards NO,

Synthetic routes to both [Fe(NO)QSR]z and [Fe(NO)zPRZ]Z via the
readily available mixed nitrosyl carbonyl complex Fe(CO)z(N'O)2 have
49,112

been reported, and are of more general applicability, An X-ray
study of [Fe(NO)ZSEt]250 has revealed a planar M,S, ring with the
tetrahedrally coordinated iron atoms separated by 2,72 X, implying
substantial metal-metal interaction, As with the ethyl mercapto and
related derivatives the i,r, spectrum of [Fe(NO)zsCF3]2 exhibits two
strong NO stretching modes near 1800 cm."1 and a similar structure is
therefore proposed, The multiplicity of C-F étretching frecuencies

in the i.r., spectrum and the sharp singlet in the 19F n,m,r, spectrum

of XIX are also in accord with a structure of this type,

Reactions of CPF_SSCF, and C F, SSC.F. with CpCo(CO)2
7/ J ) ) ‘

The reaction of CpCo(CO)2 and CGFSSSC6F5 depends to a great extent
on the conditions employed, Thus a 1:1 molar ratio of reactants in the
ebsence of solvent gave the dark green, air sensitive solid,

[CpCoSC6F XX, characterised by elemental analysis, i.r., n.m.r, and

Ly
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mass spectroscopy, In pentane solution no reaction was observed up

to -10°C when black crystals of CpCo(CO)(SC6F5)2, XXI, formed slowly and
the solution turn;d green due to formation of small quantities of
[CpCoSCGsté. The same result was obtained on irradiation of the
reactants in pentane at 20°C whereas the thermal reaction in pentane at
>20°C or above, in the dark,gave CpCo(CO)(SC6F5)2 exclusively, In the
last reaction the red solution turned green at first but this colour
disappeared as crystals of CpCo(CO)(SC6F5)2 were deposited. Solutions
of XXI when heated above 5000 gave mixtures of XX and a green solid
XXII which analyses as CpCoﬁCCO)(SC6F5)3 (oxygen content by difference),
As the reaction temperature was raised, increased amounts of the dimer
" XX were obtained, Separation of [cp00306F5]2 from CpCo(CO)(SC6F5) »

and CpCoz(CO)(SC6E5)3 in these reactions was achieved by extraction

with pentane and slow recrystallisation at -78°C,

The dark reaction of CpCo(CO) , and CFBSSCFB, with or without &
solvent;gave an ill defined purple-black solid which could not be obtained
pure, Traces of a dark red solid were also detected which gave a
single CO stretching frequency in the i,r, spect?um at 2095 ém-1 and
C-F stretching modes near 1100 cm-1, suggesting the formula CpCOCO(SCF5)2
by analogy with cpc°(co)(s06F5) o+ Unfortunately, the 1ow_ yie1d>and
instability of this complex prevented further characterisation,

The photolytic reaction of CpCo(CO)2 and CFBSSCF3 in pentane gave-
good yields of the air-sensitive, green-black solid [CpCoSCFB]z, XXI1I,
analogous to [CpCoSCsFS]2 and the previously reported methylthio
derivative [CpCoSMe]z.60 These three derivatives probably have a
similar structure to [CpCoPth]2 which has been shown'’ to have a
puckered M, X, ring like [Fe(CO)BSEt]z and, as with the latter and

[Fe(CO)BSCFB]2 described earlier, two isomers are expected, However,

the 19F n,m,r, spectrum gives & sharp singlet for the CF3S derivative
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and three multiplets, integrated ratio 2:1:2, for the 06F5S complex,
suggesting that in both complexes the perfluoroorgano substituents are
in identical envi?onments. Similarly, the 1H nm,r, of [CpCoSMe}Z
gives only é sharp singlet in the methyl group region. These spectra
vould suggest that either the syn (a,a2) or syn (e,e) isomer only is
present in each case, although the former is probably unstable as a
result of steric interactions, In [Fe(CO)ZSR]2 the syn:anti |
equlibria usually favours the anti isomer particularly when the

substituents on sulphur are bulky,27

making the presence of only the
syn(ee) isomer also difficult to explain, Alternatively, the barrier
to inversion may be very low in [CpCoSR]2 as a result of minimal steric
interaction between the cyclopentadienyl ligand and the organic group
R, It is generally considered that a cyclopentadienyl ligand is
sterically much less demanding than three carbonyl ligands so that
fluxional behaviour, involving inversion at sulphur, could effectively
eiplain the n,m,r, data obtained,

The monocarbonyl CpCo(CO)(SC6F5)2 also exhibits unexpected spectral
features, although the stoichiometry and method éf preparation suggest
a similar structure to complexes CpCo(CO)XZ,113 X =Cl, Br, I and
cp00(co)RF1,“4

R

2
gl to CpCo(CO)2. A single CO stretching mode near 2100 e and a

RF = CFB’ C2F5.formed by oxidative addition of X, and

weak C-H stretching frequency at 3120 cm.-1 characteristic of a
n-cyclopentadienyl ligand are observed in the i,r. spectrum. No
molecular ion is detected in the mass spectrum due to decomposition in
the spectrometer to [CpCoSCst]2 which gave a molecular ion at m/e 646
but molecular weight studies in chloroform solution confirm the monomeric
formulation, The 19F n,m,r, spectrum gives three multiplets of ratio

2:1:2 as expected for two C6F5 groups in identical environments, but the
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proton n,m,r, does not give a spectrum characteristic of a w-bonded
cyclopentadienyl ligand, Instead, a flat,exiremely broad band,
centred at 4,55t and extending over 2,5t units,is observed at 34°¢c,
but as the temperature is lowered this changes considerably and at
-80°C a sharp singlet is obtained,

115

It has been observed that rotation of the substituted cyclo-
pentadienyl ring in [n—C5H4C(CF3)2OH]Ru(PPh3)[CZ(COOMe)ZH] does not
occur as a result of hydrogén bonding between thebring substituent

C(CF,),OH and the ligand Cz(COOMe)zH. This suggests the possibility

3)2
of steric interaction between the 06F5 groups and the cyclopentadienyl‘
ring in CpCo(CO)(SC6F5)2 sufficient to slow rotation of the Cp ring
to" the point where a-sharp n,m,r, singlet is no longer observed for
the ring protons at ambient temperature, At -80°C the 06F5 groups
are probably pointing away from the cyclopentadienyl ligand but as
the temperature is raised the barrier to free rotation about sulphur
is overcome but at the expense of completely free rotation of the
cyclopentadienyl ligand as a result of steric interaction between these
two groups, Since a more suitable explanation is not immediately
apparent an X-ray diffraction study would seem desirable,

The exact constitution of CpCoz(CO)(SC6F5)3 is not known with
certainty but this formulation is based on two separaté analyses for
C, H, S, F and Co., Possible oxygeh content is indicated only by
difference and the high error inherent in elemental analysis of
organometallic complexes containing fluorine makes this uncertain, The
i.,r, spectrum gives bands characteristic of cyclopentadienyl and CGFE
groups but no indication of terminal, bridging or ketonic carbonyl
groups is given. A molecular ion is not found in the mass spectrum,

but ions assigned to (CGFSS) +, CpCoF+ and CpCo+ are observed, while the
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1H n,n,r, spectrum confirms that a = cyclopentadienyl ligand is
present with a single peak at 5,5t, However, the single multiplet
observed in the 19F n,m,r. spectrum at 153,3 ppm is unexpected_féf a’
complex éon%aining C6F5 groups, Since the gnalytical and spectral
data are inconclusive it is obviously impossibleyto éséign a

structure to this complex.,
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Spectroscopic Properties of the Complexes

The i,r., n.m,r, and mass spectral properties of transition-metal
trifluoromethylthio derivatives have been discussed briefly by King.3
No new speétral features have emerged from the studies described herein

(see tables 1.1 and 1,2) so that further discussion is considered

wnnecessary,

" Mechanisms of the Reactions

The chemical and physical properties of mercapio complexes of the
transition metals have been studied by many workers as described in the
introduction, Isolation and study of these trifluoromethylthio and
pentafluorophenylthio complexes now allows & more complete appraisal of
the properties of transition metal mercaptides particularly from the
aspect of thermal stability, Interest in the mechanism of formation of
moncmeric and dimeric complexes1’36 also prompts a discussion of reaétion

mechanisms at this point,

Monmeric Mercapto Complexes

Evidence for the formation of CF5S radicals on photolysis of

CFBSSCF3 has already been discussed and the high yield formation of

monomeric CF,S derivatives, described in this work, provides support for

3

this theory, Ready formation of 06FSS complexes in a similar manner suggests

that photolysis of C6FSSSC6F5 may also result in S-S bond scission, Thus

C6F S radicals may be involved although such reactions were generally found

5
to be somewhat slower than those of CFBSSCFS. On photolysis, dimethyl

disulphide CH,SSCH, is also considered to produce radicals CH38.116

573
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It has been suggested previously that more electronegative

groups attached to sulphur facilitate S-S bond scission in

36

A mass spectrometric investigation117 of CF_SSCF

disulphidesf 3 3

and CH3SSCH3 has produced the following bond energy data,

Table 1,3, C=S and S-S bond energies (k,cals,/mole)

Compound ) C-S S-S

CHBSSCHB 68.5 83.7
CF.SSCF 45,5 89.8

3 3

These results however, indicate that the S-S bond is stronger when
electronegative groups are attached and also that preferential bond
rupture would possibly occur at the weaker C~S bond, Haszeldine68 showed
that S-S bond cleavage in CFBSSCF3 is the primary result of irradiation
and C-S bond cleavage is a secondary process, Thus bond energy data
cannot be used with certainty to predict ease of cleavage of S-S bonds in
disulphides, It therefore seems possible that photolytic reactions
involving metal complexes and CGFBSSCGFS are less facile as a result of
less efficient uptake of radiation by the disulphide relative to
CFBSSCF3 and not because of a significant change in the S-S bdnd strength,

Phqtolysis of metal carbonyls alsé leads to bond cleavage and in
most cases carbonyl groups are expelled,118 However, photolyéis of
Mn2(00)10 does not result in CO 1oss1i9 but evidence has been found for

120

cleavage of the metal-metal bond to give Mn(CO)g radicals, Thus

formation of Mh(CO)SSR, R = CF 06F5,probably proceeds via radical

3’

combination i

Mn(CO)s' + RSe —= Mn(CO)SSR
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However, the same productAcan also be obtained by radical attack
of RS-at the metal or the metal-metal bond of uncleaved Mhz(C0)1o.
- Formation of CpM(CO)BSR, M= Mo, VW, CpFe(CO)zsR, 003(00)90F and
CpNiCOSR caﬁ also be explained in this way although no evidence has
yet teen reported for cleavage of the parent dicarbonyls to give
radicals, In fact, with carbonyl bridged dimers [cPFe(co)2]2,c°2(co)8

and [CpNiCO]2 this is less probable and exclusive attack of RS radicals

on the dinuclear species is more likely,

Thermal Stability of Monomers

Comparison of the C-0 stretching frequencies of transition metal
carbonyl mercaptides indicates that with the trifluoromethylthio
derivatives carbon-oxygen w bonding is at a maximum since, in these

7

compounds, the C-0 stretching modes are at higher frequency.

Table 1,4, CO stretching frequencies of CpFe(CO)zgg

R | Frequency cm-1 Solvent Ref,
CFB 2044 2000 cyclohexane .3
C6F5 2040 1997 cyclohexane 34
C6H5 2030 1987 ‘ A CCl4 : 4
CH3 2029 1981 : 0014 4
02H5 2028 1983 CHCl3 4

This further implies that the CF3 grour has greater electron withdrawing
ability than C6F5’ Ph and Me and subsequently M-CO bonds will be
weaker in complexes containing the CF3S ligand, Since decarbonylation

of terminal CFBS and C6FSS carbonyl complexes is more difficult than with



CO stretching frequencies

Table 1.5. of [Fe(c0);5R],
R Frequency cm_ Solvent Ref,
CF3 2096 2066 2031 2024 cyclohexane table 1.1
c 6F5 2089 2062 2027 2013 hexane 27
CeCls 2080 2051 2015 2007 hexane 27
06115 2075 2039 2007 1998 hexane 27
cn3 2073 2037 2002 1992 hexane 27

comparable PhS and MeS derivatives, dimerisation by loss of carbon

*monoxide is not predominantly dependent on the M-CO bond strength.,

Tﬁus‘the dimerisation reaction probably involves nucleophilic attack of a

lone pair at the sulphur on the metal centre of a second molecule of
monomer.z51 Evidence for such a bimolecular mechanism is provided by

isolation of Mn2(CO)9(PMéz)2 as an intermediate in the following

58

reaction

NaMn(CO)S + PMe, 01l — (co)snn

| Me Me
\P/
N\

‘P .
(ve),

Mn(CO) M [Mn(co) 4PMe2]2

This suggests that dimerisation is ‘controlled by the availability of the

lone pair-electrons on sulphur for attack at the positive metal centre

of another molecule of monomer,

drawing CF3

contract the sulphur orbitals containing the lone pairs of electrons
and thus impair.the ability of sulphur to attack a second molecule,

electronic control of the dimerisation process and hence of monomer

1,31

Therefore, the electron with-

and C6F5 substituents must by electrostatic attraction

This




stability has been noted by many workers previously.1’3’4’5’31’36
Having studied the thermal stabilities of monomeric CF%S' and

06F5S derivatives comparison with C6HSS and CH3S compounds suggests

the following order of stability for complexes M(CO)mSE and CpM(CO)nSR

Cers .:> CF3S > 06H5S > CH3S

Since, from comparison of C-0 stretching frequencies the CF3 group
appears to be more electronégative than C6F5, their relative positions
in this series are anomalous, It is therefore' proposed that
.decarbonylation and dimerisation of monomeric carbonyl mercapto
complexes is controlled not only by the electron withdrawing ability
of  the substituent oﬁ sulphur but also by the size of this substituent,
Nucleophilic attack by the sulphur will be affected by steric inter-
action beiween the substituent on the sulphur atom and other 1igandé
coordinated to the metal,thus making the moromeric CGFSS complexes more
stable than their CF3S analcgues, Support for this theory is derived
from the observation that the difference in thermal stability of

Mn(CO)SSCSFS and Mn(CO)SSCF is greater than between CpNiCOSC(Fc and

3

CpNiCOSCF Thus steric inhibition of the dimerisation is more

30
pronounced in six coordinate Mn(CO)BSR than in CpNiCOSR in wkich the
nickel atoms are effectively less than five coordinate and hence more
vulnerable to nucleophilic attack,

Since M-S bonds have little = character the effect of électron
withdrawing groups will be to destabilise mercapto bridged di- and poly-
nuclear complexes by weakening the M-S coordinate bonds, De-
stabilisation will also be effected by bulky groups on the sulphur
and so the thermodynamic instability of [CpFeCOSCF3]2 and [Mn(CO)BSC6F5]41

relative to analogous alkylthio complexes is effectively explained,
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Where n:bonding effects are considerable, as in metal phosphorus
_ bonds, the electronegativity of CF3 groups tend to stabilise dimeric |
complexes so that [Fe(co)31>(01«“3)2]295’112 and [CpCoP(CF3)2J295 are more
stable than the dimethylphosphido derivatives,

It is therefore concluded that the;e observation; suggest that the
electronegativity of the substituent R attached to sﬁlphur in M(CO)mSR
‘and CpM(CO)nSR influences the stability of these monomeric complexes'
in a uniform manner, Steric effects are also an important factor
but their contribution depends on the stereocheﬁistry of the metal and
' . the steric requirements of the other coordinated ligands, The strengths

of the M-CO bond also help determine relative monomer stability as can .
" be seen from table 1;6.

Table 1.6,

Increasing stability of monomers

CpNi COSCFs CpNiCOSCF CpNiCOSPh CpNiCOSMe
Mn(CO)5806F5 Mn(CO)580F3 Mn(CO)SSPh Mh(CO)5SMe
Re(co)5806F5 Re(CO)SSCF3 Re(co)5s;h Re(CO)BSMe
CpMo(CO)BSC6F5 cpr(co)5s0F3 CpMo(CO)3SPh CpMo(co)BSMe
CpW(CO)BSC6F5 CpW(CO)BSCF3 CpW(CO)BSPh CpW(CO)3SMe
CpFe(CO)2506F5 che(co)zsCF3 CpFe(CO)zsPh che(co)zsme

A similar table was originally complied by Abel and Crosse1 but this

modified version takes into account the results of the work described

herein,

Dimeric Mercapto Complexes

The reactions of disulphides with a) dimeric carbonyls [M(Co)m]2

and [CpM(CO)nJ2 and b) monomeric carbonyls M(co)d, 0pm(co)n3possib1y
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proceed via different reaction pathways since the latter do not
_possess a metal-metal bond which functions as a reactive centre for
radical attack, or reduction of uncleaved disulphide.56 On the
basis of isolable intermediates the reaction of monomeric carbonyls
with diphosphines RzP-PR2 can be considered to involvg the fbilowing

steps, 361121

B
, P-=21(CO)__,
© . M(co) —= (CO) _,Me—PR,—PR, —= (CO)n_1M-—PR
2
R, R,
//P P
(co)n_zn;:—:;m(co)n_2 -— (co)n__1M-———-/M(co)n_2
P P
B )

"However, no evidence has yet been found for possible mechanism (s)
involved in the .formation of [M(CO)4SR]4, M = Mo, W, [Fe(CO)BSR]é,
[CpCoSR]2 from the reactions of iron carbonyls and CpCo(CO)2 with

disulphides, Oxidative addition of RSSR to these carbonyls is a
' 122

possibility in view of the ready formation of Fb(CO)4X2 and

cp00(co)x2.113 X = C1, Br, I, but attempted isolation of Fe(CO)4(SR)2,123
. (o]

R = csﬂs, C6F5, from the reaction of Fe(CO)4H2 and RSH at 20 C was

unsuccessful, only the dimers [Fe(CO)BSR]2 being detected, Similarly the

. 66
reaction of 03F7Fe(co)41 and AgSCF; gave only [03F7Fe(co)3SCF3]2.

However, on the basis of studies involving the reaction of CpCo(CO)2 and

CGFSSSCGFB and analogies with the reaction of diphosphines with mono-

nuclear metal carbonyls the following mechanism is proposed, Fig, 1.3,
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1 1
/'s s-M(co) _,
M(co)  —= _’(co)n_1M-s\ S (co) M-S
R R
() ' (B)
1(2) | A l ~CO
R
SR s
(CO)n_1M . (CO)n_1M /M(Co)n.z
SR s
~CO ~C0 R
(E) \ ,///
y (c)
R . .
/5
( )n-ZM\ M(co),
s
R
(D)
Fig, 1.3.

Thus preliminary coordination of the disulphide with CO

expulsion gives A which has two alternafives depenéing on the reaction
conditions, By analogy with the diphosphine mechanism, reaction of

A with another molecule of M(CO)n occurs to give B which decarbonylates
via C to give the dimeric product D, This explains the formatibn of
[CpCoSCsFS]z in good yield when CpCo(CO) , and C6FSSSCGF5 react in the
absence of solvent since A probably exists long enough to collide

with a molecule of CpCo(CO)2 to give B, Alternatively, since S-S
bond scission is much more facile than P-P bond cleavage,36 A can
undergo internalyoxidative addition to compound E which, depending on

the thermal stability of such an intermediate,can either be isolated,
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€.&. CpCoCO(SCéFS)z, or decompose to the dimer D, The latter
_ mechanism effectively éxplains the formation of CpCoCO(SCst)2
exclusively from the reaction of CpCo(CO)2 and the disulphide in pen-—
tane above 20°C. The presence of a solvent decreases the chance of

A reacting with CpCo(CO)2 before oxidative addition can occur, so

that formation of [cp00506F5]2 via mechanism (1) is not observed,
Attempts were made to detect intermediate A by carrying out the
reaction in pentane at low temperature but no reaction was observed

up to -10°C when crystals of Co(CO)(806F5)2 began to form, Keeping
,the reaction mixture at this temperature also gave [CpCoSCGF5]2 in
addition to the monocarbonyl complex, This suggests thét at -10°C

" A is formed initially as before but S-S5 bond scission and the resulting
oxidative addition reaction is sufficiently slow to allow. A to react
with CpCo(CO)2 and hence form the dimer in low yield.

It should be noted that the reaction of Fe(co)5 and P(CF3)2H is
considered to proceed via the monosubstituted derivative
Fe(CO)4P(CF3)2H.95’112 The latter has been isolated from the reaction
of Fe2(00)9 and P(CF3)2H under mild conditions and decomposes thermally
to the dimer in accord with the above sﬁggestion. This reaction is

95

considered’” .to proceed via an oxidative addition reaction giving

which dimerises with loss of carbon monoxide,

Although not isolated, formation of this intermediate hydride complex

is indicated by the isolation of the dimeric hydride [HFe(CO)iP(CFB)Q]
as one of products of thermal decompositioh of the tetracarbonyl,

Thus reaction mechanism (2) accounts for such products and can therefore
be adapted to explain the reaction of mercaptans, RSH with iron
carbonyls which yields [Fe(CO)BSR]Z,and Fe(co)z(NO)2 which yields

[Fe(NO)zsR]2.1 Oxidative addition of perfluoroalkyl iodides and
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iodine to carbonyl and nitrosyl complexes has also been reported,

€. g

- 124a
, —= [CpMoNoOT, ], "

CpMo(CO)aNO —= CpMoCONOI

124b

cPce(co)2 —= CpCoCOI, —= [CpCoI2]n
124c
Fe(CO)5 + Rl — Fe(CO)4RFI —_— [Fe(CO)BRFI]Z

Decarbonylation of the intermediate monomer in each case gives iodine
bridged dimers or po&lmers.
The photolytic reactions of monomeric carbonyls will also
«involve reactions between RS radicals and reactive organémetallic
species eg.Mo(co);, w(co)5*, Fe(CO) 4* and GpCoCO*. Photolysis of
| metal carbonyls in hydrocarbon glasses and helium matrices at low
temperatures has been shown by i,r, spectroscopy to give such reactive
species.125 Thus radical intermediates such as -M(CO)SSR, °Fe(CO)4SR
may be involved in photolytic reactions and these can react with other
radicals and/or reactive organometallic species to give the final
products, It is interesting to note that the photolytic reaction of

CpCo(CO)2 and CF SSCF3 gives high yields of [CpCoSCF3]2 which was not

3
observed in dark reactions, The photochemical reaction of CpCo(CO)2
and cstsscsrs at 20°C gives mainly CpCoCO(SCsFS)z which probably
results from a thermal reaction involving the uncleaved disulphide,
This is indicated by simultaneous céntrol reaction carried out in the
absence of u,v, irradiation, However, crystals of [CpCoSC{)F5]2 (not
produced in the contrel reaction) which formed on the side of the
reaction vessel adjacent to the u,v, source are indicative of a
radical reactioﬁ. In addition, clusters of CpCoCO(SC6F5)2 crystals
also formed in the same place indicating that formation of the latter

may also occur via a photochemically initiated radical reaction in

addition to a thermal reaction,
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Conclusions

The high yields of mercapto complexes obtained in the majority

of the reactions describedrindicate that the photolytic method is
generally superior to thermal methods where, it is possible to
draw direct comparisons, This is particularly true when unstable
species such as Mn(CO)SSR are involved and are not accessible in
quantity by thermal methods., Also the reagents required for photolytic
reactions are usually more accessible than those frequently required
for alternative synthetic routes, but in the reaction of C6FSSSCGF5

‘and [CpFe(CO)2]2 the much faster thermal reaction suggests that, in

~ certain cases, the photolytic route is not the most efficient,

‘ It is not immediately apparent how general photochemical reactions
of this type might be, although they have been used occasionally by
some workers,1 It is recalled that photolysis of CHSSSCH5 probably
gives CH5S radicals116 so that methylthio complexes may be readily
accessible, However, the photochemical reaction of PhSSPh and Fe(CO)5
in pentané gives [Fe(CO)z(PhS)2]2126 containing coordinated éisulphide
ligands, whereas thermal reactions yield the dimer [Fe(CO)SSPh]2°1
Extension of the photolytic methqd to other systems such as diphosphines
does not appear to be feasible o' even with (CF3)2PP(CF3)2127 due to
the difficulty with which the P-P bond is cleaved, It may be that
in cases where photolytic scission of the S-S (or P-P) bond is not
possible, the required products of the cleaved disulphide {or
diphosphine) may be accessible from mercapto RSH (or phosphines PRZH)

which possibly give RS* (or R2P) radicals more easily,
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During the last war the discovery by Reppe that alkaline
solutions of iron.carbonyl hydride gave hydroquinone when reacted with
écetylene1%§ opened up an exciting new field of research, The
coordination of an acetylene molecule to a transition metal is
frequently the initial step in extremely complex reactions.from which -~
can be isolated organo-iransition metal complexes containing cyclic
organic ligands formed by condensation of two or more acetylenes, 1In
many cases incorporation of other coordinated ligands into the organic
moiety occurs and with carbonyl complexes cyclopentadienone, tropone
and quinone derivatives have been isolated,

The first step in the cyclooligomerisation process is usually
coordination of an aéetylene molecule to the meta112? but in meost

reactions leading to cyclisation it is not possibie to isolate this

complex,except when the acetylene has very bulky substituents such as

129
3.

intermediate w complex depends ,among other things,on the nature of the

CMe3 or SiMe The type of reaction(s) undergone by this

bond between the metal and the acetylene and this is determined by a

variety of factors as will be described later. The metalQacetylene

bond is,in most respects,similar to metal-olefin bonds except that the

latter can only involve one n orbital on the organic molecule,
Relatively few complexes are known in which an acetylene molecule

is coordinated to a metal other than the noble metals rhodium,

iridium, palladium and platinum and it is not surprising that most

of the theories of metal-acetylene bonding are based on studies of such

130

complexes, particularly of platinum-acetylene compounds,

Metal-Acetylene Bonding

The platinum-acetylene (and olefin) bond is usually described in
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molecular orbital terms using the theory of Dewar151 Chatt and

?
Duncanson.1§2

The bonding essentially involves a o bond from a filled
pn-orbital -of the acetylene to an empty hybrid-orbital on the metal,
complemented by & w back-bond from a filled hybrid orbital on the

metal to an empty pn* (antibonding) orbital of the acetylene., In

this bonding scheme'the acetylene is formally neutral and the platinum v
in the +2 oxidation state, An alternative description of the bonding
133

has been put forward within the framework of valence-bond theory

which involves two platinum-carbon o bonds,giving a three membered

C
Pt< ! ring,and the acetylene carries a formal charge of 2- with the
c

metal in the +4 oxidation state,

From 2 study of the i.r. spectra of divalent platinum complexes
(RC,R)PtCL,L (L = C17, amine), Chatt et al. deduced that the metal-
acetylene interaction was relatively slight , their criterion being
AvC=C = [vCEC(free acetylene)-vC=C (coordinated acetylene)]cm'd.134
The decrease in frequency observed, about 200 cm-1, and the low
intensity of the vC=C band of symmetrical acetyienes, appegred to
indicate rather weak bonding to the metal with onlf a small distortion
of the acetylene from its unccmplexed geometry.

The second type of complex,(PhﬁP)ZPt(R02R1),investigated by Chatt
showed a strong band near 1800 cmf'1 in the i.r, spectrum assigned to
the C=C stretching mode of the coordinated acetylene, AvC=C was much
larger in these complexes and it was suggested that the bonding of the
acetylene to the metal,(formally Pt(O)),was much stronger than in the
PtII complexesj34 Thus,in the zero valent complexes the metal acetylene
bonding is described more accurately by the valence-~bond model involving
Pt-C o bonds,

In a later paper135 Chatt pointed out that the possibility existed
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of a series of complexes in which a gradual transition occurred
between the two bonding types, He also pointed out that the
esgsential difference between the two types was due to the electron-
releasing or withdrawing character of the group R on the acetylene,
Subsequently, metal-acetylene bonding became rather a controversial
issue and Collman and Kang summarised the position in 19671§§ "At the
present time it is an unsettled question whether thevtwo bond types
represent energy minima and could be found in valence tautomerism or
whether these are extreme descriptions of a gradual transformation",
These authors inclined towards the~second viewpoint as have subsequent
workers who recentiy‘attempted to present a unified description of the
mefal-acetylene linkage involving a single bonding scheme embracing PtII

130,137

and PtO complexes,

Platinum II Olefin and Acetylene Complexes

The success of a theor& depends on its ability to explain
experimenfal observations and,in PtII-acetylene complexes,one of these
has already been mentioned viz, the reduction of vC=C by 200-250 em™)
from that of the free acetylene, Among other experiﬁental observations
the more important are the slight lengthening of the multiple bond and
bending of the substituents R away from the metal to give a cis bent
configuration, In addition the energy barrier to free rotation of the
acetylene.is probably very low since in analogous olefin complexes it
is in the region 10-15 K.cal/mole., X-ray studies have revealed that,
as a result,crystal packing forces are sometimes sufficient to distori

130
the square planar arrangement from 900. 3

Description of Bonding

The original molecular orbital treatment of Dewar, Chatt and
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Cl Cl

Fig, (i) PtII olefin complex

Duncanson,when applied to PtII complexes, Fig, (i), envisaged the acetylene
*(or olefin) platinum bond being formed by donation of charge from a

v full pn orbital on the acetylene to the empty 5d225dx2_y26s6pz

hybrid orbital on platinum,and the w-backdonation occurring from the

Yz
acetylene, This bonding scheme requires the acetylene to be

5d 6py hybrid orbital on the metal to an empty pn* orbital on the
perpendicular to the square plan?bsurrounding the platinum and,to
account for the low energy barrier to rotation,it is also necessarj

to allow back donation to occur from the 5dxz orbital on platinum,
Calculations have shown138 that dw-pr hybridisation involving an
unoccupied p orbital leads to a stronger metal-ligand 1rbondhso that the
dez orbital will give a weaker bond than the dez 6py hybrid orbital
" and this explains why the perpendicglar arrangement of the C-C bond

is the most stable, This argupent has recently been put on a semi-
quantitative basis by calculation of the total energy of irans-
Pt(NH3)012(02H4) as a function of the angle between the C-C axis and
the PtN012 plane.139 The results show a deep energy minimum when
this angle is 90° which corresponds to the position necessary fop
maximum w back-donation from the dez 6py orbital of the platinum?and.

& shallow minimum when the angle is Og,at which back-donation from the



- 67 =

5dxz orbital reaches a maximum,

Platinum (0) Olefin and Acetylene Complexes

With complexes of the type (PhBP)thRCCR1 in which large values
of AvC=C (~ 500 cm—1) are found X-ray studies have revealed that the
axis of thé multiple bond lies close to the plane containing the metal
and phosphine ligands (Fig. ii). The dihedral angle.a usually lies
in the range 8-12° while the multiple bond subtends én angle B at the
platinum atom close to 400, and again the substituents bound to the
multiple bond have the cis bent configuration, In general, the C-C
bond is weakened to a greater extent upon coordinatiog than in PtII
complekés and this effect is particularly promiﬁent:ﬁith 61efin'and
‘acetyleneé bearing electron withdrawing subsfituenté. This indication
of stronger M-acetylene (olefin) interactiéﬁ is also reflected in the
stabilities of these complexes which are usually greater than those of

unsaturated molecules containing electron releasing substituents,

Description of Bonding

The last two observations,and the fact that percyano olefin and
acetylenes,which are very poor o donors but very good w acceptor
ligands, form stable complexes with Pt(O),suggest that the bonding

can be described in terms of the Dewar-Chatt-Duncanson model, In

FPig, (ii)
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these complexes, however, back-donation to the n* orbitals of the
acetylene (olefin) is much greater than in PtII comﬁounds, thus
accounting for the greater weakening of the multiple bond on coordination
and the change in hybridisation of the sp2 carbon atoms towards spa.

139

Calculations, similar to those for PtII complexes, have shown that
for (PHB)QPt(CH5CECCH3) the total energy of the system has a single
minimum when the multiple bond lies in the Pt(P)2 plane, thus accounting
for the absence of free rotation of the acetylene or olefin in Pt(0)
compounds,
If the carbon étoms of the C-C bond were to be completely

rehybridised to sp.3 the olefin or acetylene would be a dicarbanion
fofming two o bonds to the metal as in the valence bond model of
Gelman, Although superficially this appears to be very different
from the Dewar-Chatt-Duncanson appfoach, in reality the two models

130 By considering

merge as shown by Maitlis et al137 and Hartley,
changes in the relative importance of the ¢ and n contributions to the
Pt-acetylene bond,these workers suggest that the two classes of
complex observed, PtII and Pt(0), are in fact extreme types. In the
former o donation predominates and such complexes are stabiliséd by
electron releasing substituents on the acefylene,while in the latter
the predominant = back-donation is facilitated by electron withdfawing
substituents, This is illustrated by the following diagram which
shows the effect on the distribution of electron density as the o and
w tomponents are altered, |

Recent molecular calculations140 have reinforced the conclusion
thet electron withdrawing substituents on the C-C multiple bond

stabilise Pt(0) complexes by showing that the strength of the metal-

acetylene bond is strongly dependent on the amount of w-back-donation,
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This appears to be a fairly general conclusion since Krémer, who

has studied olefin rotation in CpRhL2

acac = acetylacetonato,found that rotation of coordinated ethylene

and acac RhLZ, L = olefin,

. and monofluoroethylene occurs readily but coordinated tetrafluoro-

ethylene remains in a fixed orientation,evep at‘1OO°C.141 This
indicates a greater barrier to rotation of coordinated CF2=CF2, and
possibly stronger metal-olefin bonding, The latter conclusion was
subsequently confirmed by X-ray diffraction studies of LRA(C,H,) (C,F,),
142 143

L = acetylacetonato, Cp. In both compounds the metal-olefin

bond is much shorter with CF2=CF2 and the increase in C=C distance
on coordination is much greater with the fluoroolefin, These results
imply that complexes such as CpRh(C2F4)2 have metal-olefin bonds
intermediate between those in PtII and Pt(0) complexes,

44

CpMn(CO)ZCF C.CF 1 which shows an acetylenic C-C stireiching mode at

372753
1919 en™! in the i.r. spectrum (Av = 381 cm-1),also appears to be
intermediate between the two extremes, Olefin and acetyiene complexes
of transition metals other than platinum are also known which appear
to fall into the more extreme classes13? but Chatt's original postulate
of the existence of a series of complexes in which a gradual transition

occurs between the two types,has now become an experimental reality,

It has become apparent that the presence of electron-withdrawing
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substituents on acetylenes (or olefins) influences the nature of the
metal-acetylene (olefin) bond significantly and,as suggested earlier,

this in turn influences the reactivity of complexes containing

145

coordinated acetylenes or olefins, An interesting example of

this is the type of product obtained when iron carbonyls react with

ethylene or perfluoroethylene, Thus CH2=CH2 gives Fe(CO)402H4146a'

containing & coordinated olefin,while CF,=CF, gives lT'e(CO)4(Cl7‘2)4M6b

with the structure illustrated, The ethylene complex contains a

rT N

simple metal-olefin bond, whereas in the fluoro-carbon compound

condensation of two 02F4 units has occurred, and these are linked

to the iron by Fe-C o bonds, This tendency to form transition metal

complexes containing M-C o bonds is a characteristic feature §f fluoro-

olefins and fluoro-acetylenes and muét be due to the stability of

such linkages when compared with those in which the carbon has

hydrogen or alkyl substituents attached.145
The strength of M-C o bonds has attracted much interest over the

147

past twenty years and recent developments suggest that transition

metal-carbon bonds are not, as was originally thought, thermodynamically
unstable, but owe their lability to kinetic factors, suitable pathways
being available for facile M-C bond-cleavage, The stability of
transition-metal-perfluoroalkyl 1inkagé was originally suggested to

result from w-back-bonding between filled d orbitals on the metal and
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1? orbitals on the ligand.148 Evidence from i,r, spectroscopy and
short M-C bond lengths, combined with large M~C-F angles in crystal-
structures of perfluoroalkyl derivatives, seemed to support this.148
However, an alternative explanation for the i.r. data has been given149
. Graham's interpretation of’CO force-constants150 suggest that w-bonding
in M-C o bonds is negligible, and fecent calculations by Fenske151
can account for the short M;C distances, It ié important to not;
that these conclusions relate only to M-C o bonds and not to metal-
acetylene and olefin linkages which, in many caées, have predominantly
. mcharacter, However, in addition to accounting for the instability
of transition-metal-alkyl bonds,it is now apparent that new theories
of-M-C bonding must élsg be required to explain the greater stability
of transition-metal-perfluoroalkyl bonds,

In addition to their stabilising influence on M-C o bonds, the
presence of electronegative substituents on carbon substantially
affects the reactivity of unsaturated molecules as already illustrated
in reactions of iron carbonyls and olefins, This effect is particularly
marked in the reactions of transition-metal complexes with acetylenes145
and has led to an increase in the study of reactions involving hexa-
fluorobut-2-yne CF CECCF3 and,to a lesser extent,CFBCEGH, C6F505006F5

3

and C6F5CECH over the past decade,

Several reviews covering various aspects of transition metal

152,1
acetylene chemistry have been published recently229’ 52,155 one of

154

which covers the chemistry of fluoroacetylenes exclusively, Three
basic types of product can be identified from the studies reported

(1) complexes in which RC=ZCR units are present, (2) complekes resulting
from insertion of an acetylene into a metal ligand bond, (3) complexes

resulting from condensation of RCCR groups, The following text

describes briefly some of the chemistiry of such derivatives and, in

C
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view of the reactions described in chapters II-V, is confined mainly

to complexes derived from fluoroacetylenes,

Complexes in which RCCR units are Present

A number of complexes have been isolated in which one or more
acetylenescoordinate to a transition metal other than platinum and
still retain their identity,

Group VI metal acetylene complexes of stoichiometry M(RCCR)BX,

MW, R=Ph X=CO, M=Mo, W, R =CF,, X = CH,CN,are known 2?12

3

in which each of the three coordinated acetylenes 1is considered to

donate four electrons to the metal, This gives a formal twenty

56

electron configuration but a qualitative M,0, treatment1 suggests

the two 'extra' electrons are situated in a non—bbnding orbital, This
theory is in agreement with the geometry of the coordinated acetylenes
as revealed by a recent X-ray study of W(CO)(PhCCPh)5.157 Photo-

chemical substitution of one carbonyl’ group in CpMn(CO)3 by acetylenes

144 158
’

: : . |
gives CpMn(CO)ZRCCR, R = CF Ph, A weak band at 1919 cm  in

3

the i.r. spectrum of the hexafluorobut-2-yne complex, according to
Wilkinson, indicates that the acetylene functions as a simple electron-
donor, but, as suggested earlier, a small degree of waccepiance in
this complex is also probable,

A variety of acetylenes react with Co4(CO)12 displacing two

carbonyl iigands to give complexes 004(00)10R02R in which the

129,152

acetylene bridges a2ll four metal atoms, With dicobalt

octacarbonyl at room temperature, complexes Coz(CO)6RCZR have been

129,152 159

obtained and an X-ray study of the diphenylacetylene derivative

has shown that the bridging acetylene functions as a two electron

160 .
donor to each metal atom, A similar structure has been found in

the complex c°2(co)6C6F6 which results from partial defluorination of
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of octafluorocyclohexa-1,3-diene in the presence of 002(00)8. The
bridging acetylene is hexafluorocyclohex-1-yne-3-ene,
Products containing a coordinated tetrafluorobenzyne molecule

have been isolated from the reactions of Co4(CO)12 and Fe2(CO)9

161
M )
5 gBr, The cobalt complex gives C°4<CO)1OC6F ,

analogous to Co4(CO)1OR02R, while the iron carbonyl gives a dimetallated

with C6F

benzyne derivative Fe2(00)8C6F4. Recently benzyne dgrivatives werg
reported to be formed in the reaction of triphenylphosphine with
osmium carbonyl under certain conditions and the X-ray structures of
some of them have been solved.162 " These apparently result from

metallation of phenyl groups on the phosphines and,in some cases,

cleavage of the P-C Bond has also occurred,

Insertion Reactions

A type of ligaﬁd combination reaction undergone by acetylenes
(and olefins) is that involving insertion into a metal-ligand bond
tb give a o bonded olefinic or alkyl ligand, In certain cases
preliminary coordination of the unsaturated organic compound has been
shown to precede the insertion reaction and it is possible that many,

if not all insertion reactions,proceed through this pathway, The

R -LnM R'
S / N\, /
LrM-R + R CSCR' —= LnM —_— /c.c\
C\g,c-a' R R
4 '

R

transition metal catalysed polymerisation of unsaturated organic
molecules is believed to involve multiple insertion reactions of this

type, although intermediates have not often been isolated, and the

<
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exact mechanisms remain obscure, AHowever, evidence is now
. beginning to accrue which suggests that reactions of this type, at
least with glkynes bearingvelectron withdrawing substituents, may
proceed by different routes in certain circumstances.165
The reactions of acetylenes PhC=CPh, COOMeC=CCOOMe and
,CF3CECCF3 with_the dihydride szM'oH2164 give products which %ilustrate
the effect of electronegative substituents on the reactivity of M-C
¢ bonds, With CFSCECCFB,insertion into one of the MB—H bgnds was
observed and the j;ggg olefinic isomer of szMoH[C(CF3)=C(CF3)H] was
‘isolated. In contrast, insertion of dimethylaéetylenedicarboxylate
at 20°C gave the gig.olefinic isomer of szMoH[C(COOMe)=C(COOMe)H],
| but this could be converted to the Irans isomer at 110°c, However,
~ with szMon and diphenylacetylene,the w-bonded substitution

product szMoPhC Ph was obtained, although an intermediate insertion

2

product was suggested by the isolation of stilbene from this reaction.,

To account for these observations the following mechanism was

proposed .
R\\ C”R 8R
C= -
comor, 2R omol Su EER opmo—]  + mEC=oRR

The stability of the intermediate complexes appears io depend on the
electron-withdrawing ability of R and hence on the stability of the
M-C o bond,

Insertion of hexafluorobut-2-yne and 3,3,3-trifluoropropyne into
metal-hydrogen bonds of the hydrides Mn(co)5H and Re(co)5H has also

been studied16,5’189 and in each case trans addition observed, Trans

©



- 715 -

167

addition of acetylenesRC=CR, R = CF COOMe,166 CN, Yo iridium-

3
" hydrogen bonds has also been observed and an X-ray study of the
dicyanoacetylene complex,lr(PPh5)2(CNCZCN)[c(cn).c(cN)HJ1§e has
revealed a structure containing both the vinyl ligand and a
coordinated acetylene molecule, It was therefore suggested that
similar complexes may be involved in the linear polymerisation of
acetylenes,

In contrast, insertion of electrophilic acetylenes into Re-H,169

Rh-H' 1°

and Pt-—H171 bonds, has been observed to give cis vinyl complexes
suggesting perheps,a different reaction mechanism may be involved
relative to reactions which give irans products, Cis vinyl complexes
(CR=CRH) have also been isolated from the reactions of

COOMe1,65 and these react with

CpRu(PPh5)2

CpRu(PPhB)QH and RC=CR, R = CFy,
CFC=CCF; to give CpRuPPh3[C4(CF3)4H] and CpRuPPhB[Cz(COOMe)ZCZ(CFB)ZH]'
respectively, The crystal structure of the former has.been solved and
would appear to indicate insertion of an acetylene into the M-C bond

éf the vinyl complex, However, the structure of the dimethyl acetylene-
dicarboxylate complex suggests otherwise and an ionic mechanism waé

therefore proposed to account for the apparent insertion of CFacECCF3

into a carbon-hydrogen bond,
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SR — .
Formation of 00(00)304(ur3)4Ch2CMe=CH2 from CF3CECCF5 and tricarbonyl

172

(n-2-methy1allyl)cobalt can be explained by a similar mechanism,

Insertion of hexafluorobut-2-yne into the platinum-carbon bond in
L2PtCICH5

via five coordinate complexes containing a wbonded acetylene ligand,

, L = tertiary phosphine, arsiﬁe, has been shown to proceed
173,174
The stability of these intermediates and the ease with which they
formed insertion products L2PtCI[C(CF3)=C(CF3)CH3] was found to follow
the trans effect of the ligands L, It was concluded énbthis basis
that the reactivity of methyl-platinum compounds towards insertion
depends on the stability of the intermediate w -complex,
Insertion of hexafluorobut-2-yne and 3,3, 3-trifluoropropyne into

‘the- M-M bonds of CpFe(CO)zMMe
175,176

and Mn(CO)5MMe3, M = Si, Ge, Sn,. has

Several products of simple insertion were

)
been studied by Clark,

found,e.g. CpFe(CO)z[C(CF3)=C(CF3)SnMe3],but frequently compounds were
obtained, possibly due to reaction of mono-insertion derivatives with

' another molecule of acetylene e,g.

C¥5 °,F3
(co)SMn---cI:--.c---Mme3
C=m=C

CF3 CF3

M= Si, Ge, Sn

However, under conditions which produced Mh(CO)5[C4(CF3)4MMe5],

CpFe(CO)zsnMe and cy cnccr3 gave che(co)zcsF11 which has been assigned

3 3
the following structure,

It was therefore proposed that CpFe(CO)2[04(CF3)4SnM93] is formed
initially, but eliminates MeBSnF to give CpFe(CO)208F11. Me3SnF~was
detected in the above reaction and in other reactions which gave

products resulting from insertion and subsequent elimination,

.
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(C0)2
Fe F
(o] Es F
CFy
CF,

With CFBCBCH several cases of mono-insertion into M-M bonds were
observed but this acetylene generally proved to be less reactive than
CF5C=CCF . However, with Mn(CO)SSiMe3 a product assigned the

structure

H
CF,
H /// \\\
—CF,
H CF

3
MesSi  Mn (co)s‘

was isolated, The formulation of such a structure would imply bond-~
cleavage within the acetylene and proton,or CFB,migration.- - Although
this is not impossible, an X-ray study of this compound would seem

desirable to clarify the situation,

Reactions involving Cyclooligomerisation of the Acetylene

Although the reactions of a wide variety of low-valent iransition
metal complexes with fluorinated acetylenes have been investigated,

comparatively few studies involving the early transition metals have
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been reported, Moreover, indications are that only substitution
‘reactions occur,in contrast to the reactions of diphenylacetylene with
CpM(C0) 5, M =V, Wb, 1a, 177,176 Mo(C0) ¢ and Mo(CO)B(diglyme)179 which
give a wide range of unusual products eontaining coordinated acetylene
molecules, substituted cyclobutadiene and cyclopentadienone ligands,
However, fluoroacetylenes have been observed to undergo cyclisétion in
reactions with complexes of the Group VIII metals,with which extensive
studies have been carried out, It should be noted however, that
complexes of the iron, cobalt and nickel subgroups also appear to be

nore reactive towards diphenylacetylene and other related acetylenes.129’152

The reaction of acetylenes CFjCECCF3'180 CF3CECH181 and
182

C F.C=CH with iron carbonyls gives,in all cases,a cyclopentadienone

65
iron tricarbonyl complex Fe(CO)B[C4R4CO]. However, the reaction of
with 06F5C5006F5 gives Fe2(00)6(06F502 C6F5)2 which,according to.

83

. 1 s e
spectroscopic data,contains a ferracyclopentadiene ring, This is

in contrast to the reactions of iron cartonyls with acetylenes bearing
alkyl and aryl groups which yield a large variety of products.129’152
However, these products were usually isolated in low yield from large
scale reactions whereas the fluoro-acetylene reactions have been
carried out on a small scale,due to the relative inaccessibility of the
acetylenes,so that a direct comparison is perhaps not valid, This

184

suggestion appears to be substantiated by the recent report that

PhCECC6F4Cl reacts with Fe5(00)12 to give a complex mixture containing
at least twelve products, Only three of these could be isolated

in sufficient quantity for characterisation,Fez(CO)6(Ph0206F4CI)2,
Fe2(CO)2[(PhCzC6F4Cl)2CO]-end Fe(CO)B(Ph£296F4Cl)é,a11 of which have
analogues produced from dialkyl and diaryl acetylenes,

A wide variety of transition metal complexes act as catalysts for

the cyclotrimerisation of acetylenes to benzene derivatives and several

<
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mechanisms have been proposed to account for this reaction.129 ’
. Recently attention has been focussed on the intermediacy of metalo-
cyclopentadiene complexes, the stepwise building up of an arene ring

185

being clearly demonstrated, This led Green and co-workers to
investigate the reaction of hexafluorobut-2-yne with phosphine
substituted carbonyls of the iron group metals, and from the

intermediates isolated,the following ionic mechanism- was proposed186

Pig, (iii),

M(CO)ZLLC6(CF3J6 M(CO)ZL[C4(CF3)4CO]

The simple substitution products CoZ(CO)GRCQR,described earlier,
react at high temperatures with excess acetylene to give complexes
002(00)4(3003)3129’152 and substituted benzenes (CR);. X-rey studies of

t 187 H 188 vealed an
002(00)4[02H2)(Bu CZH)Z] and 002(00)4(CF302 )3 re
interesting flyover structure which may indicate how the substituted

benzenes are produced in this reaction,
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B,B,B—Trifiuoropropyne reacts with cobalt carbonyl to give,in
addition to Co (CO)6CF C,H and 002(00)4(CF302H)3,a methinyltricobalt

enneacarbonyl complex 003(00)900H CF
181,189

similar in structure to Co (CO)9CF

3’

described in Chapter I, A related complex,Co3(CO)9CCH206F5,

was subsequently reported to result from the reaction of 002(00)8

182
and C6F5CECH.

The substituted cyclopentadienone complex CpCo[PhC)4CO] was
formed in 80% yield on irradiation of CpCo(CO)zland PhCCPh in benzene
whilé in refluxing xylene an additional complex CpCo(PhC)4 was isolated
which contains a tetraphenylcyclobutadiene ligand, However,.acetylenes
with fluorocarbon substituents usually give only the cyclopentadienone
derivatives1?0 although the use of compounds CpCoL, L = C5H5’ 1,5~
cyclooctadiene, as a source of the CpCo moiety enabled the cyclobutadiene

191

complex CpCo(PhCZCF to be obtained from PhCECCFB. Originally

32
it was suggested that the presence of a phenyl substituent on the

acetylene promoted the formation of cyclobutadiene complexes, perhaps
as a result of conjugation between the phenyl ring and the acetylene
triple bond1,91 but recent work does not support this contention.192
. Formation of cyclobutadiene derivatives has been shown to occur via
complexes of stoichiometry (CpCo)z(RCZR)(CO) containing bridging

acetylene and carbonyl groups193 and also jig metalocyclopentadiene
194

intermediates CpCoL(RC)4. With fluorocarbon substituents the
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stability of Co-C o bonds in such intermediates might explain why
_cyclobutadiene derivatives have never been obtained from CFBCECCF3
and other flgoroacetylenes. '

The reaction of acetylenes with CpRh(CO),, as with CpCo(C0),, 2150
gives cyclopentadienone complexes but in some cases the reactions
are much more complicated and,in addition,give large amounts of
hexa-substituted benzenes (RC)6 formed by cyclotrimerisation of the

acetylene, Thus with C6F5CECC6F Rausch obtained,195 in addition to

5
the cyclopentadienone derivative and (C6F5C)6’ (CpRh)3(06F c.,C F_)CO

572765
and(CpRh)2[C4(C6F5)4]. Similar complexes were also obtained with
. diphenylacetylene, The reaction of chh(co)2 and hexafluorobut-2-yne
was originally reporfed to give a cyclopentadienone complex and
, CpRhC6(CF5)6196 an X-ray study of thé latter revea}ing a non-planar
tetrahapto hexakis(trifluoromethyl)benzene ring w-bonded to a CpRh
197

residue, This reaction was later found to be very sensitive to

(CF3 groups omitted)

temperature and the following reaction scheme was therefore postulated
. ces 198
to account for the products obtained under a variety of conditions 9
Fig, (iv).

The stoichiometries of (2) and (b) are equivalent o products

1 .
obtained from CgF C=CC,Fe and CpRh(CO)Z. 9 14 is notable that the

.
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metalocyclopentadiene complex (CpRh)204(CF3)4 does not react with

excess acetylene to give a benzene derivative in contrast to the

work of Green.186 : , S .
Fig, liv

CpRh(CO) . + CF,GECCF3
< 7

(CF, groups omitted)

3

: ) Rh
Rh=———__=Rh [::Eij;
a

D
x>
(o]
lo
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INTRODUCTION

It is apparent from the reactions described that one of the most
interesting.aspects of transition metal-acetylene chemistry is the
reactivity of coordinated acetylenes towards other coordinated
ligands, Until recently most studies involving ligand synthesis have
involved simple insertion or cyclisation reactions,but, in some cases
involving fluroacetylenes,cyclo-addition reactions with unsaturated

199,200,201 The increased

organic ligands have also been observed,
reactivity of unsaturated organic molecules when coordinated to a
transition metal is well known and,although not so well docﬁmented,the

same appears to be true of inorganic ligand§.129’202’203’204

However,
the reédy availability of trifluoromethylthio and pentafluorophenylthio
complexes provided an opportunity to study the potentially interesting
reactions of these sulphido derivatives towards acetylénes,'in partic&laf
hexafluorobut-2-yne, . -
- An extensive chemistry of organo-sulphur derivatives is know_h,»zo5
no doubt as a result of the importance of such compounds in biological
systems,and this is also the reason behind recent iﬁterest in some
aspects of transition metal sulphur chemistry.zo6 Due to tk=
unavailability of perfluoroorgano compounds their reactions with sulphur
and its derivafives have not been so well documented until recently.207
Hexafluorobut-2-yne and elemental sulphur give a variety of
products depending on reaction conditions, two of the most interesting
v being bis(trifluoromethyl)dithietene,(CF30)2sz,and tetrakis(trifluoro-
methyl)thiophene,[04(CF3)4S].207 The former, which has a reactive S-S
bond, has proved to be an extremely interesting ligand towards

transition metals.208 The ligand properties of the latter have not
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been investigated as yet, although the variety of reactions undergone

) by thiophene and thiophene derivatives with transition metal

complexes1 should provide impetus for such studies, particularly

in view of the well known ability of CF3 substituents to change the

coordinating properties of unsaturated organic molecules.145
Few reactions of acetylenes and other unsaturated organic

compounds with sulphido complexes have yet been reported, ~ Nickel sulﬁhide

and diphenylacetylene react to give the dithiobenzil complex

[(PhC)252]2Ni209 which reacts with excess alkyne at higher temperatures

Yo give tetraphenylthiophene, Oxidative cyclo-addition of -

norbornadiene and butadiene derivatives to related nickel énd platinum

ditholene complexes have been reported and an X-ray study of the

adduct produced from 2,3-dimethylbutadiene and [(CFBC)ZS2]2Ni has

given the following structure.210

Ni
c

The stereochemistry of this and other butadiene derivativ-s caﬁnot'be
explaiped by direct application of Woodward-Hoffmann rules,but a simple
orbital correlation model,proposed by Wing and co-workers,can account
for the observed products, -

These results,although rather meagre,are sufficient to suggest
purposeful resezrch into the reactivity of organosulphur derivatives
of the transition metals towards other upsaturated organic molecules

such as acetylenes with a view to discovering new chemistry of the
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coordinated sulphido ligand,

The following text describes the results of studies into the
reactivity of hexafluorobut-2-yne, CF40=CCF,
propyne, CF505CH, towards some of the trifluoromethylthio and penta-

and 3,3, 3-trifluoro-

fluorophenylthio metallates described in Chapter I, A.variéty of
reaction types have been observed and isolation of reaction
intermediates in several.instances has enabled discussion of bossible
reaction mechanisms, Where appropriate, these have been compared
ahd contrasted with those proposed recently on the basis of
contemporary theories of fluoroacetylene reactivity in the presence of

163,186 Brief attempts have also been made

transition metal dérivatives.
to rationalise the various reaction types in terms of these reaction
mechanisms,and the reactivity of both the organosulphur complexes and

the acetylenes,

General Experimental Methods

Reactions were carried out in dry pentane as solvent ('* 20 ml.),
in thick-glass reaction vessels (~ 100 ml, capacity),sealed by
teflon stopcocks (Ace Glass Inc.).

I.R, spectra were recorded on a.Perkin-Elmer 225 spectrophotometer,
N,m,r. spectra were recorded on a Jeol C 60 H,L, spectrometer and on a
Varian Associate H.A, 100 spectrometer(at 100 M,Hz ('H) and 94.1 M,Hz

(19F).) A1l other experimental details are as described in Chapter I,

page 16, .
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SUMMARY OF REACTIONS

(1) RC=CR . + cpr»i(co)3301?3 -——'-CpM(CO)z(RczR)SCFj
P 30°¢C
(2) CF,C=CH + CpMo(CO)BSCF cprffo(co)[(cm'}czﬁ)zco]sma'5

3

/

(3) CpMo(CO)[(CFBCzﬂ)ZCOJSCFB v [CpMo[(CF302H)CO]SCF3]2

20°¢
(4) CF5C=CCF5 + [Mnﬁ(/CO) 4SC6F5]2 LA Mn(co)4c(CF3)=c(CF3)sq ¢Fs
’ 80°¢C '
(5) CF,C=CCF; + [Mn(CO)48R]2—-——- Mn(CO)B[C4(CF3) 433]
R = CFj, CcFy

20°c

(6) CP5C=CH + [Mn(CO)4SC6F5]2 —<= ~ e Mn(CO) 4(<:1“3(:211)23c6}.i'5
eo°é

(M 'Mn(CO)4(CF3C2!1)2SC6F5 —_— Mn(CO)B[(CFBCZH)zscst]

. .
(8) CRy0mCCF; + CpFe(CO),SR _10¢c_ CpPe(C0),[ €(CF5)=C(CF5) SCF; ]

R = CFz, CcFo

(9)  CpPe(C0) ,C(CF;)=C(CF,)SR B _ CpPe(C0)C(CF5)=C(CF5)SR

R = CFy, CgFs

hv
{10) c:p3c-ccp3 + CpFe(CO)C(CF3)=C(CF3)SC6F5 —-—-CpFe[C4(CF3)4506F5]

(11) CFBC'CR' + [Fe(CO)BSR]Z——b'\L" [Fe(CO)BSRJZCFsz

]
R = CFy H; R = CFy CFs



(12)

(13)

(14)

(15)

CF3CECCF3

CF,C=CCF
b 3

+

+

+

+

c?z(co-)6

-87-

CF,C_CF
3273

: 70%C
LFe(CO)3SR}2CF3020F3 A Fb(CO)3[04(CF3)4COJ
R = CF5, CgFy
80°C
[CpCoSR]2 —_— vCpCoC6(CF3)6
o _ .
CpO0(C0) (SC4Fs) _40¢C cpCo[ ¢, (CF) ,00]
40°c N
[Co(CO)3SC6F5]2 —_ - 002(00)6[04(CF3)4S] +

+ 002(00)406(0113)6
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RESULTS AND DISCUSSION

Reactions of RC=CR, R = CF,, CH,, ngs and CpM(CO),SCF,, M= Mo, W
- 7 P4 7 J 7

The reactions of CpM(CO)BSCF3, M = Mo, W with acetylenes

CHBCECCH3 ané CFBCECCF3 in pentane proceed slowly at BOOC,(M = Mq),

60°C, M = W, to give monosubstituted complexes cpM(co)2R02RSCF3,

M = Mo, R = CFs, I, CHy, II; M = W, R = CFy, III, CHy, IV.  Above

3 3’ 3’
these témperatures decarbonylation of the tricarbonyls becomes significant,
reducing the yield of the acetylene derivatives so that the temperature
mist be controlled accurately. It was noticed that, in addition to
giying higher yields of products, but-2-yne reacted more quickly than

the fluoroacetylene and it was subsequently found that diphenylacetylene

and CpMo(CO)BSCF reactedVreadily,under similar conditions,to give a high

3

yield of Cpr(CO)QPhCZPhSCF V., Attempts were made to react

39
[CpMo(CO)zsCF3]2 with hexafluorobut-2-yne but,after 70 hrs. at
90—1_OO°C,no reaction was observed,

The complexes are dark red, II, IV, purple,III,and blue solids,I
an& V,soluble in all common organic solvents, They are air and light
sensitive to varying degrees, the following approximate order of
stability being observed, CpW(CO)z(CF302 CFB)SCFB >
cPMo(co)2(Ph02Ph)SCF3 > CpMo(co)2(0H3CZCH5)SCF3
CH

pr(CO)Z(CH )SCF3 > cPMo(co)2(0F502CF )SCF3. The i,r,

3%2%3 3

spectrum in each case indicates a terminal CF3S ligand and two strong

bands near 2000 cm-1 are assigned to the symmetric and asymmetric

stretching modes of the two cartonyl groups. Two acetylenic C=C

stretching modes are observed in the i.r. spectrum of CpMo(CO)z(CFBCQCFB)SCF3
at 1735 om™ ' and 1830 cw, but only one band at 1714 cmf1 is observed

with CpW(CO)z(CF CF )SCFB. This can be explained by the presence of

302CF3

two isomers of the former but only one of the latter, as will be
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.discussed later, These reductions in frequency from 2300 cm.-1 in the
free acetylene are among the largest so far observed1,30’137 indicating
a significapt contribution from a o bonded structure133 due to
increased population of the 1: orbitals of the acetylene, This
would imply that hexafluorobut-2-yne tends to occupy two coordination
positions about the meta1130 although,in view of the high coordination
number in CpM(CO)zLX complexes,it is perhaps-unwise to take this
interpretation too literally,

In contrast to the complexes of hexafluorobut-2-yne the C=C
stretching modes of the acetylene in the but-2-yne and diphenylacetylene
complexes are too weak to be observed so that it is not possible to
estimate thé bond tyﬁe. Since the intensity of this stretching mode
vwill depend on the non-linearity of the coordinated acetyléne144 these
differences in intensity are not surprising. The increased back-donation
to coordinated hexafluoro-2-butyne as a result éf the electron with-
drawing ability of the CF3 groups will lead to a significant departure
of this acetylene from linearity,producing an inqreasebiﬂ intensity of the
carbon~carbon stretching mode,

The mass spectra of the complexes are all very similar, the highest
ion in each case being [CpM(CO)(RCzR)SCF3]+. Primary fragmentation
processes include loss of CO, RC=CR, R, CF3 and CFZS as might be
expected,3 The n,m,r, spectra also show regular features but
interesting differences also exist as will now be described,

The coordinaticn geometry about the metal atom in these and
similar molecules may be conveniently described as a square pyramid with
the cyclopentadienyl moiety at the apex and the remaining ligands
at the corners of a square base, The possible geometric arrangements

of the CF,S, acetylene and carbonyl groups about the corners of the

3

square allows for one trans and two enantiomeric cis isomers, Inter-

.
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conversion of such isomers in other monosubstituted complexes
CpMo(CO)zLX has been studied extensively and,on the n,m,r, time
scale,two distinct processes, cis-trans isomerisation and cis-cis
racemisation,may be observed.211

The '9F n.m,r, spectrﬁm of CpW(CO)z(CFjCchB)SCFs is shown in
Pig, 2.1, Since CF3 groups attached to diﬁalent sulphur usually
resonate in the range 20-45 ppm the low field signal is assigned to
the CF3S group. The presence of two coupled acetylene CF3 resonances
at room temperature suggests that the two extremities of the acetylene
are in different environments and it appears that only one isomer is
present,

Calcuiation of'the angle between the carbonyl ligands in cis and
irans isomers of CpM(CO)zLX and other complexes is possib1e212 since

this angle, (@), is related to the intensities of the symmetric (Is) and

asymmetric (Ia) C-0 stretching modes by the following expression
. 2.0
Ia/Is = tan“(9/2)

This formula, deduced from the theory of localised oscillating dipoles,
has been criticised but appearsto be sufficiently rigorous to yield
meaningful results.213 In general the angle calculated for ireans
isomers is in the range 100°-120°C while for cis isomers this reduces to
75°-95°.2 12 The angle calculated for pr)l(c:o)z(017'30201?3)&;}*3 , © = 112°,
suggests that in this complex the carbonyl groups have a trans
configuration, It is proposed therefore that the trans isomer has
structure (i) since the alternative (ii) would give rise to only a
singie sharp acetylenic CF3 resonance, On steric grounds this result
is not surprising.

The 'H gpectra of CpM(CO)z(CHBCZCHj)SCFB, M = Mo, W, suggest a

similar structure for these complexes,the acetylenic methyl resonance

v
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//\\// ~ ~\ .

e
(4) CFé:;%%SS | (ii)

. - (iii)

near 71.being split like that of the CF3 groups in the hexafluoro-2-

butyne complex, Although it is not possible to ascertain the

stereochemistry of the diphenylacetylene ligand in CpM'o(CO)zPhCCPhSCF3

due to the breadth of the aromatic proton resonance, there is no

reason to suggest the structure of this complex is different from (i),
The variable temperature 19p n,m,r, spectra of CpMo(CO)é@F o CFB)SCF3

are shown in Fig, 2.1, and at 3400 two isomers are indicated, The

signals (a) are assigned to the trans isomer by.comparison with the

spectrum of the tungsten complex, The weaker signals (b) are considered

to be due to a second isomer (probably gig) in which the two CF3

substituents of the acetylene are again in different environments, (iii).
The variable temperature spectra indicate that no structural changes

oceur in this isomer down to -105°C but,at this temperature,the irans

isomer exists in two different forms,I(x), I(y). As the temperature

is raised the separation of the peaks due to I(x) and I(y) decreases and

at —45°C coalescence occurs, The variable temperature specira of

cpw(Co) (CF3 2CFB)SCF3 are similar but coalescence occurs at -30°C,

It is notable that no change in the high field acetylenic CF3 resonance

occurs in either case and it must be concluded that in the two low
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Fig, 2.1,

|
] .

T = 34°C

9 nom.r. CpW(CO)z(CF3CQCF5)SCF3

JL | ' - IJJ,

195 n,m,r, Cpr(CO)Z(CFBCZCFB)SCFB T

L]
N
I

O

Q

A

CpMo(CO)Z(CF3020F5)50F5 = -45°%

| -

]

!
-
(@]

U
o
aQ

cpMo(co)Q(CFSCZCFB)SCF3 T
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temperature forms of the frans isomer , one end of the acetylene is _
in virtually the same environment in both cases, However, the
parallel tegperature dependence of the other CF3 resonance and that
of the CF5 substituent on sulphuf indicates that two environments are
possible for each of these two groups,

In view of the axial asymmetry of the CFBS ligand, these
observations can be rationalised in terms of the CF3 group on sulphur
having preferred locations at low temperature, At higher temperatures
the energy barrier between these positions is overcome and free
rotation of the CF3S group about the M-S bond commences, Fig. 2.2,

illustrates the probable preferred conformations of the CF3S ligand,

Fig, 2,2, -

B
i: S. _CO ocC

O/\\/)g >§\//

ocC

(') (v')
On intuitive groﬁnds x' would appear to be preferable . to j' which
accounts for the isomér ratios at -105°C, I(x) & I(y)= 3 : 1,
IIIx : I1Iy = 5 : 1,

The proton n,m,r, spectrum of CpMo(CO)2(CH5020HI3)SCF3 was taken
over the range -90°C to +34°C but virtually no change was observed,
If, as may be possible, the acetylene is acting simply as a w donor
130

and effectively occupies only one coordination site, steric inter-

action between the CF3S and the but-2-yne ligands will be minimal and

the molecule remains fluxional even at -90°C. In I and III, if the
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acetylene is considered to occupy two coordination sites, one of the
CF3 groupé attached to the acetylene will occupy an apical site and
thus interaction with the CF3S ligand increases the barrier to ffee
rotation in the trans isomers. .In the cis isomer of CpMo(CO)z(CF3CZCF3)SCF3
the lack of temperature dependence of the n.m,r. spectrum must be
reconciled,either with the absence of free rotation and one preferred
conformation,or else with the existence of a very low barfier to free
rotation,

Restricted rotation about M-X o bonds has been detected in a
-variety of compounds and in CpFe(C0),SiClMe this has been studied by
variable temperature i.r. spectroscopy.214 Restricted rotation about
the Mo-C obond in Cp2Mo(No)an has been studied by Cotton who found
that thg ¢ Cp ligand may have one preferred conformation below -60°C
and this is suppbrted by a later X-ray study of this complex.215
Variable temperature n,m.r, studies of cp2MoH[c(CF3)C=C(CF3)H],which
contairs a sterically demanding side chain,have also been carried out
énd indicate fhat two conformational isomers exist in solution.164
It was observed that the cis:irans isomer ratio in

Cpr(CO)2(CFBCZCF3)SCF changed slowly on cooling to low temperature,

3
When allowed to sit in solution at -60°C for ~24 hrs, the peaks in the
19F n.m,r, spectrum due to the cis isomer increased invintensity
relative to those of the trans isomér. However, no trace of the cis
isomers of CpMo(CO)z(CH3020H3)50F3 or CpW(CO)2(0F3020F3)80F3 were
detected on cooling solutions of these derivatives to -60°C for 30 hrs.
Despite the extensive studies carried out on cis-irans isomerism in
similar complexés CpM(CO)zLX it has not been possible to rationalise

the data obtained so far211 and no attempt is therefore made to explain

the above observations,

The i,r, spectrum of CpMo(CO)Z(CFBCZCFB)SCFj, before and after the
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isomer changes, shows clear differences as expected, However, no
differences in the C-0 stretching region,apart from slight variation
in the relative intensities of the two C-0 modes,is detectable, even

under high resolution, indicating that the C-O stretching frequencies

of the cis and irans isomers are identical, Changes are observed

in the number and intensity of the C-F stretching modes but the most
noticeable difference is in the vC=C region where a significant
decrease occurs in the intensity of the high frequency mode at
4@50 erq, This identifies this band as being due to the trans
isomer which is surprising since it is much higher in frequency
than the yC=C mode of trans CpW(CO) (c 5 ZCFj)SCF which occurs at
1714 o, |

It hes been suggested that the stability of cis and trans
igomers'ef complexes CpM(CO)z' may,in part,be a function of the trans
effects of the ligands CO, L and X% despite the large departure of

these complexes from the model system based on platinum II compounds,

Trans effects are considered to operaie via ¢ or w-bonding mechanisms

depending on the iype of l}igand involved, 216 Since the CO group has

g much greater nacceptor ability and trans effect than the CFBS

1igana> !

it is strange that in the cis isomer of CpMo(CO) (C'.3 2CFE)SCF -
vith CO trans to the acetylene, the v(=C value is lower than in the

trans isomer,whereas the opposite is expected, Also the C-0 stretching

frequencies,which are coincident in cis and trans isomers,are obviously

insensitive to the trans effect of the ligand opposite and it must be
eoncluded that if trans effects are iﬁportant in this type of complex,
they do not occur via & w bonding mechenism, A similar conclusion
has recently been reached by Faller and Anderson who studied

11
-derivatives of the type CpMo(CO)Z(PR3)X-2
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Tab

le 2,2,

. »*
I.r. spectra of complexes CpM(CO)Z(RCZR)SCF3 (cmf1)
Compound , vCO vC=C vCF
CpMo(CO)2(0F3020F3)30F3 2034,8ms, 2023,2s, 1830wm  1276msh, 1271m, 1258msh,
1976vw 1745w  1226vs, 1215s, 1174msh,
1158s, 1136s, 1110s,
1089s, 1082s '
CpW(CO)z(CFBCZCFB)SCF3 2024,8ms, 2012,6vs, 1290ms, 1230wsh, 1218vs,

. 1966,5vw

CpMo(CO)2(0H302CH3)SCF3 1964m, 1950vs,
1907vw

CpW(CO)2(0H3CZCH3)SCF 1956m, 1941vs,

1899vw

3

cpMo(co)z(Phczph)SCF3 1982ms, 1969, Tvs,
1924, 6vw

1714vm

'1200wsh, 1155s, 1137s,

1113%ms, 1091s, 1067w,

1111ms, 1090s
1112ms, 1091ms

1116ms, 1089s

Cyclohexane

Reaction of CF,C=CH and CpMo(CQ)380F3
7

In contrast to the simple substitution reactions of disubstituted

acetylenes with CpMo(CO)BSCFB,5,3,,-trifluoropropyne and the latter |

reacted at 35°C in pentane to give a yellow crystalline solid which

analysed as CpMo(CO)2(CF302H)ZSCF3(VI). Yhe appearance of a strong

band at 1690 cm~! in the i.r. spectrum,characteristic of a ketonic C-0

stretching mode,suggests that the complex contains a substituted cyclo-

pentadienone ligand, formed by condensation of two acetylene units and &

carbonyl ligand, This formulation is supported by the mass spectrum
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of the complex where loss of only one CO group from the molecular ion

is observed instead of the expeéted two for a dicarbonyl, An ion due to

the cyclopentadienone ligand [(CFicZH)200]+ is also observed whiéh

undergoes loss of two bydrogens followed by CO expulsion from the ring,
Isomerism in VI is possible due to three different potenfial

arrangements of substituents on the ring, two symmetric and one

asymmetric,

(1) (ii) | (iii)

Each of these isomers has several other forms depending on the
arrangement of the other ligends on the metal, although the i,r, spectrum
suggests that only twe exist since two C-0 stfetching modes are

present,

The 19F n,m,r, econfirms the above conclusion,two sets of three
resonances of equal intensity being observed, Integration of the signals
gives an isome¥ ratio of 4:1, ‘ The'proton n,m,r, only shows peaks due to
the predominant isomer because of the low intensity of the signals but
the sharp singlet at 4,34r, attfibuted to the_cyclopentadienyl protons,
is slightly asymmetric suggesting the cyclopentadienyl resonance of the
second isomer is almest ceineident, Twe other peaks at 4,06t and 5,33t
are assigned to the olefinic protons on the cyclopentadienone ring of
the predominant isomer and, although broadened due to coupling with

adjacent CF3 groups, the coupling constants JFLH could not be obtained,
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It is apparent from the sharpness of the signals in the 19F n.m.r.‘
. spectrum that isomer (i) is not present since strong coupling of
adjacent CF3 groups in different environments would be expected;
Correlation tables of 1H resonances data for a variety of compounds,
which can formally be élassified as 1,3 diene metal complexes,show that
the outermost protons,Ha,are shifted to much higher fields relative to
HB upon coordination of fhe free ligand to a metal.181 Thus the
positions of the single proton resonahces of the predominant isomer of
CpMo(CO)[(CFBCQH)ZCO]SCF3 suggest that one is at an a position and the
sother at a B position on the ring,(isomer (iii)). This is in contrast
to the situation in Fe(CO)BﬂCF502H)2CO] which,from n.m.?. data,appears
to'have‘a symmetric cyclopentadienone ligand of type (ii).181

It is now well established that cyclopentadienone ligands form
linkages to metal atoms which result in bending of the ring such that
the ketonic carbonyl group lies above the plane of the four other carbon
atoms.218 A structure similar to that of CpRe(CH3)2(CSH50H3)219 is
therefore proposed for VI,the four ligands being arranged in a distorted
tetrahedral geometry about the metal atom, Steric interactions would

appear to be at a minimum with the ketonic C=0 group pointing directly

away from the CO and CF3S ligands,

‘With such a structure it is apparent that four sources of isomerism
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exist . (1) Arrangement of CF3 and H substituents on the cyciopenta-

_ dienone ligand, (2) Restricted rotation of the CF3S ligand as found in
CpM(C0),,(CF,C,CF;)SCFs,  (3) A polytopal rearrangement involving
a square planar intermediategzo (see Fig, 2.4.). (4) Restricted
rotation of the cyclopentadienone group about the metal-ligand axis,
The spectroscopic evidence available does not allow unequivocal
conclusions to be reached and decarbonylation studies on VI weré
therefore carried out in an effort to simplify the problem,

It was found that photolysis of the monomer VI proceeded readily
«in benzene to give reasonable yields of red crystals and small quantities
of a white solid, " The red crystalline material was separated frbm the

| latter (which was no% identified) by repeated slow recrystallisation
from CH,Cl, and shown to be the expected dimer [CpMo[(CFBCCH)200]SCF3]2 _,'
VII, by elemental analyses, i.r., n,m.,r, and mass spectroscopy. It
was also foﬁnd that ions due to the dimer are observed in the mass
spectrum of VI with high source temperatures,indicating that thermal
decarbonylation of the latter may also be feasible,

As expected the dimer gives no terminal or bridging C-0 stretching
modes in the‘i.r. spectrum but a strongketonic C-0 stretching mode at
‘1572 cm"1 is observed, This frequency is considerably lower than in
the monomer and this is attributed to increased polarisation of the ketonic
carbonyl group, It has been suggeéted that back donation of negative
charge from the metal to a c&clopentadienone ligand can occur, thus A

increasing the aromatic character of the organic ring.129 In VI some of
the charge can be removed by the strong w-acceptor carbon-monoxide,
whereas in the dimer this is not possible.and excess charge must be re-
moved by the cyclopentadienone ligand,and this results in a decrease

in the >C=0 stretching frequency, Removal of charge by the

cyclopentadienyl and CFBS ligands is probably minimal in view of their
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lack of wacceptor ability.221’222

- Table 2,3,
-1
I.r. spectra (cm )
Compound ’ vCO v >C=0 ~ vCF
LY * N
CpMo(CO)[(CF502H)2CO]SCF3 2065, Ts, 1706s, 1273m, 1255, 1154s,
2039s 1680s 1124m, 1090s, 1075s
t .
.[CpMo[(CFBCZH)zco]SCFB]Z - : 1570s 1258s, 1161m, 1147n,
o ' 1129msh, 1076ms
- t
CCl,;  CHCL,

The 19F n.m.r; spectrum of VII exhibits three peaks,(integrated
ratio 1:1:1),the low field signal at 23.5 ppm being attributed to the
CF3S ligands, This spectrum, coupled with the presence of three resonances
in the 'H spectrum,(ratio 1:5:1), suggests that only one isomer is
present and hence that isomerism in the ﬁonomer Vi dées not arise from
the érrangement of substituents on the cyclopentadienone ring,nor from
restricted rotation of this ligand in the wedge-shaped ground state
structure, which is probably retained in the dimer, Isomerism in the
dimer can,however,arise from the reiétive configuration of cyclopenta-
dienyl and cyclopentadienone rings about the metal atoms,and also from
the configuration of the CF3 groups on sulphur., Since several iéomers
are compatible with the observed spectroscopic data it is impossible to

assign a structure unequivocally to this complex,but one of the

following two basic forms seems probable,
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. ) Table 2,4.

N.m,r, spectra

"% (ppm) 'H(<)
Compound 51(CF33) 62(CF3) 6§CF9 6{(Cp) by by
Coto(COJ(0P,CH) SUBCE()" | 293 542 59.4 | 434 4.06 5.33
(2) 28,0 537  57.3 - - -
[CpMoﬂCFBCzH)ch] :SCFs]z 23,5 57,2 58,5 | 4.32  4.62 5,03

*
Ratio isomer (1) : disomer (2) = 4 : 1

In a further attempt to identify the source of isomerism in the
monomer. brlef low temperature 9F n.m,r, studies were carried out,
At -80° C,(Fig. 2. 3 ), the peaks due to the mlnor isomer,in addition to
being much sharper, shifted considerably from their positions at 34 C.
This would seem té suggest that,at some temperature above 34°C,COa1escence
of signals due to both isomers will occur. It is recalled that in
cpM(co)2(0F3020F3)50F3, M = Mo, W, relatively low coa;escence tempera tures

were féund. In addition, virtually no differences in the chemical
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19

Fig, 2.3, F n,m,r, spectra of cpMo(Co)[(CF392g)2)co SCF

3

T = 34°C

7 = -80°C

L [

shifts of the CF3 group remote from the CF3S ligand were observed in the

two low temperature conformers, However, in CpMp(CO)[CF302H)2CO]SCF3,

the observation that all the CF3 resonances shift considerably on lowering
the temperature is more compatible with a poljtopal interconversion
process, It is also notable that the barrier to free rotation of the
oC5H5 ligand in the structurally comparable derivative szMo(NO)on is
relatively low and fluxional behaviour is only arrested completely at
-11000.215 An estimated coalescence temperature in the n,m,r, Spectrum of
cpr(co)[(CFBCZH)ZéOJSCF3 of ~ 100°C therefore seems inconsistent with
restricted rotation of a sterically less demanding CFES ligand,

Assuming that a polytopal rearrangement is responsible for isomerism
in VI, four different structural isomers are possible, each of which, due

to the asymmetry of the molecule, has two enantiomeric forms which

cannot be distinguished by n.m.r, spectroscopy,(Fig. 2.4). Even taking
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into account the fact that only one isomeric form of the dimer VII
exists, since it is not possible to assign a structure to this isomer,
it is impossible to identify the isomeric forms of the monomer because
of the lack of information available, Photolytic dimerisation of the
latter probably involves CO expulsion to give a sixteen electron inter-
mediate118 and possible rearrangements in this transition state also
complicate the situation, However, it is interesting to note that all
the observed facts can be explained by the existence Qf one isomer with
8 stable ground-state structure analogous to CpRe(CH3)2(05H5CH3) which

undergoes a polytopal rearrangement to a higher energy form]x).

Square-planar intermediate

Fig, 2.4,
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Reaction of CF.C=CCF, and [Mn(CO),SR],, R = CF,, C,F
7 P f—2 3—6-5

The product obtained from the reaction of hexafluorobut-2-yne and
[Mn(CO)4SR]é, R = CFB’ C6F5,depends on the reaction temperature and on
the substituent R, At 20°C [Mn(CO)4SC6F5]2 reacted in pentane to
give a pale yellow solid whiph analysed as Mn(CO)4C(CF3)=C(CF3)SCeFS,
CVIII. At higher temperatures a yellow crystalline tricarbonyl complex

was obtained (VIII acting as an intermediate) which was found to.have
the stoichiometry Mn(co)3[04(CF 4sc6F5], IX(a), No reaction was
observed between the acetylene and [Mn(CO) 4SCF3]2 up to 75°C when the

tricarbonyl Mn(CO)B[C4(CF SCFB],IX(b),was obtained as oily yellow

5)4
crystals, no trace of a tetracarbonyl intermediate being detected,
Spectroscopic data on the tetracarbonyl complex VIII are in accord

with a structure in which the acetylene has apparently inserted into the

Mn-S bondsof [Mn(CO) 4306F5]2.

CF
65
s/

(CO)4Mn/ /

. s +
The mass spectrum gives a molecular ion M and other ions [M-2c0],
[M-3C0]", and [M-4C0]*. Prominent ions are also observed due to loss
of fluorine and CFy groups from the ligand [C(CF3)=C(CF3)SCGF5] but no
peak assignable to the complete ligand ion is present, The i,r,
spectrum exhibits the four terminal C-O stretching modes expected for an

-1 .
octahedral cis M(CO)4XY species223 and the weak band at 1609 cm , although
too low in frequency for a coordinated acetylene molecule,is in the

. - 9
region characteristic of uncoordinated olefinic bonds, The “F n.,m,r,
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spectrum gives three multiplets of ratio 2:1:2,due to a CGFS group,
and two multiplets of equal intensity at 61.0 ppm and 62,8 ppm,
assigned to two CF3 groups in different environments, The low field
signal is a quartet,JFF = 8,9 Hz due to coupling with the other cis
CF3 substituent which gives a complex multiplet due to coupling wi£h
both CF5 and C6F5 substituents,

The spectroscopic data of the tricarbonyls IX(a), (b), suggest an
interesting structure in which a five-membered heterocyclic ring
[04(CF3)4SR] is w-bonded to a manganese tricarbonyl moiety, particularly
significant evidence being obtained from the mass spectra of the
complexes, In each case a molecular ion is observed which loses one
fluorine atom but no‘other ions containing both metal and ligands are
observed since the complex apparently undergoes extensive fragmentation
at this point, Weak ions due to the ligand [CA(CFB) 453] are observed '
in both cases, the fragmentation processes of which involve loss of F,
QFBAand C6F5 in the appropriaté case, The ions [CBF11S]+ and [CéFmS]+
are particularly prominent in each specirum, Interestingly the mass
spectrum of IX(b) does not give an ion at m/e 82 assignable to CFZS+
and the latter is a characteristic feature of the spectra of complexes
containing M—SCF3 1inkages.3

The 19F n.,m.r, spectra,which shoﬁ signals due to‘the substituent
on sulphur and two highly coupled resonances of equal intensity near
50 ppm,indicate that two types of CF3 group are present, The chemical
shift of the CFis attached to sulphur in IX{b), & = 68.2 ppm, is

extremely unusual since CF3S groups almost invariably give chemical

shifts well below 50 ppm.’ However, CF3 attached to S IV gives a

= o 224
chemical shift in the range 50-80 ppm, e.&. Cr3SF3’ d = T72.8 ppm,

and this originally suggested that the sulphur atom in 1X(b) is

tetravalent, On this evidence a structure (Fig. 2,6.b) was originally
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Table 2,5,

N.m.r, Pgrameters of Manganese Carbonyl Complexes

9% (ppm)

Compound 8(1)(CF5C)  8(2)(CF5C) 3(3)(CF,8) 7, ,(Hz)
Mn(CO)4C(CF3)=C(CF5)806F5 61,0 62,8 - 8.9
Mn(C0) 5[, (CF5) ,SCFe ] 51,1 52,3 - -
Mn(co)3[04(CF3)4SCF3] 50.4 | 52.7 68,2 -

formulated for these derivatives in which a [c4(CF3)4SR](“) ligand

225 e solution

" donates six electrons to Mn(CO)3+.as in CpMn(CO)30
i.r., spectra are in accord with this structure sincé no bands appear in
the region 2000-1500 cm'-1 which can be attributed to uncoordinated C=C .
or coordinated C=C bonds, - Three strong C-0 stretching modes (2a1 +a2)
are observed above 2000 cm_1 due to an I*;I(CO)3 species of Cs or lower
éymmetry. In the vapour phase the spectrum of IX(b) reveals slight
P.Q.R. structure in these modes and, more signifiéantly,a reduction in
the separation of the a, and a, frequencies to 2,2 cm"1 which compares
with 5.2 cm-1 in cyclohexane solution, This would suggest that

solvent effects contribute to lowering of symmetry about the three CO
ligands and could also explain the presence of a weak ‘band just below the
high frequency mode in solution,since this is not observed in the vapour
phase spectrum,

In view of the intrinsic novelty of this structure and the
potentially interesting Mn-[C,(CFy),SR] bonding,an X-ray diffraction
study of Mn(CO)B[C4(CF3)4SC6F5] was carried out by Professor G.A, Sim,
Dr. W. Harrison, and Dr, F.B, Wilson of this department,

Orange yellow, plate like crysfals were grown from a saturated

solution of the compound in hexane.
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X-ray Structure of Mn(CO)3|C1£QEB)4SCSF5]

The complex crystallises in the space group P1, z = 2;
D, = 2,01, " Triclinic a = 7.889(6), b = 11,757(8), ¢ = 12,195(9) &,
o = 91,45(10), B = 69.71(10), ¥ = 81.55(9)°.
Diffractometer data (Mo-K radiation) current R = 7.,1% for 3229
« reflections with I > 3¢(I),
The structure of the complex is illustrated in Figs. 2.5.(a) and (b) with

" the structural parameters listed in Table 2.6,
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Table 2,6,

Intramolecular Bond Distances and Angles

' 0
(A) Bond Distances (4)

Mn - S

Mn - C(2)
Mn - C(3)
Mn - C(11)
o - c(13)

s - ¢(2)

S - ¢(6)
c(2) - ¢(3)
-¢(3) - c(4)
c(2) - ¢(7)
c(4) - c(9)
6(11) - 0(1)
¢(13) - 0(3)

2,793
2,109
2,062

1.814

1.832 -

1.782

1.815

1.425
1.459
1.490
1,516
1.131

1,112

(B) Bond Angles (degrees)

¢(4) - ¢(5) - §
c(2) - c(3) - c(4)
c(2) - s - ¢(5)
c(6) - s -c(2)
c(11).- Mn ‘-'c(1é)

c(12) - Mn

c(13)

111,36
109,68

85.7

111.9

89.48

91.32

Mn - C(5) 2.103
Mn - C(4) 2,068

Mn - C(12) 1,814
s - ¢(5) 1.774

0(5) - c(4) 1,441

c(3) - c¢(8) 1,488
c(5) - c(10)  1.468

c(12) - o(2) 1,125

c(2) - c(3) - s
c(3) - c(4) - c(5)
c(6) - s ~c(5)

| c(12) - Mn - ¢(13)

111,68

109.31

12,4

90, 64
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Fig. 2.5a
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The results of this work revealed that,as expected,a heterécyclic
‘ring [04(CF3)4 SCGFB] is bonded to a manganese tricarbonyl residue and
IX(a) has the structure illustrated. The most striking feature of the
molecule is the non-planarity of the héterocyclic ring which has an
envelope configuration with the sulphur atom lying above the plane éf
the four rigorously coplanar carbon atoms by 0,667 K. This gives rise
to a dihedral angle of 30,81° between the two planes defined by Cyr Cs,
5, C

C4, C. and C The Mn-C (heterocyclic ring) separations have

5 2* % V5 e
normal bonded values which vary systematically sc that the Mn-C3 and C4
contacts are equal and slightly shorter than the Mh-02 and 05 separations,
However, the Mn-S distance is appreciably longer than any feasonable
sum of the covalenf fadii of the two atoms and must clearly be
considered non-bonding, superficially indicating that the manganese has
a seventeen electron configuration; Such a description of the
compound is not, however, in accord with the observed diamagnetism,
(n.m.r.). Since mass and n,m.r. spectroscopy eliminate the possibility
Agf hydrogens attached to manganese and sulphur it is cleaf that a
significant contribution from a zwitterion structure,Fig. 2.6.(a),must
be considered so that the complex is formally that of a heterocyclic
sulphonium derivative bonded to a manganese (-1) species, The high
chemical shift of the CF3 group attached to sulphuf in IX(b) clearly

reflects the cationic nature of the sulphur atom rather than a higher

oxidation state as in Fig. 2.6(Db).

Fig, 2.6,

(2) ' (v)
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It appears on this evidence that a contribution from the aromatic
delocalised structure (b)/ié negligible, Delocalisation of
electron density over only the carbon atoms in the ring is indicated by

, o o
the three C-Q distances 02~-C3 =1.43 A, C =1,46 A, C,-C_ = 1,44 K.

-C
A 574 475
‘The C-S distances at 1,78 A areclose to the sum of the covalent radii
022 o]

of sulphur and carbon 1,81 A, which compares with 1,74 A in thiophene
in which only partial electron delocalisation and sulphur valence shell
expansion is considered to occur.227

Other complexes containing heterocyclic five-membered rings have

228

been prepared and an X-ray structure of one of them,[(C4Ph)4As]Mn(CO)5,
has revealed a planar ring in which delocalisation over all five bonds
is'apparent. However, in the w-pyrrollyl complex [CAH4N]Mn(CO)5
- disruption of the electron delocalisation in the fing is implied by the

229

results of variable temperature N,Q.R., studies and the authors of
this work considered a contribution from the allylic olefin structure

illustrated,

More closely related to Mn(CO)B[C4(CF3)4SC6F5] from the structural
aspect is the cyclopentadienone complex Fe(CO)3[C4(CF3)4CO] in which the

carbonyl C atom of the five-membered ring lies above the plane of the

o 230
other four carbon atoms to give a dihedral angle of 207, The

difference in fhe dihedral angles of two other cyclopentadiencne complexes

232
cpoofC,(cH,) c0T5 9° 251 ana cpeo[ C4(CF;),C0); 21%,°7 led Mason to
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suggest218 that,when electron withdrawing substituents are attached to
‘the ring,the resultant reduction in the energy of the 1f orbitalsv
leads to inqreased back donation and hence population of the lowest
lying anti-bonding orbital of the dieéne ring, This in turn will be
reflected in a greater contribution from an extreme valence bond structure
in which the non-planar ring has a large dihedral angle due to sp5
hybridisation of the carbon atoms 02 and 05, It can be concluded from
this approach that some form of localised bonding occurs between the
metal and the carbon atoms on the 2 and 5 positions of the cyclopenta-
dienone ring, However, a survey of the C-C bond lengths in these
complexes often fajls to substantiate these conclusions and tends to

| indicate that all four carbon atoms may still be described as sp2

. hybridised, It is therefore apparent that in these complexes Mason's

approach has reached the limits of its applicability, This led Churchill 253
and later Alcock219 to propose the following alternative explanation
for the non-planarity of coordinated -cyclopentadienone and othef cyclic
diene rings., In order for the positive lobes of the butadiene B2
orbital to maxihise their overlap with the metal dyz orbital they will
be pulled or twisted inwards, Fig., 2.7. This is consistent with the
frequently observed decrease in the distance between C2 and C5 and in
order to reduce the torsional strain which is produced folding of the

ring along the C,-C. axis must occur,

25
Fig, 2,7,
. [o]
e > X R

This approach effectively explains why the diene rings in

' 234 233
‘CpRe(CHB)Z(CSHSCHE)’mg CPCO(C5H5Ph)’ 5% and CpCo(CsHCOPR)“*” have
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large deviations from planarity whereas Mason's theory implicitly
7requires the presence of electron-withdrawing substituents on the ring,
Since the angle of fold depends on the C2—C5 separation and the degree

of orbital twisting,it must therefore depend on the dimensions of the

x .
-~
3 \\Csand these will be determined to a significant degree

triangle C

by the size of the non-bonded atom X and its state of hybridisation,
2 . 2 . —~ . .

With sp »hybrldlsatlon,CZ-X-Cs will be fairly large,leading to a

greater separation of CéC5 and hence a relatively small dihedral angle,

(o] . (o)
e.g. Fe(co)3[94(CF3)4co], C,~X-Cg = 1007, dihedral angle = 20°,

5 -X-C. will

2 >
' —~ o ..
increase the dehedral angle, e.g. CpCo[C5H5Ph], C2-X-05 = 93,9°, dihedral

anéle = 36.50.234 It is therefore pleasing to note that in

3

However, with an sp” hydridised atom X,a reduction in C

: Mn(CO)B[C4(CF3)4506F5] the sulphur is effectively sp” hybridised,

Lc£:§2b5 = 85.7° and the dihedral angle is 30.81°, The slightly low

value of the latter relative to CpCo[CBHSPh] can be simply explained in
terms of a greater C-X distance allowing greater 02-05 separation and

orbital twisting for a similar CZ-X—C5 angle,

It is also interesting to note that,as in most other cyclic butadiene

09 05 distances in IX(a) are slightly greater than the

M.C3’ C4 bond lengths, This can be ‘explained by lower M—Cz, 05 orbital

complexes,the M-C

overlap relative to M—CB,C4,where little orbital twisting is required
as a result of the small C-C distance,

Another consequence of the butadiene orbitals being %wisted in
towards the metal atom is bending of the substituegts on 02 and C5 away
from their normal butadiene positions (Fig, 2.7.). Alcock pointed out
that,in the diene ring of CpRe(CH3)2[C5HSCH3], if C, and 05 retained
the sp2 hybridisation of the uncoordinated state, the effect of metal-

. ) n
0205 orbital overlap would be to bend the substituents on C, and Cg
o _.
towards the metal atom to make an angle of 29,1 with the 02, 03, 04,
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Cg plane, In Mn(co)s[c4(cp5)4scépsj the CFy groups on C, and C. are

2 5
bent towards the metal and make angles of 0.5° and 5.3° with the
butadiene p;ane. The difference in the angles can possibly be

explained by CF;-CF; repulsion in the ring as found in Fe(co)3[04(cp col,

304

although some changes in substituent configuration are to be expected

on coordination of the diene as will be discussed in Chapter III,

Reactions of CF,C=CH and [Mh(CO)4SCSF312

Brief studies of the reaction of 3,3, 3-trifluoropropyne and
[Mn(CO)4SCsF5]2 have been carried out in an attempt to gain further
insight into the mechanism of formation of the heterocyclic ring in

1X(a) and IX(b). Aithough by no means complete, these studies proved
- to be particularly informative,

The reaction of [Mn(CO)4SC6F5J2 and CFBCECH at temperatures beloﬁ
20°¢ proceeded slowly to give reasonable yields of a pale yellow
crystalline material Mth&EBQF%SC6F5, X, and quantities of a white
insoluble polymer which analysed as (CFBCCH)n' The spectral
properties of X are in accord with & ¢ bonded ring structure,(Fig. 2.8.),
rather than a w bonded molecule analogous to IX(a), (b). Thus the i,r,
spectrum gives four C-O stretching modes similar to Mn(CO)4C(CF9=C(CF3)SC6F5.
Weak bands at 1559 cm'1 and 1530 cm"1 are attributed to‘the uncoordinated
olefinic bonds of the diene ring while the vC-F region is complex. The
mass spectrum gives a molecular ion which undergoes stepwise loss of
carbonyl groups, and ions due to [(CFBCCH)ZSCSF5]+ and fregments are
clearly identifiable, An ion at m/e 449 corresponding to loss of|two
fluorines from the latter is,in fact,the strongest ion in the spectrum,
Assuming the proposed structure of X is correct, isomerism resulting
from different modes of addition of the acetylene is obviously possible,

/
but the 1H and 19F n.,m.r. spectra can be reconciled with the presence of
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-only one isomer, The fbrmer gives two resonances of equal intensity,

- one of which b = 3,66t ,is a quartet,J = 2,2 Hz, due'to coupling with a
cis CF3 group, The other signal,d = 4,121, does not show distinct fine
structure although broadened due to coupling of some description, Thé
19F n,m,r, spectrum exhibits two CF3 resonances at 59,3 ppm and 68,3 ppm,
both of which are resolved as doublets,Jp ,; = 2.2 Hz and Jog

respectively,due to coupling with the protons on the ring, The lack of

= 1.2 HZ,

strong CFB—CF3 coupling would therefore seem to rule out the possibility
of cis CFy substituents, |

. Comparison of the C-O stretching frequencies of Mn(CO)4(CF302H)2SC6F5

| and Mn(CO)4C(CF3)=C(CF3)806F5 reveals that in the former these are some
10'cm“1 higher and,on this basis,it is proposed that in X one of the CF3

- substituents is likely to be at the a position relative to the Mn(CO)5

group, Thus two structures are possible,

Fig, 2.8,

(co%M\\ // ‘(co%M\\'

S ; 3
/ /-
C.F, H , Ce's

65
() (0).
However, the comparable cis hydrogens have a coupling constant in the

235 <y s
region of 6 Hz in the related ring system of Fe2(00)6C4H4Te and it is

therefore concluded that the more probable structure is (a),

The possible role of & o bonded intermediate similar to X(a) in
the reaction of [Mn(C0),SR], and CF;C=CCF; at 80°C prompted thermal
decarbonylation studies of X and,at 80°C,a small quantity of a yellow

0il (complex XI) was produced in sufficient quantities for i,r. and mass

Spectroscopic studies only, The i.r, spectrum indicates that XI is a

tricarbonyl species of symmetry CS or lower,with three strong CO
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_stretching modes néar 2000 cm_1. The high frequency band has a weak
shoulder similar to that of Mn(co)3[04(CF3)4SR]. No C=C stretching
modes are present, suggesting all olefinic bonds are coordinated, but
aromatic skeletal modes of a C6F5 group236 are gquite prominent, The
mass spectrum of XI gives an ion (M) of highest m/e at 526 corresponding
to the stoichiometry Mn(CO)B[(CFBCzH)zscsFSJ but,in contrast with
heterocyclic derivatives IX(a), (b), this undergoes stepwise loss of

CO to give ions [M-CO]*, [M-2c0]*, [M-3c0]*. Ions due to fragmentation
of the ligand (CF502H)28C6F5, (L),are observed and, as in the spectrum
of the tetracarbonyl X, the ién at'm/e 349 = 1-2F is particularly
intense, On this evidence it is considered that XI has a structure

 analogous to that of Mh(CO)a[C4(CF3)4SC6F5].

R ti = C=C i CF_C
cactions of CF;C=CCF, and CF,C=CH with Mn(cQ)4( F3w2§12§9625

The reaction of the tetracarbonyl X and hexafluorobut-Z-yne;above
room temperature,gave a yellow oil,(comp;ex XII(a)),which was not obtained
bure, The reaction proved difficult to control and proceeded further to
give additional products which could not be separated completely from
XII(a) by chromatography or sublimation, A similar complex;XII(bL was
obtained from X and CF5CECH in a complex reaction which gave large
quantities of polymer (CF3CZH)n‘ This complex was only obtained in
very low yiéid and, again,could not be obtained pure,

The i.r spectra of XII(a) and XII(b) are similar with three strong
CO stretching modes and a weak shoulder near 2000 cmfj suggesting the
presence of an M(CO)3 group and,since strong skeletal modes near 1640 en”!
and 1500 a::m"1 are observed,the C6FSS group appears to have been retained,
Extension fragmentation of the complexes occurs in the pass spectirometer

and very few ions in the mass spectra of either complex could be

+ .
identified, However, a strong ion at m/e 350 , [CF3020F3(CF3C2H)2]’ 1s
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_observed in the spectrum of XII(a)‘which undergoes a recognisable
fragmentation pattern and this suggests the complex may contain a cyclic
Ligand,[CF5C,CF,(CF,C,H) ,SCF. ],  Expulsion of CgF5S from the ring in
the mass spectrometer wquld be highly favourable in view of the stable
arene ring producgd. The spectrum of XII(a) was taken under a
variety of conditions and one spectrum gave weak ions corresponding to
[CF3020F3(CF302H)2SC6F5]+, (1), [-m]*, [L-F]*, [L—?F]t}but no molecular
ion was observed, A1l spectra recorded gave the ion [L-2F]+ and it is
perhaps significant that one of the most intense ions in the spectrum of
.Mn(CO)5[C4(CF5)4SC6F5] corresponds to loss of two fluorine atoms from
the heterocyclic ligand ion, | '

On this evidencé it is tentatively proposed that XII(a) has the

stoichiometry Mn(CO)B[CFBC2CF3(CF302H)ZSC6F5] while XII(Db) is

. Mn(CO)B[(CFBCeH)3SC6F5]' The reactions by which they are produced are

similar to that of Mn(CO)4CCF3=CCFBSC6F5 and CFBCECCF3 and so the

following general structure is considered possible,

Mn.\) :
‘ 8 . .
Structurally related tropone237 and azepine23 iron tricarbonyl

complexes have been studied by X-ray diffraction.



- 120 -

auBXxayoToA)

wmGhOlL ‘ysugyy )
‘weGLl ‘wgliy ‘yswegly ‘quéozy

Mg60} ‘qug9yy
‘qupg il ‘mGizL ‘umzpzr ‘wml9z)

MGEOL ‘wmGgLl ‘wghi) ‘amgGLy
‘umgg L)L ‘wmgliL ‘mGOZL ‘umiGzy

*
MAQ96 L

‘saz°y661 “sa9002 ‘UsmMACGOZ “sAp902

MAQ66L “SAL®LL02
‘saG*1202 ‘ma090z ‘sagt0Loz

MAGYEL
‘sA0L6L ‘saG°¢861L ‘mypOz ‘sa6t0z

. ﬁmmmommﬁmwommovgnﬁoovuz.
[ (ca20s% (50 10) (Ca0%0fa0) 1% (00 )

[S20s%(2%%20) 1¥ (00 )t

WAR60L ‘WMGLLL  USMAOCGL . maLC6L ‘MAG®LG6L ‘SLL6L
‘gl ‘umigly ‘wézzL ‘mgpzy ‘MA6GGY ‘sA9*6102 ‘SAG*y202 ‘mrgg0z ‘w6602 mmmomwﬁmwommov¢ﬁouvaz
wM9ZLl ‘USWOGL)L ‘yswGyl) ‘yswogli MG 2961
‘uss0ozi ‘soiel ‘sg¢ez) ‘ugpey ‘sA8*9661 ‘SAZ00Z ‘M1C02 “MAL°0902 Hmmom¢nmm0v¢oumhooqu
wME60) | :
‘MGz ‘usmgply ‘umoGLl ‘wggyy MAL°9G6)L ‘MAQ96L ‘SAG®L56)
‘mlozl ‘swGzzl ‘M9pzL ‘mG6zl ‘sAZ°L66L ‘m9poz ‘sAZ* 9602 ﬂmmmom¢ﬂmmov¢oumA00qu
wMlCLL ‘ambiLL ‘qQuogil MAGGHL ‘MagGEL ‘SAG°6861
‘wmzliy ‘wzpel ‘umlGZy M6091L - *sAC°GL0Z ‘saLzoz ‘maggoz ‘suG®lg02 mmmommmoonﬁmmoVoqﬁoovgz
oA o=pA 004

punodmoy

saxa1dwoy TAUoqIw) 3sSUBSUB) JO Aelaov gagoads °*x°T

*

*I*¢ stq=L




- 121 -

Reactions of CF.C=CCF, and CpFe(CO).SR, R = CF., CF._
P 2n ) & S I

The reactions of hexafluorobut-2-yne and CpFe(CO)ZSR at 80°c,

R = CFy, and 75°C, R = CgFss gave air stable yellow crystals of
CpFe(CO)z[C(CF3)=C(CF3)SR] for which a structure is proposed in which
the acetylene has inserted into the Fe-S bond, Insertion reactions
of CpFe(CO)ZX, X =H, SiMes, GeMeB, SnMea,with fluoroacetylenes have
-already been described'so that isolation of the above products is

not particglarly surprising, .

The formulation of the complexes as dicarbonyls is based on
elemental analyses and mass spectroscopy. The mass spectra give
mo}ecular ions which lose two CO groups in a stepwise manner, The 19F
n,m,r, spectrum of CpFe(00)2[C(CF3)=C(CF3)SCF3], XIII(a) consists of two
'  quartets centred ét 61 = 42,7 épm, J = 5,17 Hz, 62 = 52,0 ppm, J =
15.8 Hz, and a multiplet at 55 = 56,6 ppm,which analyses aé a quartet
of quartets. CF3 groups attached to divalent sulphur generally have
lower chemical shifts than those attached to carbon239 s0 that<§1 is
assigned to the CF3S substituent, Since coupling of CF3S to only one
CF3 group is observed, the CF3 groups attached to carbon must have a cis
configuration in agreement with the coupling constant JF—F = 15.8 Hz,
which compares with reported values for JCF3~CF3(cis) in the region

163

11-15 Hz, J

F-F
189

values for trans CF3 groups are usually in the
region of 2 Hz while in this case no trans coupling is observed,
again supporting the cis configuration., The 1'9F n,m.T, of the C6F5S
derivative XIII(b) also indicates that the cis isomer is formed
exclusively, the coupling constant of the two CF3 resonances being
16,0 Hz.

The i.r. Spect;um of XIII(b) interestingly exhibits three C-0

stretching modes above 2000 em | while XITI(2) gives two sets of two

‘bands, This may be due to the presence of rotational isomers,
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preferred conformations of the C(CF3)=C(CF3)SR ligand being possible,
"as in che(co)zsiplee and Cp2MoH[C(CF3)=C(CF3)H].164 Since this
isomerism was not detected by n.m.r. spectroscopy, the rotation about the
iron-carbon o bond must be fairly rapid and thus the energy barrier

to rotation reasonably low, An i,r. spectrum of the SCF3 derivative
taken at -80°C shows significant differences in the relative intensities
of the two sets of C=0 frequencies, compared to those at room temperature,
indicating changes in isomer population, Witﬂ CpFe(CO)2SiClgMe it

was possible to obtain enthalpy and entropy data for the two

conformers from similar studie3214 but this was not possible Qith
XI1I(a), (b), due to insufficient separation of the isomer freguencies,

Photochemical decarbonylation of CpFe(CO)Z[C(CF3)=C(CFB)SR] in

pentane provides further evidence for the cis gedmetrical configuration
of CF3 groups favoured by n.m,r, spectroscopy. With R = CGFS,the sole
product was a brown oil CpFe(CO)C(CF3)=C(CF3)SC6FS,XIV(bL‘whereas

photolysis of the CF,S derivative gave,in addition to the monocarbonyl

3

CpFe(CO)C(CF3)=C(CF3)SCF XiV(a), small quantities of CpFe(CO)QSCFB,

39
separation of which required chromatography. XIII(a)‘was also obtained
by photolysis of CpFe(CO)zsCF3 and CFBCECCF3 in pentane and from the
thermal reaction of [CpFe(CO)SCF3]2 and the acetylene,'but these
synthetic routes are less useful due to the low yields obtained,

Apart from the i,r, spectra the spectroscopic data fqr-the mono-
carbonyls are very similar to those of the precursors CpFe(CO)zsR.
It was noted however, that the cis CF5(i) : CFB(ii) coupling constants;
Jpp = 8.5 Hz ,(XIV(a),and Jpp = 7.9 Hz, XIV(b), are much lower than those
of the dicarbonyls Jpn = 15.8 Hz, XIII(a), and Jep = 16,0 Hz, XIII(b),
but compare favourably with the value JFF = 8,9 Hz found for
Mn(CO)4C(CFB)-C(CF3)806F5. Since F-F coupling in these‘olefizz;

compounds probably occurs mainly via a through space mechanism this

implies that the cis CF; groups dre further apart in the monocarbonyls,
7/
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This is to be expected since distortion of the bond angles about the
_.sp2 olefinic carbon atoms must occur to form a four membered ring and,
as a result;the CF3 substituents are forqed further apart., It was
also noticed thatvthe chemical shifts of the CF3 groups in the
monocarbonyls are ~10 ppm higher than in the dicarbonyls, A further
effect of ring formation is the shift in the C=C stretching frequency
from ~1510 cm-1 in the i,r. spectra of the dicarbonyls to~1600 cm-1 |
in the monocarbonyls possibly as a result of increased electron densify
in the olefinic bond due to conjugative effects in the ring,
. The i.r. spectrum of the CF3S derivative XIV(a) shows two CO
stretching modes near 2000 e~ instead of the one band expected and
this is attributed té the presence of two isomers in whi;h the CF3

group on sulphur is on the same and on the opposite side of the four

//C*§

Ng”

membered Fe C ring as the carbonyl group.

&

Fe ) e '
\E"///! %‘////0 .
o~ O/ R/ / )
There is no reason to expect lack of inversion at sulphur in the C6F5S
complex so that the appearance of only one CO stretching mode in the
i.r, spectrum of XIV(b) is probably due to coincidence of isomer peaks,
In contrast to the small gquantities of CpFe(CO)zsCF3 produced by
photolysis of CpFe(CO)ZC(CF3)=C(CF3)SCF3,thermal decomposition of the

latter at 60°C in hexane gave this complex in significant amounts,

suggesting that insertion of hexafluorobut-2-yne into the Fe-S bond may

be, to some extent,an equilibrium reaction, In this context it has been



found that many other insertion reactions into metal-ligand bonds are

129

reversible, Recent theories concerning the lability of M-C o

147

bonds,particularly in transition-metal alkyl derivatives, suggest
that one of the reasons for the instability of these 1inkageé is the
ease with which B hydride transfer can occur, followed by olefin
elimination, e.g,

H l

C ? CH

M—1l2__ . CH, + decompositien
2 2 products

The reverse of this process, insertion of an olefin into a metal-
hydrogen bond,yields the alkyl again and the similarity of this

- system to that iﬁ#olﬁing CpFe(CO)ZSCF and CF,C=CCF, is interesting,

3 3 3
Particularly intriguing are the stabilities of the ¢ alkyl and o alkenyl
complexes (described in the introduction) formed by insertion of
fluoroolefins and fluorocacetylenes into transition metal-hydrogen bonds 164
which imply = that B hydride elimination is ohly partly responsible for
the lability of M-C o bonds,

Thermal decomposition of XIII(a) also gave other fluorocarbon
compounds which were:detected by 19F n,m,r, spectroscopy but not
icolated., Thus to some extent this reaction parallels the photochemicel
decomposition of CpFe(CO)202H4SMe,which yields CpFe(CO)ZSMe,
[che(co)sme]z, [CpFe(CO)2]2 and checo[(co)02H4SMe],33 the last of which
contains a bidentate sulphur ligand,similar in some respects to
—C(CF3)=C(CF3)SR. However, at some point in.the reaction, migration of
02H4SMe onto a coordinated CO ligand must have occurred, It has been
observed previously that ligands bearing fluorocarbon substituentis (i.e.
with strong M-C 1inkages) do not easily migrate onto coordinated carbon
monoxide186 thus explaining why decarbonylation of CpFe(CO)ZC(CFB)zc(CF5)SR

does not result in a CQ group being incorporated into the ring,

However, this is not a completely general phenomenon,as the isolation of
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[PhN:NC6H4.C(CF3)-C(CF3)]COCo(CO)2241 containing a ketonic ligand

shows,
The similarity of CpFe(CO)C(CF3)=C(CF3)SR to Mn(CO)4C(CF5)=C(CF3)806F5,
and the reaction of the latter with CFBCECCFB to give Mn(co)3[04(cp3)4sc6F5],

suggested that XIV(a) and XIV(b) might react similarly to give
CpFe[C4(CF3)4SR]. ‘ However, the photochemicgl reaction of CF:,)CCCF3 and
the CFSS complex proved to be unsuccessful and the thermal reaction of
the C6FSS complex yielded only CpFe(CO)ZC(CF3)=C(CF3)SC6F5. The

latter reaction was subsequently found to océur in the absence of the
acetylene and provides further evidence that metal-sulphur coofdinate
bonds are unstable‘when electronegative (and bulky) groups are attached
to the sulphur.222 However, the photochemical reaction of

CpFe(CO)C(CF3)=C(CF3)SC6F and hexafluorobut-2-yne was Subsequently

5
found to proceed slowly in pentane to give yellow brown crystals of the
required complex CpFe[C4(CF3)4SC6F5], XV, This air sensitive solid

' decomposes over a period of weeks,even in dry, oxygen-free nitrogen,in con-
trast with the observed stability of Mh(CO)é[C4(CF3)4806F5l but

appears to be fairly stable in solution under a pressure of hexafluoro-
2-yne,i,e, under the conditions of its formation,

The i,r. and mass spectroscopic features are almost identical to
those of IX(a) so that the presence of a heterocyclic ring [04(CF3)4SC6F5]
wbonded to iron is highly probable, A molecular ion at m/e 644 is
observed in the mass spectrum which loses one fluorine, = A very strong
aon at m/e 477 is assigned to [CpFeC4(CF3)4S]+. An ion due'to the
heterocyclic ring ((CCF3)4806F5] is also present which undergoes a
similar fragmentation process to that in the spectrum of IX(a). . As with
the latter,a peak due to loss of C6F6 from this ligand is one of the

strongest ions in the spectrum, Interestingly an ion of comparable

intensity to the ligand peak (L) is present which may be assigned to
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[L + F] and poseibly results from combination within the specirometer,

. The possibility exists of this 'extra' fluorine being attached to

sulphur and suggests that SIV heterocycles,04(CF3)4SRF,may be
accessible by fluorination of complexes Mn(CO)4[C4(CF5)4SR] or
CpFe[C4(CF3)4SR].

The 19F n,m,r, spectrum shows three multiplets at high field due

to the C6F5 group but only one CF, resonance at 51.3 ppm which, from

3

integration of signals,is due to all four CF, substituents on the

3

- ring, ._Since asymmetry and splitting of this signal were revealed
*by a high resolution spectrum at 94,1 M,Hz it seems likely that the

two sets of,CF3 groups have almost identical magnetic environments,
Mechanisms

The reaction of CpFe(CO)2SR and CFBCECCFB to give the cis

geometric isomer of CpFe(CO)Z[CCF3=CCFBSR ] is in direct contrast with

the work of Stone et al on the carbonyl hydrides of manganese and
rhenium which gave the trans isomers of M(CO)SC(CF3)=C(CF5)H, M =Mn, °
165

Re, exclusively. However, as already discussed, a variety of
insertion reactions of hexafluorobut-2-yne are now known which give only
cis isomers., The formation of cis (PEtB)ZPtC1CCF =CCF,H rather than

3773
17

the trans product is, according to Clark, explained by either a

temperature effect since cis MeZASCF3C=CCF3H isomerises abovg 140°C to
give the trans isomer, or differences in the reaction mechanism, The
latter explanation is favoured by Booth and Lieyd who studied the
insertion of a variety of alkynes RC=CR into the Rh-H bond of
RhH(CO)(PPh3)3.17O Only with R = CF3 was a cis olefinic complex
obtained and the ability of hexafluorobut-2-yne to stabilise a five

coordinate intermediate wcomplex was considered to be responsible,

It is, however, recalled that insertion of dimethyl acetylenedicarboxylate
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into an Mo-H bond of Cp,MoH, gives cis CngoH(CRzCHH), R = COOMe,at
‘ 164

0°C but at 110°C this isomerises to the trans isomer, Despi te
this,a concerted four centre mechanism which gives the cis isomer
of CpFe(CO)z[C(CF3)=C(CF3)SR] directl& remains the more attractive
explanation, particularly in view of the relatively low reaction
temperatures employed,

Although not necessary, it is’possible that ihsertion of the
acetylene into the M-S bonds of the dinuclear complexes [Mh(CO)4SR]2
and [CpFe(CO)SCF3]2 may involve preliminary bridge cleavage to give an

« intermediate containing a coordinated acetylene molecule,(a) Fig, 2.9,
Intermediates of fhis type are not generally isolated with complexes |

173

of the first row metals,but with certain platinum compounds this
has been achieved and the ultimate insertion reaction of the
coordinated acetylene subsequently observed, The formation of the
cyclic mangenese and iron complexes could therefore be explained by the
ionic mechanism jllustrated in Fig, 2.9. for the reactions of
[Mh(CO)4SC6F5]2 and acetylenes hexafluorobut-2-yne and 3,3, 3-trifluoro-
propyne., The formation of Mn(CO)3[04(CF3)4SC6F5] from
Mn(CO)4C(CF3)=C(CF3)806F5 could involve initial insertion into the
Mn-C bond of the latter to give an intermediate and this, like

the 3,3, 3-trifluoropropyne complex X, could undergo decarbonylation to
the tricarbonyl, However, Stone has pointed out that insertion into
M-C bonds in which the carbon has electronegative substituents, i.e.
strong M-C bonds, is rather unlikely and no examples of this are yet

16331though examples of this have

242

known with fluoroacetylene reactions
been observed with hexafluorocacetone, Despite this, the four to six
ring transformation may be possible by ring opening in XIII to give an

jonic intermediate (b) which can react with the alkyne to give (c).

The reversibility of the reaction of CpFe(CO)ZSCF3 and CFBCRCCF3
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provides tentative evidence that a mechanism such as this,involving
AC-S bond éleavage{is feasible, Stone has proposed a simglar
mechanism to account for the apparent insertion of hexafluorobut—Z—yne
into the C~H bond of thé vinyl complex CpRe(PPh5)2(CR=CRH), R = COOMe.1
In the reaction of LMn(CO)4SC6F5]2 and CFBCECH the polar nature of
the acetylene may be sufficient to stabilise the intermediate (b) so
that the equilibrium between tﬁe latter and (d) lies well fo the
right. Thus Mn(CO)4C(CF3)=C(H)806F5 cannot be isolated due to the
reaction of the ionic épecies with another acetylene molecule to give
.(c), which is sufficiently stable to be isolated,
5

‘hekafluorobut—2-yne could give the tricarbonyl by a more direct route

Alternatively, the reaction of Mn(CO)4C(CF5)=C(CF3)SC6F and

involving insertion of the alkyne into the Mn-S coordinate bond, The
o bonded zwitterion intermediate (e) thus obtained can undergo a o-w
transformation with CO expulsion to give the final product ﬁj.

A third possibility is coordinatioh of an acetylene to (d),leading
to cleavage of an Mn-S bond, Insertion of the coordinated acetylene
into the Mn-C bond is then possible as observed withAreaqtions of

242

hexafluoroacetone and low valent nickel complexes,

The reaction of CpFe(CO)C(CF3)=C(CF3)SCGF5 and CFBCBCCFB can

obviously prbceed by similar pathways but,since u,v. irradiation is

required,it is suggested that loss of a carbonyl group is first

63
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_required to enable coordination of the alkyne to take place,
- This seems more compatible with the second and third mechanisms
proposed above,i,e. insertion into an M-S or M-C bond,but cannof
be considered anything more than a tentative indicétion of such,
In view of the lack of evidence‘for the nature of complexes
XII(a) and XII(b) it is perhaps not wise to postulate a mechanism to
account for their formation but, if the structures-suggested are
correct, the above comments must also apply.
The existence of ionic intermediates such as &n(CO)4SRC(CF3)C(C§5)
*obviously can only be inferred from the limited studies carried out,
although similar spepies are claimed to be stable at low temperatures.512
As illustrated, these are extreme canonical forms and must be
considered as such, Alternative canonical forms could have the
positive charge placed on the metal rather than sulphur but,since ring
closure involves C-S bond formation,it is considered that some positive
charge probably resides on sulphur and hence that the structures
illustrated contribute significantly to the overall structures.
Consequences of positive charge location in jonic infermediates such as

these will be discussed in greater detail in Chapter III,

Reactions of CF,C=CR', R' = CF,, H and [Fe(c0).SR]. , R = CF,, CF_
J/ J Py [= P U

In all cases the above reactions gave adducts of stoichiometry

[Fe(C0)3SR]ZCF502R'but the reactivity of both complex and acetylene

t
depends significantly on the nature of R and R, [Fe(CO)BSCFS]2 and

CF_C=CCF, reacted below 35°C,in pentane,over a period of several days to

3 3

give good yields of [Fe(CO)BSCFs]ZCF3CZCF3, XVi(a). Above this

temperature the known cyclopentadienone derivative Fe(CO)B[C4(CF3)4CO]180

was obtained in low yield via the 1:1 adduct, No thermal reaction was

.observed between [Fe(CO)3806F5]2 and CFBCECCF3 up to 60°C,above which,
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Fe(co)3[04(CF5)4CO] was produced., In contrast, the photochemical
‘reaction at 20°C gave [Fe(CO)BSC6F5JZCFBCQCF3, XVI(b), in 95% yield after‘
only fiye hgurs irradiation,and the 3,3,3-trifluoropropyne derivatives
[Fe(CO)BSR]2CF302H’ Xvii(a), (b),were subsequently obtained in low
yield by similar photochemical means, Interestingly, irradiating
[Fe(CO)BSCF3]2 and CFBC-'--‘CF3 mixtures in pentane did not accelerate the’
formation of the 1:1 adduct noticeably,

The complexes are yellow crystalline materials which are reasonably
air stable in the solidvstate but decompose in solution, particularly

in acetone, The CF,S compounds give molecular ions in the mass

3

spectrum which lose the six carbonyl groups in a stepwise manner, Ions

) M-{CF,CCCF, + nCO), n = 1-6, are also observed indicating that loss of

3773

. acetylene occurs readily but only in the hexafluorobut-2-yne complex,

However, the mass spectra of the C6F S compounds were not obtained due

5
to decomposition in the spectrometer, The i.r. (Table 2.10),and n,m,r,
spectra (Table 2,13), of the compounds could be compatible with two
different structures, one in which bridge scission has occurred and

two Fe(CO)ESCF moieties, each containing a terminal CF5S ligand, are

3
bridged by a bidentaté.acetylene. Alternatively, a structure could be
envisaged in which the acefylene has .inserted into the metal-metal bond
of [Fe(CO)BSRJ2. The problem was subsequently solved by a single-
crystal X-ray diffraction study of [Fe(CO)BSCFa]chBCcha carried out
by Professor G.A, Sim and Dr, W, Harrison of this department,

Crystals for X-ray studies were prepared by slow crystallisation'from

hexane under anaerobic conditions,
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Table 2,10

F—"

2093vwsh, 2060,6sb,
2056,6m, 2047,2m, 2022vw,

I.r, spectra of complexes [Fe(CO)BSR]CFBCZR' (cm_1)
Compound vCO vC=C vCF
*
[Fe(CO)BSCFB]ZCFBCZCFB 2120,5w, 2117vw, 2105vs, 1534w  1274s, 1211m, 1180w,
‘ _ 2099,8m, 2066,5vs, 2027,6w 1141sb, 1110sb, 1080us,
: t
[Fe(CO)BSC6F5]2CFBCQCF3 2108vw, 2098vs, 2094m 1525w  1139mb, 1118wm,
2090wsh, 2061,5s, 2049,6s, 1088m, 1083msh
2031w
* . ’ :
[Fg(co)BSCFB]chBCQH 2115w, 2098,2vs, 2097ssh,  1520vw 1230wm, 1162w, 1140m

1110m, 1091wm

2007vw
= t
[F@(co)3506F5]CFBCZH 2106,7w, 2091vs, 2087.5msh, - 1136w, 1106w, 1088w,
o 2055.2m, 2045m, 2026vw, 1081w

2013vw

[Fe(CO)Q(PPh3)SCF5]20F3CZCF3 2049ms, 2037vs, 1982s 1525w 1261ms, 1186wm,
: 1148wm, 1120wmb,
1105wm, 1089wm, 1077m
. t f
Cyclohexane 0914 | CH2012

- . n ¥ | .CF.C
X-ray Structure of [F (CO)3§9 312;55_2923

The complex crystallises in the space group Pnma with a = 10,918(4),

[o] . )
b = 12,049(2), ¢ = 15.416(4) A, z = 4,  The analysis cmployed 1847

independent diffractometer intensities (Mb-K& radiation),

and least

squares adjustment of the atomic parameters converged at R = 5.1%., The

molecular structure is shown in Fig, 2,10, and some of the principal

dimensions in Table 2,11,

approximates very closely 1o C“v°
P-4

The molecule has crystallographically required CS symmetry which
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Table 2,11

Intramolecular bond distances and angles

0
(A) Bond Distances (A)

Fe(1) - fe(z)

Fe(1) - s(2)
Fe(1) - C(1)
Fe(1) - c(6)
Fe(1) - ¢(9)
c(1) - c(2)
c(1) = c(3)
c(6) - o(2)
c(9) - o(5)

3.266(1) - s(2) - ¢(12)

2,304(1) Fe(2) - s(2)

2.048(7) Fe(2) - c(2)

1.820(5) - Fe(2) - c¢(8)

1,849(8) Fe(2) - c(10)
1.34(1)

1.52(1) c(2) - ¢(4)

1.12(1) - c(8) - 0(4)

1.13(1) ¢(10) - o(6)

| (B) Bond Angles (degrees)

s(1) - Fe(1) - s(2)
Fe(1) - (1) - Fe(2)
c(2) - c(1) -c(3)
Fe(1) - ¢(1) - ¢(3)
Fe(1) - c(1) - c(2)

1,81(1)

2,307(1)
2.062(7)
1,811(6)
1.830(8)

1.51(1)

1.13(1)
1.12(1)

87.29

87.39 s(1) - Fe(2) - s(2)

90,17 .
125,06 (1) -c(2) -c(3) 123,85
117,92 Fe(2) - c(2) - c(4) 117,16
117,02

Fe(2) - ¢(2) - c(1) 119,01
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The structure of the complex shows that the acetylene has
_ inserted into the Fe-Fe bond and consequently the fluorocarbon C-C
bond is now completely olefinic in character, which explains the C=C
stretching mode in the i.r. spectrum of these derivatives near

-1 (o) (o]
1525 cm The C=C bond length,1,34 A,compares with 1,27 A in the

dimetallated bisolefinic complex [Ir(NO)(PPhB)CFBCQCFB 2253 and with
o)
1,33 A in ethylene.226 The bond angles round the olefinic carbon atoms

are close to the ideal 120° of sp2 hybridisation and the slight

distortions may be due to CF,-CF, repulsion as found in Fe(co)3[04(cp3)4co]?30

373
sAlternatively these can be accounted for by the requirements of the
Fe-Fe separation which is obviously a function of the angular strain in
the five membered Fb; ¢, C, Fe, S rings.

It has been observed that M-C o bonds exhibit a degree of shortening
vhen electron releasing groups on the carbon atom are replaced by
electron withdrawing substituents e,g., F, CFB,and this is illustrated
by the appropriate distances of 2.40 X and 2,28 X in CpMo(C0),C H, and

3725

CpM'o(CO)BC2F5 respectively.218 Until recently this bond shortening has

been attributed to greater M-C back-donation in the fluorocarbon

151
compoundstﬂ8’218 but calculations by Fenske >

suggest that this
phenomenon has its origins in the population of the highest filled
orbital on carbon, With fluorocarbon substituents this has significant
' s character which reduces the covalent radius of carbon and hence the
metal-carbon distance, In the current period of reaction against an
earlier overindulgence in invoking w back-bonding it is worth noting
that evidence in support of such conclusions is gradually being
collected.148
However, when the fluorocarbon ligand has uncoordinated olefinic
bonds, conjugative effects sometimes reduce the M-C o bond distance even

further so that in the metalocyclopentene derivative Fe(CO)4(CF2CF)2

. o
the average Fe-C bond length is 2,061 A,whereas in the perfluoroalkyl
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complex Fe(C0),(CF,CF,H),, this has increased to 2,058 124 e

) latter distance compares favourably with the average Fe-C o bond

separation ;n LFe(CO)BSCFB]chBCZCFB and seems to suggest that

conjugative effects are negligible in this complex and hence that

little or no w-bonding occurs between Fe(1) and C(1) and Fe(2) and C(2).
As in [Fe(CO)3SEt]2 and related compoundslO Gnly minor differences

are observed in the Fe-CO (apical) and Fe-CO (basal) distances of :

[Fe(CO)3SCF3]20F3020F5,although significant differences are apparenf

245

in [Fe(CO)BIPMezje. The longer Fe-CO (basal) distances in the

Jatter have been explained by the relatively strong = acceptor
phosphorus atoms exerting a wezkening trans effect on these bonds,
Conversély the absenée of = bonding in the Fe~I bonds allows some
~ double bonding in the Fe-CO (apical) bonds j;ggg to iodine, On the
basis of these observations,and since the Fe-C (olefin) bonds appear
to have little or no multiple-bond  character,the small differences
in the Fe-CO bond  distances in XVI(a) imply that the Fe~S bonds
have virtually no double bond character, In agreement with this the
Fe-CO distances in [Fe(CO)BNHQJZ10 show no significant differences, the
nitrogen of course ha?ﬁng no d orbitals available for back-bonding,
Comparison of Fe-S distances in [Fe(CO)BSEt]Q, [Fe(CO)3SC(C6H5)38
and [Fez(CO)ssMe]QS reveals that all have Fe-S distances near 2,26 2
while in [Fe(CO)BSCFa]ZCFBC2CF3 the average is 2,306 Z. The greater
Fe~-S orbital overlap in the CFES derivative, possible because of the
unstrained Fezs2 ring,would be expected to produce the opposite effect
i.e., shorter Fe-S distances, The implication is that in
[Fe(CO)3SCF3]ZCFBCZCF3 the Fe-S bonds are weaker than in the other
complexes and further substantiates the observations and conclusions
of Chapter I,that the presence of electronegative substituents on

sulphur reduces the stability of M-SR coordinate bonds, It is however,

pointed out that the Fe-S distances may be recduced in complexes con-
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taining M-M bonds as a result of the short M-M distance,as revealed
_ by a structural comparison of [CpCoPPh2]2 and [CpNiPth]zj5
The ma%n structural modification resulting from acetylene
.coordination.is in the stereochemistry of the iron atoms;which now have
almost undistorted octahedral .gecmetry,.. . Consequently the Fe282
ring is nearly planar with a dihedral angle of 1560 between the two planes
S{-Fell—s2 and S1-Fe2—82. Combined with a non~bonding Fe-Fe
separation of 3,266 X,this results in average Fe-S-Fe angles of 90.2o
and S-Fe-S = 87.4o which are significantiy less acute than the |
. corresponding angles of 68,3° and 81° in [Fe(CO)BSEt]z. Comparison
of structural parameters with other complexes which do not contain a

metal-metal bond,(Table 2.12l is perhaps more informative and reveals

. that,as expected,the bridge angles are in all cases less acute,

Table 2,12
.Dimensions of dinuclear mercapto-bridged iron complexes
° 0 o o
Compound - M-MA Fe-S A Fe-S-Fe S-Fe-S Ref,
* 8 [ ]
[Fe(co)350F3]20F302CF3 3,266 2,306 90,2 7.4
[Fez(CO)G(SMe)3]+ 3,062 2,305 83.2 80.7 246
[cpFe(cO)sPh], 3,39 2,262 98 81 78
[cpFe(sEt)s], 3,307 2,281 92,95 95,9 248

An interesting consequence of the near planar Fe282 ring geometry
is the greater S-S separation relative to [Fe(CO)BSEt]2 and hence the
change in isomer population relative to [Fe(CO)isCFBJZ, In the solid
state XVI(a) has the syn(a,a) configuration which is not possible in

[Fe(CO)BSEt]Q,and similar complexes with short S-S distances and highly
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. 11
-puckered rings, The separation of the two ethyl groups in the .

hypothetical syn(aa) isomer of the latter has been calculated to be
11
o)
2,30 A and,since the Van der Waals radius of a methyl group is

2,0 X,this isomer is precluded by steric interactions, On this

_ .basis,the syn isomer of [Fe(CO)isR]2 observed in solution is considered
to‘have the equatorial-eguatorial configuration.27 However, the
eiistence of the analogous electronically equivalent bis p-dialkyl and
aryl phosphido complexes,[Fe(CO)SPRR']2 and [CpCoPRR']z,together with
various substituted phosphine derivatives,does show that sufficient
non-rigidity of the M’2X2 skeleton exists such that the bridging R2P’groups
can replace bridging RS ligands, In these complexes the aryl

derivatives appear to be more stable than alkyl complexes, probably due to

15

decreased repulsion in the former, This is possible if the aryl

~

substituents lie with their 06 planes along the M-M axis as found by

247

the X-ray studies of [CpCoPPh2]215 ‘and syn-[Fe(co)BPMePh]z. The

latter can,however, exist with the configuration Me(a), Ph(e); Ph(a),
247

but it is not surprising

95

Me(e) according to proton n,m,r. studies,

that [CpCoP(CF isolated by Dobbie, proves to be very unstable.

5)2]2v

With [Fe(CO)BSCFBJ CF_, repulsion between the CF3 groups on

F3050% 35

salphur is obviously minimal and,as & result,the syn(a,a) isomer is the
most stable configuration, This also appears to be the case in
solution sincé peaks attributable to syn and anti isomers, ratio 3:1, are
observed in the 19F n.m,r, spectrum, No significant structural
alteration is expected on dissolution of the -crystals so that the syn
isomer probably has the axial-axial configuration, In XVII(a) the

isomer ratio is syn:anti = 2:1 while it appears that,from the n.m.r, of

XVI(b) and XVII(b), only the syn isomers are present.
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Table 2,13

N.m.r..parameters of complexes [Fe(CO)3SR]2CF CR'

372
g (ppm)

(CFzs) (CFBC) : 2

Compound 6(1) syn 6(2) anti 3(3) anti| 5(4) syn (5) anti
[Fe(co)BSCF3J20F3cch3 38,2 35,7 39.3 48,3 47,6
[Fe(CO)3S06F5J20F3020F3 - - - 45,4 -
* [Fe(cO) 3scF3JZ,CF30‘?_H 38,7 36,7 39.9 5745 5647
[Fe(CO)BSCGFBJZCFBCZH - - - 56,6 -

These observations can be rationalised on the basis of a
compromise between various intramolecular forces. Thus,in the
equatorial position the organic substituent on sulphur interacts withr
the basal carbonyl ligands and the bridging alkyne,while in the apical
pogition the R group is repelled by the apical éarbonyl groups and by the
other substituent on sulphur,if it also has this configuration.v The
predominance of the syn isomer suggests that the former is the more
important, particularly when the suﬁstituenfs on sulphu; are bulky,

e.8. CcFe.

It is thus apparent that the ;bsence of a metal-metal bond, by

changing the ring geometry dramatically, changes the relativeAstability

80

. %
of isomers, In chFe(co)sphJ276 and cp2Mo(SBu )2Pt012 the most

stable form has the syn (e,e) configuration in contrast to
3JZCF3C2CF3 which has the syn (a,2) form, suggesting that the

presence of a bridging acetylene in the latter considerably

[Fe(CO)BSCF

destabilises the equatorial position on sulphur. In the first two

complexes, however, the axial position is destabilised by the proximity
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of the cyclopentadienyl ligands, but it is interesting to note that
_in [CpFe(SEt)SJz,which has a structure intermediate between these
248 :
two types,  the most stable form in the solid state has the .syn (e,e)

configuration,

O Fe
O S
o €

Substitution of carbonyl groups in [Fe(CO)BSCF3J2 by triphenyl-

. phosphine,as described previously, leads to destabilisation of axial
substituents and,in view of this,the above observations prompted
similar studies with [Fe(co)jsc%]zc%czw}. At 20°C,in pentane;a
1:1 molar ratio of the latter and triphenylphosphine reacted to give

| the disubstituted complex [Fe(CO)Z(PPhB)SCF3]2CF3C20F3,no trace of a
mono-substituted derivative bteing detected, The i.r, spectrum is in
accord with the structure in which the CO ligands trans to'the olefin
bridge have been replaced., Attempts to obtain a mass spectrum of the
complex were unsuccessful due to decomposition in the épectrometer
source, The solubility of the‘complex is very low even in polar
solvents and this, combined with the observed instability in such
solvents, prevented a 19F n.m,r, spectrum from being obtained, The
proton spectrur. gives a single broad resonance at 2,5t but,unfortunately,

is of little help in elucidating the potentially interesting isomer

Population in this complex,

Reacti f CF,C=CCF, and | CpCoSR R = CF,, CF
: ons o 3 3 [Cp 4_12;_______-54-45-5

: Loy P - f 3 or
It was considered that the cobult complexes LCpCobR]z, R = CFy,
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CéF5’ with a proposed structure similar to [Fe(CO)BSR]z,might react
) similarly with hexafluorobut-2-yne, However, no reaction was
observed at;ow temperatures (<:70°C),even under u,v, irradiation,but at
80°C complex mixtures of products are obtained, Chroma tographic
methods enabled separation of some of these,but in very low yield-
and attempted identification by mass and i.r, spectroscopy was
unsuccessful, Howéver, the main product in both reacfions is a red
crystalline complex CpCocé(CF3)6, XVIII, which,from spectroscopic
evidence,appears to be analogous to the rhodium derivative CpRhC6(CF3)6’
198

3CECCFBo

The mass spectrum of XVIII,in addition to a molecular ion,gives

.obtained from the reaction of CpRh(CO)2 and CF

a peak at m/e 486 ana fragment ions correspondiﬁg to the ligand C6(CF3)6’
hexakis(trifluoromethyl)benzene, The 'y n,m,r, ééectrum gives a sharp
singlet, 5 = 4,531,while the 19F n,m,r, contains three complex multiplets
at 3 = 50.2 ppm, d o = 52,0 ppm and 63 = 57.2 Ppm,of équal intensity,

)

and ., exhibit complex fine structure while 61 is broad and poorly

2 p)
198
resolved, Similar spectra have been reported for CpRhC6(CF3)6 ?_.

Ru[P(OMe)3]2[06(CF3)6]186 and Rh[(CH3co)20H02(CF3)2][c6(CF3)6]1,99 |
indicating that in CpC;)CG(CFs) ¢+ @s with these three compounds, only
four of the six carbon atoms of the benzene ring are bonded 3o the
metal, The free double-bond of the ring generally gives rise to a C=C
stretching mode in the i,r. spectrum above 1620 en~! and in CPCOCG(CFB)G
this is observed at 1622 cm-1. Strong C-F stretching modes at
1207 cm-1, 1199 cm-1, 1194 cm°1, 1181 cm! have an intensity and
frequency distribution comparable to those of the cyclopentadienyl
rhodium complex,

An X-ray diffra;tion study of CpRhC6(CF3)6197 has shown that the
06(0F3)6 ring is non-planar, the uncoordinated double bond lying

above the plane of the other four carbon atoms with a dihedral angle of
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48° (see page 81), The C-C separation of the terminal butadieﬁe
fragment, 2,56 X,ig significantly shorter than in the free ligand,
2.80 X, and this accounts for this large distortion from planarity on
the basis of arguments presented previously with Mn(CO)3[04(CF3)4SCGF5].
A similar structure is therefore proposed for CpCoCG(CF§)6,

It has been shown that in the related derivative CpRhcé(COOMe)6249
the tetrahapto ring becomes fluxional at 155°C according to n.m,r,
data but this was not observed with the corresponding iridium comple#,
suggeéting that in the latter the M-C bonds are probably stronger.
These resultis are‘in contrast to the fluxional behaviour(of dihapto

250 with which it has not proved possible

nickel complexes of p6(CF5)6
to stop'ring whizzing' even at -9000. However, at this temperature
the frozen structure of the analogous platinum coﬁplex (PEt5)2PtC6(CF3)6
251

was detected by n,m.r, spectroscopy.

Reaction of CF_C=CCF, and CpCo(CO)(SClFC)z .
J P U

This reaction proceeded slowly ét room température,but rapidly
at 60°C,to give good yields of the known hexaki s(trifluoromethyl)cyclo-
pentadienone complex CpCoC4(CF3)4CO232 and C6FSSSC6F5 only, No
complexes containing C-S bonds were detected,nor was CpCoC6(CF3)6,
implying that, as with the high temperature reaction of [Fe(CO)BSR]2

CeCCF,, attack of the cyclising acetylenes on coordinated carbon

and CF;0=CCF,,

monoxide is the most favourable process.

.

Mechanisms of Reactions

The reaction of Fe(co)5 and CFacECCFZ,which gives the cyclopenta-
| . 186
dienone derivative Fe(CO)B[C4(CF3)4CO] according to Green, involves
only mononuclear reaction intermediates in an ionic reaction mechanism

which can effectively explain the formation of Cp00[04(CF3)400] from .
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: CPCO(CO)(ScéFS)Z' However, Fe(CO)B[C4(CF5)4CO],when produced from
[Fe(CO) SR] CF C CF3,1s probably formed via a dinuclear intermediate

since four molecules of CO are required for every molecule of product

obtained. The reactions of iron carbonyls with thianapthene,6o

252 235

2,2-dithenyl and tellurophene in each case give a product with

the following basic structure,

N/

/Fe

\ o
\?"

On thermal decomposition of the tellurophene derivative a ferracyclo-

Fig, 2,11

pentadiene compound,Fe2(00)6(C4H4),is obtained and complexes of this
type are known to undergo thermal decomposition to cyclopentadienone

complexes,Fe(C0) [ C,R (CO)],129’152
' 3LCaRy

Thus, al though Fe(CO)3[04(CF3)4CO]
is probably produced by direct attack of the cyclising fluorocarbon
chain on coordinated CO,it is not possible to eliminate initial

attack on sulphur followed by thermal decoﬁposition of the pesulting
compiex,

Although not isolated, an adduct [CpCoSR]QCFBCZCF3 could be
involved in the reaction of CF4CaCCF; and LupCoSR] in view of the
similarity of the latter complex to LFe(CO)BSRjz,but further reaction of
such an intermediate to give a cyclopentadienone complex is obvigusly
not possible, As observed in the reactions of hexafluorobut-2-yne with

186 an alternative pathway leading to

CpRh(co)2198 or Ru[P(OMe)3]2(CO)3
a hexakis(trifluoromethyl)benzene complex is possible and consequently

CpCo(CGCF5)6 is produced, The ruthenium complex RuP(OMe)E(CO)206(CF3)6,
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described by Green,was produced from Ru[P(OMe)B]z(CO)3 and CF3CECCF3
. via a metalocyclopentadiene intermediate (see introduction Fig. (iii)).
The final step in thevreaction to produce the arene complex couid be
achieved by 1,4 addition of an alkyne to the five-membered ring of
this intermediate., An alternative mechanism considered for this
reaction involves ring expansion to give a metalocycloheptatriene
complex which undergoes a o-n trgnsformation to produce a dihapto
benzene derivative, On CO expulsion the final tetrahaptobenzene
complex is obtained, The latter mechanism was considered less likely
" «by previous workerséo but this conclusion now seems rathef premature
in view of the recént isolation of nickel and plafinum compounds contain-
ing rinés of this typé.251
Dickson has reported198 that the mass spectrum of the rhbdium arene
compound CpRth(CF3)6 gives a peak at m/e 822 which he assigned to the
dinuclear complex (CpRh)Z[C6(CF5) 6] and it seems probable that this
results from reaction within the mass-spectrometer, It was therefore
proposed that this complex may be an intermediate in the reaction of
CpRh(co)2 and CF;C=CCF, and,on thermal decomposition,gives CpRhC6(CF3) 6
The mass spectrum of CpCo[C6(CF3)6] similarly gives an ion at m/e 734 _
assigned to (CpCo)206(CF3)6. Attempts to prepare the latter were made
by irradiating a pentane solution of the monomer,XVIII, and CpCo(CO)2
but,after several weeks,no reaction.was observed, The evidence for
a dinuclear reaction intermediate of this type must therefore remain,
at best, extremely tenuous,
The lack of isaleble intermediates in the reactions of [CpCoSR]2
and hexéfluorobﬁt-Z-yne obviously prevents further discussion of a
possible reaction mechanism at this point, although it is not
considered unreasonable to suggest that CpCoC6(CF3)6 may be formed via
[CpCoSR]20F3020F3 and a metalocyclopentadiene derivative, However,

the cyclotrimerisation of hexafluorobut-2-yne in the presence of
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transition metal complexes will be considered in more detail in

Chapter V,

Reaction of CF30-=-CCF3 and fCo(CO)58u6F5!2

As pointed out in the introduction,the reactions of acetylenes
with cobalt derivatives are influenced to a great extent by the
,ligands'coordinated to the metal, This is further illustrated by the
reaction of hexafluorobut-2-yhe and [go(co)3506F5]2 which,unlike thbse
involving cyclopentadienyl cobalt derivatives,gave a product
002(00)6[04(CF3)4S]T XIX,which is-considered to result from attack of
cyclising fluorocérbon on a sulphur atom, Other products of this
re'action,obfained in >1ow yield,are the known derivatives
[00(00)5]20F3020F3180 and C°2(CO)4[C6(CF3)6]'25_3

‘ 002(00)6[04(CF3)4S] is a dark green air stable solid, very

soluble in organic solvents and subliming at 30°C in high vacuum,
This is in accord with its dinuclear formulation although it was not
rossible to confirm this by mass spectroscopy since no molecular ion was
observed, Very weak ions in the spéctmmmwere;present up to m/e 650
but could not be identified, The highest identifiable ion at m/e 356
is fairiy intense and corresponds to‘[C4(CF3)4S]+. Thevéubsequent
fragmentation pattern,involving loss of F and CF3 groups, is in accord
with this formulation and indicates that XIX contains such a ligand
bridging two cobalt tricarbonyl moieties, The 19F n,m,r, spectrum,
vwhich shows four multiplets at 50,7 ppm, 54.5 ppm, 58.0Appm and o
65.2 ppm,indicates that all four CF5 groups are in different
* environments,the spectrum being very similar to that of
CpRu(PPhs)[C 4(CF3) 4H]163 (described in the intrgduction), in which all
four CF, substituents on the C, chain are mutually cis,

3

*
see Appendix p, 244
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19 n.m,r, spectrum 002(00)6L94(CF324§J

> < Jp_p= 1.3 Hz

A

The i.r. spectrum further substantiates a dinuclear structure since the

—

- four strong CO stretching modes above 2000 c:m-1 have an intensity and .
frequency distribution very similar to that found in the precursor
[Co(CO)BSC6F5]2 and isostructural complexes 002(co)6CF3020F3 and
[Fe(CO)asR]z.

Table 2,14

*
Iz, spectrun of Co,(C0)[C,(CFy),s] (em™ )

vCO , - vCF

2105,2m, 2078vs, 2068w, 2062m, 2053m, 1269w, 1223wm, 1190m, 1174wm

2028vw, 2024.2vw, 2019,Tvw, 2013,6vw 1149w, 1136w, 1098vw

Cyclohexane

The intensity and ffequency separation of the two high energy bands in
' 6,57,10° :
particular indicate the presence of a cobalt-cobalt 2975103 4ong and,
on the above evidence,five structures (a), (b), (c), (a) and (e) can

be considered,
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(2), (b), (c) and (d) contain an uncoordinated C=C bond so that
the absence of an olefinic C-C stretching mode in the i,r spectrum
would apparently eliminate such structures, particularly since this
band is very prominent near 1650 cm-1 in the spectra of the related com-
plexes CpRu(PPh,)[C,(CF,) H] and CpNi[C,(CF,) H]. The latter is.

3L\ 30y 4\¥374
described in Chapter IIL, However, this is only negative evidence
and it is notable that the C=C stretching frequencies of
Mn(CO)4[(CF302H)2806F5] are extremely weak, The absence of a
vC=C mode could however be explained by the existence of a cyclobutene
ring as in (e). In support of this structure it has been found that
- on photolysis tetrakis(trifluoromethyl)thiophene isomerises to a

254

cyclobutene derivative’,” and the ability of electronegative substituents
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to stabilise small rings is,of course,well known,
The stereochemistry of sulphur, phosphorus and nitrogen bridged
dimers was discussed in the introduction to Chapter I and it was
pointed out that in certain cases, e.g. [Fe(CO)3X]2 and [CpCoX]Z,the
ring system is puckered due to the tendency of the metal to achieve
octahedral stereochemistry. On this basis structure (c) is unlikely
since the cobalt atoms are five coordinate (including the metal-metal
bond), This is also true of one of the cobalt atoms in (a), (b) and
(e) unless the bonding approximates to the metalocyclopropane bonding
situation found in Pt(0) complexes‘of olefins and acetylenes bearing
electronegative su;bstituents.wo’137 The o bonded structure of (d)
effectively overcomes this difficulty and one of the carbéﬁ atoms is
linked to both cobalt afoms,as in the carbene complex 002(00)7C(CF3)2.68
' The basic structure of XIX is rather similar to that of several
derivatives formed by the reactions of iron carbonyls with heterocyclic
compounds similar to thiophene, The reaction of thiophene itself
results in complete desulphurisation to give a metalocyclopentadiene

235 ‘
a complex Fe2(00)604H4Te can also

complexl but with tellurophene
be isolated,which is considered to have a structure analogous to XIX,

but with the chalcogen bonded to both iron atoms (Fig., 2.11). Related
complexes have similarly been isolated from the reactions of thianapthene
and 2,2'-dithienyl252 with iron carbonyls, These derivatives must
result from C-X, [X = 5, Te],bond scission within the five membered
heterocyclic ring, many examples of this being known in the reactions
of metal carbonyls with organosulphur cbmpounds.1 However, the
synthesis of XIX suggests that the reactions of heterocyclic chalcogen

compounds with cobalt carbonyls might also be & fruitful area of

research,
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Mechanism

Again‘the lack of intermediates prevents a full discussion of
the reactioﬁ'mechanism but the similarity of the six membered CoSC4
ring in XIX to that.in Mn(CO)4[(CF3C2H)2SC6F5] suggésts,either
successive insertion of acetylenes into an M-S bond of [Co(CO)3806F5]2

or,alternatively, build up of a linear butadiene chain Co-C=C~C=C via
an ionic mechanism, followed by attack of the terminal carbon atom on
sulphur, Ultimately, expulsion of (06F5)28 would give theAfinal product,
although the sulphide was not isolated from the product mixture, Such
a mechanism could also explain the formation of 002(00)406(CF3)6, since
it obviously does not result from the reaction of Coz(Cq6CF3020F3 and
CF,C=CCF, at the rather low tenperature at which the reaction was

3 3

carried out.2?” 002(00)6[04(CF S] can also be excluded on the

3)4
same basis since it only reacts above 75-80°C with excess alkyne to give
the tetracarbonyl compound, If, prior to attack on sulphur, the
butadiene chain is intercepted by a molecule of alkyne,a hexairiene chain

will be prodﬁced which can attack the other cobalt atom and,on elimination

of C6F58806F5,give C°2(CO)4[06(CF3>6]'

Conclusions

3

‘Perhaps the most intriguing aspect of reactions involving acetylenes
with transition metal complexes is their unpredictability and this is
weli illustrated by the reactions described in this chapter, However,
with hindsight, it is possible to observe some trends which are wérthy
of note,but the element of unpredictability still remains,

| In reactions of trifluoromethylthio-and pentafluorophenylthio~
complexes with CFBCECCF3 and CFBCEQH leading to cyclisation of the
acetylene, three alternative pathways are available to the cyclising

fluorocarbon chain, (1) Cyclisation involving only acetylenes which



leads, ultimately,to arene rings, (2) Cyclisation in which
coordinated carbon monoxide is incorporated into the final ring system,
(3) Cyclisation in which sulphur is incorporated into the ring;

Type (1) vas only observed in the reactions of [CpCoSR]2 and
[Co(CO)BSCGFs]Z with hexafluorobut-2-yne and,in general,is mainly

~ 186,198,250

found with complexes of the group VIII metals, The

second class of reaction,involving formation of cyclopentadienone
derivatives, occurs more generally throughout the transifion series129’152
as the isolation of CpMo(CO)[(CFBCZH)ZCO]SCFs shows, The third
.reaction type, (3), which leads to C-S bond formation appears, from

the limited studies carried out, to be restricted to derivatives of
metals ﬁhich are capéble of forming stable complexes with one,three and
five electron ligands, e.g. [Mh(CO)4SR]2, CpFe(CO)ZSR and
[CO(CO)BSC6F5]2,- 31
: [CpMo(CO)ZSCF3]2 did not undergo such reactions is in line with the

The fact that CpM(CO)iscF M = Mo, W, and

observed trend of greater reactivity of metal-sulphur bonds towards the
right-hand side of the periodic table, Accor&ingly, the products
obtained from the reaction of [CpNiSCF3]2 and hexaflﬁorobut-Z—yne
described in Chapter III,suggest that Ni-S bond cleavage occurs very
readily,

In almost all the cyclisation reactions observed only one type of
reaction is observed to the exclusién of the other two,suggesting that in
most circumstances one is distinctly more favourable than the others,
Even in the reaction of [Co,(00),SCcF.], and CFy0=CCFy, the only
example in which two types are observed, (1) and (3), one of these,(1),
from the relatiﬁe yields of products appears to be only a minor side
reaction,

The two main factors controlling the cyclisation process in

individual reactions appear to be the substituents on the acetylene and

the nature of the transition metal, The isolation of CpMo(CO)[(CF,CH).CO]

AN



and Mn(CO)4(CF302H)ZSC6F5 from reactions involving CF,C=CH

3

_ contrasts with CpMo(CO)2(CF3020F3)SCF3 and Mn(co)4c(CF3)=g(CF3)sc6F5

obtained from CF}CECCFB' These observations, coupled with the

formation of the polymer (CF3C=CH)n in the reactions of CF,C=CH

3
and [Mn(CO)4SR]2, R = CFB, C6F5,indicate that the propyne has a
significantly greater tendency to undergo polymerisation than the
disubstituted acetylene CFBCECCFB. Since cyclisation of fluoroacetylénes
ig considered to proceed via ionic mechanisms,this can be attributed, perhaps,
to the polar nature of CFBCECH stabilising ionic intermediates, Thus,
~ Jbefore attack on coordinated sulphur, carbon monoxide or the metal can
occur,the ionic intermediate is intercepted by a second molecule
| of acetylene, This‘follows directly from the mechanism proposed in
Fig. 2.9.
The effect of the transition metal on the cyclisation process is
determined to a great extent by the tendency to attain the favoured
eighteen electron configuration but other effects are noticeéble,as
will now be discussed,
With the cyclopentadienyl cobalt complex cPCO(cd)(sc6F5)2
reaction types (1) and (2) are obviously possible but only the
cyclopentadienone derivative is produced, This is also true of the
reaction of CpCo(CO)2 and CFBCECCF;,80 which also gives the cyclopenta-
dienone exclusively, The reaction of CFBCECCF3 and [Fe(CO)3SR]2
could possibly follow all three pathways to give Fe(co)5{cs(CF3)6},

Fe(C0) 5[ C,(CF;) ,¢0] and Feé(00)6[c4(CF3)4S] but,as with

5)4 .
CpCo(CO)(SC6F5)2 and Fe(CO)51,8O only a cyclopentadienone derivative is
formed, Sincebpathways (1) and (2) are both observed in the reaction of
chh(co)2198 and ruthenium carbonyl derivatives' 0 with CF,C=CCFy, 1t
appears that carbon monoxide ccordinated to first row transition metals

is more reactive towards cyclising hexafluorobut-2-yne, than when

coordinated to second,and possibly third row metals,
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VWhen ligénd synthesis occurs during the reactions of acetylenes
_ with transition metal complexes the type of ligand formed depends,to a
large extent,on the magnitude of overlap between the metal and

129

acetylene orbitals, This overlap will obviously be sensitive to
other types of ligand coordinated to the metal,‘to substituents on thé
acetylene and,perhaps most significantly, to changes in the effective
nuc}ear charge on descending a triad from a first tb a third row metal,
These factors can explain on a general basis the observations
discussed above, in particular the predominance of a certain type of
sreaction when different pathways are potentially available,

190,195,256

It has been observed previously that second row metals

have a greater tendency to promote cyclotrimerisation of acetylenes .

56

than first row metals,and it has been suggested2 that the low lying
unoccupied orbitals on the larger second row metal may be éloser in
energy to the filled orbitals,thereby facilitating coordination of
acetylene molecules, It can therefore be concluded that the reactions
of fluoroacetylenes with mercapto derivatives of second and possibly
third row transition metals may be even more interesfing and complex
than those of the first row metals described in this chapter,sincé
more than one reaction pathway may be energetically favourable with

\

fhe heavier metals;



CHAPTER III

REACTIONS OF HEXAFLUOROBUT-2-YNE

WITH SOME

CYCLOPENTADIENYL, NICKEL COMPLEXES
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INTRODUCTION
257
The discovery of ferrocene in 1951, and subsequent elucidation of
its structuré, led to the synthesis of many other bis~cyclopentadienyl
complexes, among these being nickelocene, szﬂi. Ferrocene, wﬁich
has the favoured eighteen electron configuration, is fairly inert to
ring substitution, although a vast organic chemistry of the aromatic

rings is now known.258

Cobaltocene,CPZCo, having a nineteen electron
configuration, in many respecfs behaves like a delocalised radical
.and if the analogy is carried one step further, nickelocene,with two
unpaired electrons,can be considered to have a free double bond.201

The structure of gaseous nickelocene, according to electron
diffraction,z59 is similar to the familiar ferrocene 'sandwich' but
with weaker M-C(ring) bonding and slight evidence was obtained for
differences in M-C distances, Contemporary260 theories of the
bonding in Cp2Fe and Cp2Ni suggests that in the former,all eighteen
electrons in the iron atom outer shell are distributed'among bonding
and non-bonding orbitals, In nickelocene however, the a&ditional
pair of electrons moét likely go into anti-bonding orbitals (the
identity of which are uncertain),thus accounting nicely for the
observed weaker bonding in the molecule,

The effeét of this weak metal-ring bonding is to make nickelocene
fery reactive towards nucleophiles, ring substitution occurring
readily to give stable complexes,zsa'261 €.8. CpNi(PRB)Cl, Ni(PRB) 4
in which the metal has attained the favoured eighteen electron configu-
ration, This can also be achieved by 1,2 or 1,4 addition to one of

262 263
the Cp rings, 1,2 Addition of hydrogen or fluoroolefins gives

complexes containing a cyclopentenyl ring bonded to the metal by a
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w- allyl three point attachment (i). Electrophilic acetylenes such

_as dimethylacetylenedicarboxylate in contrast give 1,4 addition

products with the norbornadiene type of structure264 (ii). Due

(#)

to'significant differences in the chemical shifts of proions on the
fused rings of (i) and (ii) it is possible,by n.m.r. methods,to
distinguish clearly between 1,2 and 1,4 addition products.263
Certain addition reactions of nickelocene could proceed via
preliminary coordination of the attacking agent to the nickel atom

258 An

followed by a w-o rearrangement of a cyclopentadienyl ring,
excellent confirmation of this can be obtained from ﬁhe structure of
the norbornadiene complex (ii), Coordination of the acetylene
gives transition state X, Fig, 3.1. which’undergbes an internal
Diels-Alder reaction without rupture of any of the bonds holding the
réacting groups to the metal, This adequately explains why nickel
becomes coordinated at the double-bond located between the carben
atoms carrying the electronegative substituents,

Many reactions of nickelocene leading to ring substitution have
.also been mechanistically interpreted258 in terms of'initial coordin=-
ation §f the attacking substrate, again leading to a ‘n4? transformation.
The isolation of a stable nickel compound CpNi(c-CSHs)[(CH3)2C:EZE§;72656],

containing both = and o-bonded cyclopentadienyl rings,lends support to
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LA

Ni ——

Fig, 3,1,

this theory?65 Recent work by Werner26 suggests that the coordination
of the incoming nuéleophile,in some cases,may be preceded by formation
of a charge-transfer.complex. The structure of a similar complex,
formed by the reaction of ferrocene and tetracyanbethylene,has been
solved by X-ray me1;hods.267 VThis illustrates that nickelocene is

also susceptible to initial attack at the aromatic ring, thus accounting
for the higher reaction temperature required for 1,2,as opposed to

1,4 addition,

Very few reactions between hexafluorobut-2-yne and complexes of
nickel have so far been reported, CFBCECCF3 reacts with eithgr
[CpNi(CO)] 180 szNizo1 at room temperature,to give the acetylene
bridged species (Cle)ZCF C CF}’ a second product in the nickelocene
reaction,CpNi[C5 5 2(CF ) ] being formed by 1,4 addition of the
acetylene to one of the cyclopentadienyl rings,(c.f. Cp2N1 +

COOMeC=CCOOMe) .264

Tetrafluorobenzyne, 06F4, also adds to one of

the rings in nickelocene to give a similar 1,4 adduct,but in addition

gives the 1,2 adduct161 related to CpNi[CSH502F4] mentioned previously,
Hexafluorobut-2-yne displaces 1,5 cyclooctadiene,(Cod).from ‘

(Cod)zNi to give (Cod)NiCs(CFB) g and (Cod)zN:L CG(CF )6. Cf)d is

displaced by phosphines and arsines,(L), to give complexes
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L2Ni06(CF5)6 and L4N12C6(CF3)6 respectivelyy?so These derivatives
are considered to contain a hexakis(trifluoromethyl)benzéne ring which
undergoes rapid fluxional motion,according to n,m,r, data, Later
X-ray studies of a related p}atinum complex,(PEtB)ZPtC6(CF3)6,

revealed the following structure containing a dihapto CG(CF3)6 ligand?5

o Pt

® P

o Et

o C -
CF

° 3

and a similar structure is possible for the monomeric nickel ,
derivatives, - As with the latter, the platinum complex exhibits
fluxional behaviour,but a fixed conformation was detected #t -90°c,

The reaction of L,NiC(CFs)¢, L = P(OMe), AsMezPh,aﬁd hexafluoro=
but-2-yne gave an isomeric complex of. identical formula,‘but different
physical and spectroscopic properties, and the following crystal

structure has been solved.251

0] Ni
® P
(o] OMe
(o] C
o Cr
3

The reactions of a range of transition metal trifluoromethylthio
and pentafluorophenylthio derivatives with hexafluorobut-2-yne and

3,3,3 trifluoropropyne have already been described and the reaction
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of [CpNiSCF3]2 and CF;C=CCFy, which was subsequently investigated,
gave a variety of interesting complexes. This led to further
studies of reactions involving this acetylene and other cyclopenta-

dienyl-nickel derivatives, the results of which are now described.




(1)

(2)

*(3)

'Mi

(5)

(6)

)

. CF,C=CCF
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SUMMARY OF REACTIONS

(o]
+ [cpNiscr;), _0°¢c_ (CoNE) ,OF5C,CF; + (COF3)g

" coti[C,(CF,) H] + Cp2N1306(CF3)é
+ (CpNi)ZC6(CF3)6 + CpNi[(CSHs)C6(CF3)6]

85°¢c

CF,C=CCF; + Cp,Ni (CpNi)ZCF C,CF, + (chS)6 +

37275
CpNi[(05H5)CZ(CF3)2]_ + CpNi[(Csﬂs)C4(CF3)4]

+ [C5H5N102(CF3)2]4
cpNi[ (C.H.)C,,(CF,),] 85 ooma[ (C.E.)C,(CF),]
+ Cotaf (CgHg)0o(CF3), OpNl (C5H5)C4(CF5)

- s 85°C :
CF ,CF=CF, + Cle[(CSHS)CZ(CFs)Z] — Cle[(C5H5)04(CF3)4]

85°¢

1-1——263-6 no reaction
v

CF,=CFC1 + CpNi[(C5H5)02(CF3)2]

. : 55°C ) '
CF5C=CCF5 + cpnl[(c5H5)c2F301] -—f—**— QpN12[04(CF3)4][(C5H5)02F501]

+ (CpNi)20F3020F3

- . 90°c y ST
CF3C=CCF3 + (CpNi)20F3CZCF3 AN Cp2N1506(CF3)6 + (CCF3 ¢t

CpNi[(C5H5)C4(CF3)4] + L05H5N102(CF3)2]4
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RESULTS AND DISCUSSION

Reaction of CF._C=CCF. and [CpNiSCF,]
— 5 52

The reaction of CF30500F3 and [CpﬁiSCF3]2.in pentane, at
temperatures between 20°C and SOOC,gave a complex mixture of products
vhich were separated by chromatography over florisil, eluting with
pentane. The main products, (CpNi)2CF3020F5180 and hexakis(tri-
fluoromethyl) benzene C6(CF3)6?68 have been synthesised previously
by other workers, The reaction gave four other products in lower
- “yield, which have been identified as comi[C,(CF,) ], T, Op, i, Co(CF,),
11, (cpN1)206(CF3)6,.111,and CpNi[(05H5)06(CF3)6], v,

CpNi[C4(CF3>4H] is a volatile,brown crystalline solid, air stable

in the solid state, and for a limited period of time, in solution,

0f the three structures considered, I(1) is most consistent with

spectroscopic data although anomalies do exist,as will be revealed,
H

i 2 LA
indicating four CF3 groups in different environments,thus eliminating
structure (3). The multiplets are assigned as follows, The broad

doublet &', Jp . = 6.7 Hz,is due to the terminal CF3 group,(a), gem

1o the unique proton, The broadening probably arises from coupling

with the trans CF3 group (b),but is not large enough to be resolved,
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Fi ® 020

Quartet b, JFF = 10,6 Hz,is also broadened slightly as a result of
coupling with a and the cis proton, The complex multiplet ¢! is

| undoubtedly due to ¢, while the sharp quartet d', Jp. = 6.7 Hz,can be
assigned to 4, c¢' can be’analysed as a quartet of quartets using the
coupling constants of b' and 4d', .

The alternative structure (2),with aII‘CFB substituents mutually
cis,can be eliminatéd on the basis of the 191“ n,m,r, -spectrum since
three complex multiplets and only one quartet would be expected as
found with CpRu(PPhB)[CBFmH],163 which has been shown by n.m,r, and
X-ray studies to have the all cis structure analogous to structure (2).

The proton n.,m,r. spectrum of - I contains two resonances-ofA
integrated intensities 5:1; a sharp singlet attributed to the
,n-cyclopenéédienyl group and a quartet centred at 5.6t due to a single
proton coupled to the gem CF3 group (a)’JILH = 6,75 Hz, The cis
CFB(b)-H coupling was not resolved although the quartet peaks were
broadened slightly. The chemical shift of the unique pfoton is
rather low when compared with that in CpRu(PPhB)[C4(CF3)4H],163 7.981,

and is,in fact,closer to that in Cpnu(PPh3 [C(CF3)=C(CF3)H], 5.22T,
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suggesting that, as in the latter, the hydrogen atom is attached

to an uncoordinated C=C bond, Since both ruthenium complexes have
the cis olefinic structure the validity of such a comparison is not
certain and in the trans olefinic isomer of szMoH(C(CF3)=C(CF3)H]164
.the chemical shift of the analogous proton'is 3e3T, If both the
olefinic bonds in I were not coordinated the most favoured structure
would probably be the trans butadiene form on steric and electronic

grounds,

However, this would result in a significant reduction in the

.coupling constant JCF (b)-CF (c) since frans CF3 groups have coupling
, 3
constants near 2 Hz, ~ but cis JCF —CF values are usually greater than
o 1 ‘ > 3
11 Hz, 63 Thus the 19F n,m,r, spectrum is more compatible with

structure (1), as is the i,r, spectrum, which gives a single C=C
stretching mode at 1661 cm‘1, comparable to that of CpRu(PPhB)[C4(CF3)4H}
which is observed at 1641 cm-1. The abnormally low chemical shift
of the proton in I must therefore be due to its exposed position in
the molecule,

The mass spectrum of I, besides giving expected features such as
& molecular ion and nickel containing fragments CpNiF+ and CpNi+, also
gives interesting organic ions, A peak due to [04(CF3)4H]+ is
observed which loses F, HF and CF3 groups in a predictable fragmentation
process, However, less predictabie and.rather interesting. is the
presence of ions which are assigned to [(CSH5)04(CF5)4H]+'and fragments,
which possibly result from expulsion of nickel from the molecular ion
and sﬁbsequgnt combination of the two ligands,

Tﬁe other.complex obtained in moderate yield,II, is an air stable,
black solid which analyses as Cp2Ni306(CF3)6. vThe proton n,m,r,,which
gives two sharp singlets near 4r, indicates the presence of two

. . . 1
chemically distinguishable w-cyclopentadienyl ligands, while the 9F
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n,m,r, shows three signals of equal area, one of which is somewhat
sharper than the other two. The two highly coupled peaks are similar

1
80 Rh,269 .22 e

to those of ring systems [04(CF3)4X], X = CO,
presence of a hexakistrifluoromethylbenzene ring can be ruled out on

this evidence since one of the peaks would be very broad as in

CpCo(CFBC)6, a copclusion supported by the mass spectrum,which does

not give a characteristic ion at m/e 486 and subsequent fragments.

Instead, the molecular ion at m/e 790 = Bbp)2N1306(CF3)6]+, undergbes

loss of C4F6 as an important frimary fragmentation process giving
[(Cp)zNi3C4(CF3)4]+. Other significant ions can be assigned to
[(CpNi)204(CF3)4]+, [CpNiCBF12]+’and [CpNiC8F11]+, the last two being

' particularly promineﬁt, so it would appear, from this evidence, that

- complex IT contains a nickelatetrakis(trifluoromethyl)cyclopentadiene

ring, This further suggests that a coordinated hexafluorobuf—2-yne

ligand is also present,which accounts for the C=C stretching mode at

1591 cm-1 in the i.r, spectrum, This is rather low for a monodentate
écetylene ligand, e.g. (PhBP)zNiCF3020F3, vC=C = 1790 cmf1?137 but is in

the region characteristic of bidentate acetylenes as found in (CpNi)2CFBCZCF3’

-1 .
the vC=C frequency of which appears at 1597 cm , (i.r. spectrum of

authentic sample), . 4;;5:}5

§ / Ni\\c/) [(C/N‘
AN W

og this evidence two structures are possible, 11(1) and 1I(2),
but the following facts favour the latter, 1In 11(2) each‘nickel atom
has the favoured eighteen electron configuration while in II(1),rqne of
Vtﬁe three has a sixteen electron configuration, The acetylene bridge

in II(2), unlike that in II{4), is ccmplemented by a metal-metal bond
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and no complex containing a bidentate bridging acetylene has yet been
reported, which does not also contain a metal-metal bond, Finally,
11(2) is structurally related to (CpNi)2CF3020F3,(also formed in the
reaction of [CpNiSCF3J2 and hexafluoro-but~2-yne), but with a cyclo-
pentadienyl ligand replaced by the metalocyclopentadiene ring
CpNiC4(CF3)4.

Two other complexes isolated in trace yields from this reaction
are considered, on the basis of i,r. n.,m,r, and‘mass.spectroscopy,‘
to have the stoichiometries (CpNi)206(0F3)6, 111, and CpNi[C5H5CG(CF3)6],
Iv, The former is a dark red, crystalline solid, the mass spectrum
of which gives a peak of highest,m/e 732 with a double nickel isotope
pattern Suggesting,(if this is a molecular ion), the above formula,
This ion loses a fluorine and then, interestingly, CpNi to give

[CpNiC the only other nickel containing ions being CpN’i+ and

+
12F17) s
CpNiF+. The rest of the mass spectrum consists of organic fragments
with an ion at m/e 486 = [CG(CF3)6]f which undergoes an almost
identical fragmentation process to that of hexakis(trifluoromethyl)—

benzene, therefore, indicating the presence of a distinct CS(CFE)G

group, On this evidence three structures are possible,

Ni

LSRG I

Ni

fw

1 2

A fourth structure similar to III(1), but with both cyclopentadienyl

nickel groups on the same side of the ring,would probably be unstable
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on steric grounds,

Unfortunately the small quantities of complex available

1
prevented a 9F n,m,r, spectrum from being obtained,but this would not

distinguish between (2) and (3) in any case, Similarly, the proton
n,m,r, spectrum is of little value, but the single sharp resonance

at 4,557 does confirm the presence of .« bonded cyclopentadienyl
groups, The i,r. spectrum in.the C-F region is very simple in
agreement with the reasonably symmetrical rings in (1) and (2). . This
would appear to rule out (3) which is similar to 002(00) 4C6(CF3) 62,5 3
the i,r. spectrum of which gives a greater number of C-F stretching
modes near 1200 cm .  Structure (3) is, in any case, considered
unlikely, since in ail other complexes involving flyover structures,

12 12 .
e.g. cc>2(co)4(15m)6 , 9 Fe2(00)7(RC)4 , ? and (CpM)296(CF3)6, M=

198
Co,222 Rh,9 the bridge system is stabilised by a metal-metal bond,
The absence of a C=C stretching mode din the i,r, spectrum would
therefore eliminate (2), but this is at best negative evidence, (2)

27

is structurally related to (CPPt)2C1OH1O O vhich has two metal-metal

bonded w-cyclopentadienyl platinum units, w-bonded to a butadiene
residue, This structure, and that of CpMC6(CF3) g M= Rh,197 00‘322
would therefore imply that the arene ring in (2) is non planar, the

free double bond lying above the plane of the othér four carbon atoms.
and away from‘the metal atoms. " Structure (1) also involves localisation
of the arene ring bonds but in this case to give a bis w-allyl

structure, Structural analogues of this,(L2N1)205(CF§)6, L = P(OMe)E;
PMéC(CHzo)s, have been prepared by Stone.250

The mass spectrum of the other red complex isolated in trace

. v + .
amounts gives an ion of highest m/e at 672 = [CpN105h506( CF5) 6] with

a single nickel isotope pattern, A ligand [05H505(CF3)5] is suggested
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by the presence of an organic ion at m/e 551 which undergoes loss of
~F, HF and CF3. The absence of ions due to the arene ring CG(CFS)é’
indicates thgt the C5H5 moiety is not bonded in a simple manner to such
a ring, A large variety of structures can be envisaged for this
complex and it is impossiblé on spectroscopic evidence to be unequivocal,
but the following n,m.r, evidence, although not completely satisfactory,
allows a tentative prediction of structure, The 1H nm,r. spectrum‘(fig. 5.3)
gives a sharp singlet at 4,36t due to 2 wn-bonded cyclopentadienyl group
and three multiplets at 6,541, 6,721 and 7,02t,(ratio 1:2:2), This
.is the pattern expected for a cyclopentenyl ligand as found in
cpN;-[c:5}1502F4]263 but the chemical shifts of the two péaks associated
with the n-allyl porfion of the ring are far too high to be considered
olefinic, An alternative explanation is that both 1,2 and 1,4 addition
to the 05H5 ring has occurred to.give a norbornene complex similar
to CpNi[(CBHS)C4(CF3)4] described later, although the reason for the
changeAin the order of the chemical shifts of the ring protons is not
understood,

The 19F n,m,r, was only obtained with‘difficulty'due to the small
sample size and is consequently of poor quality, However? as shown
in Fig., 3.3., five distinct CF3 environments are inéicated by che
spectrum, the ginglet corresponding to two CF3 groups in magnetically
equivalent situations, The couplihg observed on the other resonances
sﬁggests a butadiene ring in an asymmetric environment as found in I
and C02(CO)604(CF3)4S,described in chapter II, The i.r, spectrum in
the'C-F stretching region is complex and a band at 1711 cm"1 indicates
the presence of an uncoordinated CFBC=CCF3 group,since it is ccmparable
to the C=C stretching mode in the i.r. spectrum of CpNi[(CSHs)C4(CF3)4],
observed at 1710 cm-1.

On this evidence structures IV(1) and IV(2) are tentatively proposed
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Fig, 3.3. N.m.r, spectra of CpMi(C.H.)C (CF,) ]
1
H__ N M, T
LI 1) ¥ 1
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for complex IV, In the former a tetrakis(trifluoromethyl)butadiene

2

.moiety has undergope 1,4 addition to a cyclopentadienyl ring while
hexafluorobut-2-yne has added to the remaining olefinic bond to
produce a cyclobutene ring, The latter,IV(2), results from 1,4
addition of the alkyne to the ring and 1,2 addition of the butadiene, .
On the evidence available it is impossible to distinguish between these

two structures,

Mechanism

fhe nature of the products obtained in this reaction would seem to
suggest successive build-up of acetylenes into cﬁains which then
cyelise, As each acetylene unit adds on, different products are
possible, so that higher members in the series are isolated in lower
yield, ‘The fellowing mechanism, Fig. 3.4,is tentatively put forward
to account for this, _

Fhe formation of II from intermediate B and (CpNi)ZCFBCZéF3 is
suggested by the proposed structure of this complex, Nucleophilic
gttack of the electron-rich metalocyclopentadiene ring on one of the
nickel atoms of (CpNi)QCF C.CF, will lead to a w-o rearrangement,

372753

and M=C and M-S bond scission will give the product,
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Fig. 3.4,

. [CPNJ_SCF G\ (——- (Cle)2(:17‘3020313
l (4) |
Cp2N13 6(CF )6

G_ /<> — cle[c (CF5)4H]

7 cle[(c H )06(01« )]

G_ /Q — (CpN1)206(CF )6

: 0"  SCF
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The formation of I may also occur via B and requ_ires hydrogen
abstraction, probably from the reaction solvent, hexane, Several
examples of this process have been described, of particular relevance
being the isolation of trans CpFe(CO)z[C(CFB):C(CF3)H] in low yield from
the reaction of CpFe(CO) ZSnMe3 and hexafluorobut-2-yne in hexane, 175
This complex was considered to result from radical formation and a
similar mechanism could explain the exclusive formation of the trans
isomer of CpN;'L_[CA(CF5) 4H]. Thus, ring opening in B giveé the.
sterically favoured trans structure, which can abstract a hydrogen
atom to give the product, An alternative mechanism, ‘involving
formation of an intermediate hydride complex,is considered unlikely,
since metal participation would give the cis isomer 1(2),as found
with chu(PPh3)[c 4(CF3) 4H]. 163

The addition of a third acetylene unit to B to give products
containing a six-membered carbon ring, may occur via C;a metalo-

cycloheptatatriene intermediate, which could rearrange to give a dihapto-

hexakis(tri_f;uoromethyl)benzene complex D,for reasons discussed in
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chapter II, On thermal decomposition, hexakis(trifluoromethyl)-
benzene is obtaingd,(cf. L2Ni06(CF3)6),250 or alternatively, reaction
with another cyclopentadienyl nickel complex, possibly [CﬁNiSCFBJZ,
will give (CpNi)206(0F3)6. The relative yields of these two products
suggest that formation of the benzene is more favourable, possibly
due to the delocalisation energy acquired, Moreover, collision of
C or D with [CpNiSCF5]2 to give (CpNi)206(CF3)6,is probably & much
slower process than simple unimolecular decomposition to the benzene,
The proposed structure of IV suggests it is produced in some way
from intermediate B but it is not possible to postulate any

mechanism with cerfainty.

Reaction of CFZCEC.CF3 and szﬂl

This reaction has been reported to give (CpNi)20F3020F3 and 1,4
addi tion produc£ CpNi[(CSHS)CZ(CF3)2] at 20°¢,%%"  However, at 80°C
the following products were obtained, (cpNi)2CF3c20F3,(25% yield),
CpNi[(CSH5)02(CF3)2J,(trace), C6(CF3)6, (trace),_[05H5N1C2(0F3)2J4,
(trace), and CpNiL(CsH5)04(CF3)4J, V (37% yield), [05H5N162(CF3)2]4
probably results from the reaction of hexafluorobut—?-yne and A
(CPNi)ZCFBCZCFB which is described later, =~ The other ﬁew compound, from

spectroscopic evidence, is a 1,4 addition product for which any one of

the three structures shown, is possible,
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The proton n,m,r, of V ie comparable to that of the other 1,4
addition complex CpNi[(CSHs)Cz(CFB) 2],, formed in reasonable yields
in the low temperature reaction, but only in trace yield at 80°C.
However, the resonance at 3,27 in the spectrum of the latter,due to the
olefinic protons has shifted upfield to 7,05t in the spectrum of V and,in
accord with the proposed structures, this peak can be assigned to two

3

equivalent protons on the sp” hybridised carbons of the cyclobutene ring,

The mass spectrum of V gives a molecular ion and ions due to the
ligznd '[(051{5)0 4(CF3) 4] and fragments,

. The structures proposed for V suggest that 1,2 addition of the
alkyne to the free o;efinic bond in CpNi[(CSE5)02(CF3)2] has occurred,
and the'resulting fluoroolefin double-bond would account for the C=C
stretching mode observed in the i.r. spectrum at 1710 cm-1. However,
aithough CpNi[(CSHS)CZ(CFB)z] and hexafluorobut-2-yne were subsequently
found to give V at 80-8500, the reaction is very slow relative to that

of nickelocene, as can be seen from the following yields,
Reaction

yield time

(o] ,
CF,CCCF; + Op,Ni Lo CoNi[ (C5Hs)C,(CF5) ] 0.5g., 10 hr
CF,, C=CCF CpNi| (C.E.)C,(CF,),] _80° cpNi[ (C.E.)C,(CF,),] 0.02g, 70 BT
303 TR T2 | A VR

These results rule out the low temperature product as an intermediate in
the high température reaction and the formation of V at 80°C must proceed
via & more efficient pathvay,possibly thet illustrated in Fig. 3.5.

With CFBCECCF3 and nickelocene initial coordination of the &lkyne
to give intermediate (a)z56 is possible in both low and high temperature
reactions, Since (CPNi)ZCFBCZCFB is also produced in both reactions,

(2) must exist for a reasonable time so that reaction with a second

molecule of nickelocene can occur to give the dinuclear product., Thus
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& Qy w
d) CB\
d> S

CpNi| (05H5)04(CF3) 4]

Fig. 3.5,

collision of (a) with a molecule of acetylene is highly probable,
but at 20°C no reaction occurs, However, at 8090, direct 1,2 or
1,4 addition to the o bonded diene ring is possible;and a further
intramolecular reaction with the coordinated alkyne gives

Cle[(C )04(CF )4] Hexafluorobut—Z-yﬁe and cyclopentadiene,C.H,
have been found to undergo 1,4 cycloaddition271 favouring such a
mechanism in the above reaction, but 1,2 addition cannot be ruled

doner

out completely in view of the reported 1,2 and 1,4 addition of tetra-

fluoroethylene to the latter.272

- i _ oo (CE .
Reaéfléns of CF2 CFX, X = C1, CFjland prlr(cjgylggimzalzl

In an attempt to add fluoro-olefins to the uncoordinated double

bond of CpNi[(C5H5)02(CF3)é],the latter was reacted with chlorotri-
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fluoroethylene and perfluoropropene, No photochemical or thermal
reaction was observed with the former,but the latter,in a
reproduciblé reaction, surprisingly yielded CpNi[(CSHS)C4(CF3)4], v,
"identical to the broduct obtained from hexafluorobut-2-yne, The
presence of small quantities of the alkyne in the perfluoropropene

can be discounted since it was not detécted by i.r. spectroscopy,

‘nor did the sample of olefin react with nickelocene to give the
expected products, It is thus apparent that a rearrangement reacfion
of olefin to acetylene has occurred; possibly via coordination of
.CFBCF=CF2 to the nickel, Many reactions are known in which
coordination of a fluorocarbon leads to fluorine transfer, and in

some cases, fluoro acétylenes are produced from fluoroolefins.16o’273

In all cases the productrV, obtained by three different methods,

has the same melting point and spectroscopic properties, despite the
fact that three different structural isomers exist, This suggests

possibly, that one isomer is thermodynamically favoured, and also

that all three reactions have a common intermediate X,

Pig. 3.6.

W\

(x)

Intermediate.x may be accessible from (i) szNi as already discussed,
(i1) CpNi[(CSHS)Cz(CFj)z] by coordination of the alkyne leading to

cleavege of the nickel-olefin coordinate bond,(iii) CpNi[(C5H5)CZ(CF3)2]
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and two molecules of CFBCFx:CF2 by some unknown mechanism which
probably involves metal participation, This intermediate
effectively'explains why the last two reactions are relatively slow
since cleavage of metal-fluoroolefin bonds is not an easy process due
to the well known ability of fluorocarbon subsiituents to stabilise

metal-carbon o and = bonds.145’218

Reaction of CF,C=CCF, and CpNi[ (C,H )C F.C1],
3 ) 5=5=2=%

The high temperature reaction of nickelocene and CF CECCFE, as

3
illustrated in Fig, 3.5.,could involve 1,2 or 1,4 addition of
CFBCECCF3 to a 05H5 ligand, and in an effort to clarify the situation
the 1,2 addition product,CpNi[(CsHB)CzFBCl],(obtained from the

3

reaction of nickelocene and chlorotrifluoroethyleneL26 was reacted
with hexafluorobut-2-yne at 70°C. In addition %o small quantities
of (CpNi)20F3C2CF3, a brown crystalline complex, formulated as -
quiz[c4(CF3) 4][(05}15)021:~‘3c1], VI, was obtained in 62% yield and the

following structure is proposed from spectroscopic evidence,

O=C1

CF5 groups omitted

The mass spectrum gives a molecular ion at m/e 628 which loses

C,F.Cl in an important primary fragmentation process, the significance

23
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of which will be discussed later., Support for a nickelatetrakis-
__(trifluoromethyl)cyclopentadiene ring is obtained from the presence

of strong ions at m/e 447 and m/e 428 assigned to [CpN'iCBF12]+ and
[CpNiCBF11]+. It is recalled that similar ions were also observed
in the mass spectrum of CPZNiBCG(CFB)G’ 11, described earlier. The
proton n,m,r, of VI is virtually identical to that of the precursor
CpNi[(CSHS)CZFBCl]’ confirming the presence of a w-bonded
cyclopentadienyl ligand, and a w-cyclopentenyl group bonded via a
three point attachment to a nickel atom, The 19F n,m,r, exhibits
<two highly coupled peaks in the CF3 region but the low solubility
prevented the resonancesof the 02F3C1 substituent being detected
clearly, The situafion was also complicated by isomerism,(as found
in the precursor),which possibly results from different orientations
of the chlorine atom.261 The number of Signals observed in the 19F
n,m,r, spectrum clearly indicate the presence of more than one isomer,
although chromatography of the sample over florisil only gave partial
separation of the isomer bands, Finally, no acetylenic or olefinic
C-C stretching modes are observed in the i.r, spectrum between 2000 cm”1
and 1500 cm.1, which indiéates that coordinated acetylenes, or unco-
ordinated olefinic bonds, are not present, in agreement with the
proposed structure. Further supporting evidence is obtained from
the crystal-structure of [CSH5NiCZ(CF3)2]4 described later,and from
the structure of [(CO)EFe(CH5020H3)2]Ni[C4(CHB) 4] , obtained from the
reaction of Fes(CO) 4 and (0330) 4NiCl, by Maitlis and co-workers,274

An X-ray study of both has revealed a pseudo sandwich structure,

ag in VI, a metélocyclopentadiene ring functioning as one of the
aromatic rings of the sandwich,

Assuming the proposed structure is correct,the formation of VI

may occur via the following mechanism,Fig, 3.7
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My,
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Ni CF3 groups omitted
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n-o Transformations of cyclopentadienyl ligands have already been
_described and similar n-o rearrangements of w-allyl groups is also a
well known pbenomenon?75 so that the first step in this mechanism is not
entirely unprecedented, The interﬁediate formed, x, besides explaining
the small quantity of (CpNi)20F302CF3 isolated in this reaction, doés
not appéar to undergo an intramolecular 1,4 addition, suggesting that
formation of CpNi[(CSH5)04(CF3)4] from nickelocene at 80° probably
involves direct 1,4 addition of hexafluorobut-2-yne to the o bonded
cyclopentadienyl ligand of (&) Fig, 3.5, to produce intermediate (X),

(see Fig, 3.6.).

Reaction of CF,C=CCF, and (cpm),29_13592_(_:23

Complexes C02(00)6CF302CF3, [Fe(CO)BSR]z, and [CpCoSR]Z, R =
CF3’ CGFS’ besides their structural similarity, all react with hexa-
fluorobut-2-yne to give interesting products formed by cyclisation of
the acetylene, The reaction of the sﬁructurally related nickel
complex (CpNi)ZCFBCZCFB and hexafluorobut-2-yne was therefore
investigated and, after 90 hours at 90°C, a complex reaciion mixture
was obtained, from which was isolated hexakis(trifluoromethyl)benzene,
(trace), CpNi[(CSHs)C4(CF3)4J, (v), (trace), Cp2N1306(CF3)6, (r1),
(trace), and a black crystalline solid [CSHSNiCE(CFB)Z]n, (vi1),

(72% yield), mentioned previously. .

The stoichiometry of [CsHsNiCQ(CFB)z], suggested by elemental
analyses, is verified by the mass spectirum in which a strong peak
occurs at m/e 570 = [C5H5NiC2(CF3)2]2+,indicating at least a dimeric
structure in the vapour phase, Very weak ions with a triple nickel
isotope pattern were observed above m/e 570, but n/e values could not

be assigned with certainty, thus precluding identification, The low
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volatility and soluﬁility of VII suggested a iarger value for n in
-solution and the solid state and this was subsequently confirmed ﬁ;
the proton n,m,r, spectrum, Three sharp singlets near 4t are
observed, indicating three magnetically non egquivalent w-cyclopenta-
dienyl groups. A fourth C5H5 moiety, resulting from 1,2 addition to
a cyclopentadienyl ring, is indicated by the chemical shifts of the
thrge ldwer intensity resonances of integrated ratio 4:2:2, Thus  the
value n = 4 indicated, is more compatible with the physical properties
of the complei. The 19F n,m,r, appears anomolous in that only three
‘highly coupled resonances are obse?ved,integrated ratio 1:1:2, but
this difficulty caﬁ be overcome by considering that two multiplets
aré coincident, accounting for the lack of fine structure on the more
intense peak, Since no bands are observed in the i,r, spectrum
between 2000 cm_1 and 1500 cm-f the presence of uncoordinated olefinic
bonds can be ruled out, |

vComparison of the mass spectrum with those of the complexes
cp2N1306(CF3)6,(11x and cpN12[04(CF3)4][(05H5)02F301],(VI),is particularly
informative since in all three, ions corresponding to the dimer
[CpNiCz(CF3)2]2 and fragments are present, In II these ions are
rather weak, no doubt because transfer of a remote Cp ring to the
CpNi2C4(CF3)4 framework is involved, However, in the mass spectrum of

VI,lo0ss of C,F,Cl from the molecular ion to give [CpNiCz(CF3)2]+’is a

3

highly favourable process,as indicated by the high intensity of this
ion, In all three cases sirong peaks co;reéponding to [CpNiC4(CF5)4]+
and fragments are also observed suggesting that,like II and VI, the tetra-
nuclear complex VII also contains a metalocyclopentadiene ring,

In an effort to ascertain the correct molecular structure of
LCSHSNiCZ(CF§)2]4 a single crystal X-ray diffraction study of the

complex was carried out by Drs, K, Muir and Lj, Manojlovic-Muir of this
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department and Dr. Rajna Herak of the Institute 'Boris Kidrich!
Belgrade, Yugoslavia, Crystals for X-ray study were prepared by

slow recrystallisation of the complex from benzene solution,

X-ray Structure of ICEHENiCE(CFB)_ A

The cémplex crystallises in the space group P1, Dc = 2,015,
| z = 2,  Triclinic, a = 9,322, b = 16,520, ¢ = 12,777 X, o = 103,76,
B = 97.83, y = 85.89°, | |
Diffractometer data;(Mo-K, radiation) current, R = 9,0% for
3526 independent reflections, All atoms except hydrogens were
1ocated by Patterson and Fourier methods,
' Thermolecular s£ructure of the complex is illustrated in Figs. 3.8,

and 3;9, and structural parameters are listed in Table 3.1,

Fig, 3.8.
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Fig 3.9b
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Table 3.1.

Intramolecular bond distances and angles

0
(A) Bond Distances (&)

Ring

Metalocyclopentadiene
Ni(1) - ¢(6)
c(6) - ¢(7)
c(8) - c(9)

"Ni(2) - X Distanc

4,910

1,480

1.400

es

Ni(z) - Ni(1)

Ni(2) - c(6)
Ni(2) - ¢(7)

Ni(2) - c(14)
Ni(2) - c(15)
Ni(2) - c(16)

2,466
2.054
2,152
1.954
2,035

2.728

Cyeclopentenyl Ring

c(14) - c(15)
c(15) - c(16)
c(16) - c(17)
(cp) Me(3)Ni(4)[C,
c(16) - c(19)
c(19) - c(20)
c(20) - c(21)
Ni(3) - Ni(4)
Ni(3) - ¢(19)
Ni{4) - c(20)

1.38
1.53
1.55

(CcF

1.58
1.54

1,42

2,370

2,029

1.940

(F5)4]

m(0fe,er), ]

TH-c(9) 1,909

c(7) - c(8) 1.433
Ni(2) - 0(9)‘ 2,006
Ni(2) - c(é) 2,152
Ni(25 - c(18) 2,033
Ni(2) - c(17) 2.5
c(14) - ¢(18) 1.38
c(18) - c(17) 1.58
c(17) ~ c(22) 156
c(22) - ¢(20) 1.56
Ni(3) ~ c(22) 2,000
Ni(4) - c(21) 1,950
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Table 3.1, (cont'd)

Ni-C (cyclopentadienyl) Distances

Ni(1) - c(1) 2,146
Ni(1) - c(2) 2,143
Ni(1) - ¢(3) 2,106
Ni(1) - c(4) 2,075
Ni(1) - ¢(5) 2,118

Ni(4) - c(32) 2,126
Ni(4) - c(33) . 2,146
Ni(4) - c(34) 2,092
Ni(4) - ¢(35) 2,125
Ni(4) - c(36) 2,095

(B) Bond Angles (degrees)

Metalocyclopentadiene Ring - $

Ni(1) - c(6) - ¢(7) 114
c(6) - ¢(7) - c(8) 112
c(6) - Ni(1) - ¢(9) 84

Cyclopentenyl Ring
c(14) - c(15) - c(16) 109.5
c(15) ~ c(16) - ¢(17) 103

c(15) - c(14) - c(18) 110

19212N1(52Ni(4ﬂc£323)41
c(17) - c(16) - c(19) 109
c(16) - ¢(19) - c(20) 112

p(19) - ¢(20) - c(21) 113

c(22) - Ni(3) - c(19) 78

Ni(3) - c(27) 2,152
Ni(3) - c(28)  2.148
Ni(3) - c(29) 2,160
Ni(3) - c¢(30) 2,166
Ni(3) - C(31) 2253
cpNi(1)[C,(CFy) ] ’

Ni(1) - ¢(9) - c(8)
¢(7) - c(8) - c(9)

c(14) - C(1s) - c(17)
c(js) - ¢c(17) - c(18)

c(22) - c(17)k- c(16)

c(21) - c(22) - c(17)

c(20) - c(21) - ¢(22)

c(21) - N&(4) - c(20)

113

114

108

103

108

111
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Table 3,1, (cont'd)

Angles round €(19)

c(16) - ¢(19) - c(20) 112
c(16) - ¢(19) - c(23) 111

c(20) - ¢(19) - c(23) 122

Distances of atoms from Planes (X)

- c(6), c(7), c(8), c(9)
Ni(1) 0,475 .
. €(10) +0,099

c(11) -0,008

c(14), c(15), c(18)
Ni(2) -1.679
c(16) +0,664

¢(19), c(20), c(21), c(22)
Ni(3) +1.390
c(16) -1,255

c(23)  +0.,258

c(24)  -.0510

Ni(2)
c(13)
c(12)

c(17)”

Ni(4)
c(17)
c(26)

6(25)

Angles round C(22)

c(17) - c(22) - c(21)
c(17) - c(22) - c(26)

c(21) - c(22) - c(26)

+1.573
-0,082

-0.045

+0,649

+1,800 N
"'1 0255
+0,278

"Oo 589

111
111

119
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The structure of LCSHSNiC2(CF3)2J 4 Shown in Figs, 3.8.Aand 3.9
. confirms the general conclusions reached from spectroscopic
evidence and appears to reéult frem COndensafion of two dinuclear
nnits,[C5H5NiCQ(CF3)2]2. The similarity to the proposed structure
of CpNiz[CA(CF3)4(05H5)02F301] can therefore explain the high
intensity of the ions [(CgHS),Ni, CoF, ,]* and [(05H5)2N1205F11]+ in
the mess spectra of both complexes, The process which produces these
ions constitutes a reversal of a Diels-Alder condensation reactiéﬁ,
although it is not known if the reverse reaction is thermal in origin,
or only occurs under electron impéct,since mass spectroscopic studies
involving variation of source temperature and electron beam energy
were inconclusive, It is significant however, that many retro Diels-
Alder reactions, observed in the mass spectra of certain organic
molecules, are considered to be induced by electron impact.276
The structure of the tetramer provides one of the most striking
examples of the tendency of transition metals in low oxidation states
to attaiﬁ the stable eighteen electron configuration,each of the
.nickel atoms having achieved this by‘a different method, The
‘reactivity of nickelocene has already been explained on this basis and
it is possible that the reaction of (CpNi)ZCF302CF3 and CFBCECCF3 :
gives initially [C5H5NiCZ(CF3)2]2,with a structure similar to
nickelocene,but with a five membered ring CpNiC4(CF3)4 replacing one
of the cyclopentadienyl rings, (see Fig. 3.,10), This intermediate can
echieve the stable configuration by 1,2-addition of the metalocyclo-
pentadiene ring to a Cp ring of a second molecule of dimer, The
presence of a ring CpNiC4(CF3)4, m-bonded to a nickel atom therefore
_ provides further evidence that Cp2N1306(CF3)6 and, in particular
CpNiz[C4(CF3)4(C5H5)02F301],have the structures proposed earlier,

Several other transition metal complexes containing metalocyclopenta-
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274

diene rings are known but these are the first examples in nickel

~ chemistry,

Structure of [CH-NiC,(CF,),],

The w-electron-density of the five membered ring,Ni(1)C4(CF3)4s
appears to be delocalised over all four carbon atoms of the ring, the
C-C distances being equal within experimental error,with an

o
average value of 1,44 A, Some delocalisation over the Ni(1)-C6, c

9
o
bonds is also suggested by the average Ni-C distance of 1,91 A,which

is significantly shorter than the average Ni(3)-C C,, separation,

192 722
o .
(2,015 A), where little if any double~bond character is expected,since

and C2 are sp3 hybridised, Delocalisation of ring electron

Ci9 2
density over the Rh~C o bonds in the rhodiacycloﬁentadiene complex
RhCl(SbPh3)2[C4(CF3)4] has also been reported although interestingly
in the related six coordinate complex RhCleo(AsPh3)4C4(CF3)4]a

277

reduction in delocalisation has been found, Such observations must

however, be treated with caution at the present time.

278

As with uncoordinated cyclopentadienes the five membered ring
in these rhodium compounds is planar but in VII,Ni(1) lies below the
piane defined by Cg, C7, CB ana 09 by 0.48 K,to give a dihedral angle
of 19.6° between these four coplanar atoms and Cy, Ni(i), C9. This
bending phenomenon, common in metalocyclopentadiene rings coordinated

to a meta1?74 probably results from twisting of the orbitals on C, and

C. to achieve maximum overlap with the Ni(2) orbitals 2s already

9
discussed in some detail in Chapter II,

Nonetheless, it is difficult to explain the high degree of non-
planarity of the Ni(1) C4 ring in the nickel complex when compared
with comparable iron and cobalt complexes, In Fe(CO)B(Ph0206H402Ph)2Fe(CO)

o
the MC4 ring metal atom lies 0,31 A below the plane of the four carbon

[
atoms while in [Fe(co)3(MGC2MG)2]Ni[CAM84] this is reduced to 0,24 A
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o 287 ,
and in {CpCo) (C H ),to 0.15 4, However, the dihedral angle and hetero-
| atom displacementare significantly lower than in Mn(CO)3[C (CF 4SC6F5]
(30.8° and O 67 A) and this is considered to result from the
constraining effect of the metal-metal bond between Ni(1) and Ni(2).

The overall geometry of the metalocyclopentadiene ring must reflect a
compromise between the Ni(2)-06, C9 and Ni(1)-Ni(2) orbital overlaps.
Consequently, the Ni(1)-Ni(2) bond distance,at 2,466 X,is appreciably'
ionger than the relatively unstrained Ni(})-Ni(A) separation, 2,37 X,
vhich is closer to the average nickel-nickel bond length of 2,39 X
.in (CpNi)5(CO)2.279

The transformation of a = cyclopentadienyl group to a cyclopentenyl
ligand is well documénted in the literature262 but this provides the
first opportunity to examine the structural alterations which result
from 1,2 addition to a n-C5H5 ring, The Ni(2) carbon distances clearly
indicate that the five membered ring functions as a three electron
donor, only 018' 014 and C15 lying within bonding distance of Ni(2).

o o
The Ni(2)-C separations, 2,033 A and 2,035 A, are slightly less

18° C15
than the average Ni-Cp bond lengths but slightly greater than the
Ni(2)-C14 distance,and this results in a dihedral angle of 19,9°
between the two plahes of the sandwich,C14, 015, C1 and C 7,

09. This pheFomenon, common in w allyl complexes, is considered by
Kettle and Mason280 to result from contributions from two different
Bonding situations,but it is perhaps pertinent to poinf out that simple
orbital twisting at 015 and C 48 28 discussed in Chapter II,may also
account,to a certain extent,for the observed distortions,

Differences in M-C distances in cyclic butadiene complexes probably

result from similar effects and it is also of interest to note that

such diene ligands also have dihedral angles greater than expected

values.280

The allylic nature of the five membered cyclopentenyl ring is also
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reflected in the C-C bond lengths,2$é4—018 and 014-C1S,each having a
typical wallyl distance of 1,38 X, wvhile the three other C-C

o
distances are in the region of 1,56 A as expected for C-C single

bonds.226 Most w-allyl ligands have central C-C-C angles close to the

ideal sp2 angle of 12000281 but the constraining effect of the five

membered ring reduces this to 110° in [05H5N102(0F3)3]4° In the

282
J

cyclobutenyl complex CpNi[C4(CH3) this is further reduced to

C.H
47575
890. The four membered ring in the latter is non-planar with the non-
bonded carbon atom lying above the plane of the three allylic carbon

atoms to give a dihedral angle of 24.9? probably as a result of

orbital twisting,

This also occurs in the cyclopentenyl ring of VII-and the comparable
o
dihedral angle between 014, 015, C18 and 015, C16’ 017, 018’ 25.70,
reflects a similar degree of orbital twisting at 015, 018.
As a result of the sp3 character of C16 and 017 the four carbon
. o .
atoms, 015, 016’ 017, C18 make a dihedral angle of 58,1 with the plane
. . o
defined by C16’ C17, 019, 022 which further makes a dihedral aégle of 57.1
- Fal 2 e 3 - S AS
w1th 019, 020, 021, 022, C2O’ and Ci8 also being sp” hybridised,
This is illustrated by the bond angles round these two atoms (see
Table 3,1.(B)) and,as a result,Ni(})-C19, C,, makes a dihedral angle
o . . . .
of 62,7 with 019, Copr Coqr Cppes Ni(3) lying above this plane by
1.39 &,  This contrasts with the analogous values of 19,6° ard
0.48 R for Ni(1)-06, Cas Cg» 09 where the carbon atoms are all sp2

hybridised and the metal atom lies on the opposite side of the NiC4 ring
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The unusual manner by which Ni(3) and Ni(4) are attached to the
.four carbon atoms of the C6 ring is illustrated by the C-C bond lengths,

. o
all of which are single bond distances near 1,56 A apart from 020—021,

which at 1,42 %,is typical of a coordinated olefinic bond, @421143,163

Since the carbon atoms 019 and 022 are sp3 hybridised the diene ring

019, 020, 021, 022, has attained the extreme valence-bond structure

218

originally suggested by Mason to contribute to the bonding in e.g.

CpCo[ C 4(CF5) 4co] and Fe(CO)3C6F8.

_._
 Jt

It has already been’afgued that the terminal carbon atoms of the diene
ligand in such derivatives are probably closer to sp2 hybridisation
so that the high degree of non-planarity in the six-membered ring of

3

the nickel tetramer may be ascribed in part to the sp” hybridisation of

carbon atoms,C19 and 022. It is not however, possible to_reléte the
" dihedral angle directly to changes in hybridisation inrview of the fact
that two metal atoms are linked to the diene in VII but in the othef—
wise comparable octafluorocyclohexadiene complex Fe(CO)306F82,83 with
a dihedral angle of 47.32 only one metal atom is so attached, The
metal~carbon orbital overlap considerations must cleérly be
different in these complexes,

Tt was originally suggested by Alcock® 2 that if the terminal
carbon atoms of a coordinated butadiene were sp3 hybridised,the
sﬁbstituents on these atoms would lie above the plane of the 04 ring,

away from the metal atom, If however, the atoms retained the sp2

hybridisation of the uncoordinated state,the result of orbital
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twisting would be to pull the substituents below the plane of the
butadiene towards the metal as is the case in Mn(CO)3[04(CF3)4SCGF5]

5)4PO2H],the latter of which will be described in
Chapter V, It is therefore surprising to find that the CF3
3

19 and C 29 are bent

197 Copr Coqs Cp, towards Ni(3) and Ni(4) by

0,26 A and 0,28 A respectively, It can only be suggested that this

and CpCo[C4(CF

substituents on the sp” hybridised carbon atoms C

below the plane of C c

anomolous situation is a consequence of the diene being coordinated
to two metal atoms instead of one,or else that Alcock's theories
have reached the limits of their applicability,

The CF3 substituents on the other two carbon atoms 020 and 021

of the diene ring gre also bent out of the plane 019, 020, C21, 022,
o}
but in this case by 0,51 and 0,59 A away from Ni(3) and Ni(4), the

C C and C

19? Cogr Copr Cop 24* Co0r

. (o]
Coy» Cps being 26,2°, In CpCo[C4(CF3)4P02H] the comparable CFBOgroups

o
are also bent away from the metal,but only by 0,063 A and 0,087 A,

dihedral angle between the two planes C

énd this significant difference can probably be attributed to the fact
that in the cobalt complex,the w electron density is delocalised 6vér
all three C-C bonds of the butadiene, As a result of the localised
tonding situation found in the nickel derivative,the N'i(4)—C20-021
bonding can be compared with that in simple metal olefin complexes and
hence sigpifiéaﬁt bending of the substituents away from the metal

can be expected as in, e.g. CpRh(C2H4)(02F4),143

As already discussed
in the introduction,with fluorocolefins and fluoroacetylenes these large
distortions are a consequence of greater M-C back donation which leads

3

to significant sp” character in the coordinated carbon atoms of the
olefin, The very small bending of the 0‘3 subtstituents on the C3 and
C, positions of the diene in [CpCoC4(CFB)4P02F] can therefore be cited

as further evidence that the carbon atoms of cyclic dienes in general
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retain the sp2 hybridised state upon coordination to a transition
. metal, This is further substantiated by the very low degree of
Eending of the CF3 substituents on the metalocyclopentadiene ring '
Ni(1)-C6, 07, 08’ 09 out of the plane of the four co-planar carbon atoms,
(see Table 3.1.(C)).

In many complexes containing small rings bending of the

substituents out the plane of the ring by small amounts is frequently

218,244 284

observed, and this has been attributed to steric effects,

However, a more satisfactory explanation of this phenomenon has been
put forward by Kettle who considers such changes in geometry to result

from interactions between the metal orbitals and the o framework of the

285

organic ring system,
The different type of bonding of Ni(3) and Ni(4) to the six
membered ring in [CSHSNiC4(CF5)2]4 is also reflected in the average

l'e) (o]
N1(3)-C19, C,, and N1(4)—020, C,, distances,2,015 A and 1,94 A

respectively, The larger o bond distance possible results from

o 3

the greater covalent radius of sp3 carbon, 0,77 A, relative to sp

26

(o
carbon, 0,74 A2 , in addition to the fact that M-C o bonds, as

discussed earlier, are unlikely to have any double bond character,

This possibility however, exists for M-C rrbonds.130
The bond%ng of Ni(3) and Ni(4) to Cygs Cpgs Cpy @nd Cyy contrasts
with the situation found in (Cth)szH10 which has the structure

illustrated.27o
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The 2o,n bonding of the nickel complex may be a consequence of this

~possibly being formed via a dinuclear intermediate [05H5N102(CF3)2J2
which has a o-n bonded structure,but once the tetramer is formed
transformation to the w bonded alternative is obviously not inhibited
by stereochemical considerations,as the platinum complex illustrates,
That it does not occur may be a reflection of the greater stability
of the 20 w bonded isomer or else a high energy barrier to inter-
conversion, " The tendency of fluorocarbon ligands to form ¢ rather

145

than w bonds to transition metals suggests that the first
explanation may be correct,but it would obviously be of great interest
to determine the structures of model complexes containing, e.g. a

perfluorocyclopentadiene ring and with stoichiometry (CpM)é(C5F6),

M = Ni, Pt,
Mechanism

" It has been suggested that [CpNiCz(CF3)2]4 is formed by
condensation of two dimeric unmits [CpNiCz(CF5)2]2 and the structure
of this intermediate in all probability is similar to that of
CpNiz[(C4(CF3)4)(05H5)02F301],but with a cyclopentadienyl ligand in
place of the cyclopentenyl grqup,(a). Having an unstable twenty
electiron configuration for one of the nickel atoms, the metalocyclo~
pentadiene ring undergoes a Diels-Alder addition to the 1,2-position
of a cyclopentadienyl group in a second molecule of dimer, This

263,

could occur in four different ways 285 but only one appears to be

favourable, A similar 1,2-addition of hexafluorobutadiene to the
cyclopentadienyl ring of nickelocene has been reported by Wilkinson%86
the product CpNi(C5H5)C4F6 having a fused C4, 06 ring system like the

tetramer, To account for the formation of the tetramer and the

other products of the reaction the following mechanism is proposed,
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If (a) is the main intermediate it follows that,since it resembles

~nickelocene,it may react with CF CECCF3 to give (b), This was not

3
isolated, suggesting that such a reaction does not occur, However,
CpNi[(CsHS)C4(CF3)4] could be produced by thermal decomposition of (b)
although an alternative source of V could be nickelocene, produced
possibly by thermal decomposition of (CPN1)20F302CF3' Cp2N13C6(CF3)6
could also be produced from the latter by reaction with a complex con-
taiﬁing a metalocyclopentadiene‘ring,CpNiC4(CF3)4,as suggested in

the reaction of [CpNiSCF5]2 and CF CECCFB,(Fig. 3.4,).

5

Although the postulated structure of the dimeric intermediate
LCpNiCz(CF3)2]2 seémg reasonable on the basis of the structure of the
tetramer and other metalocyclopentadiene complexés‘o;74 e.8, |
(CpCo)2(04H4)2,67 the lack of reactivity of a twenty electron species
such as this towards CFBCECCF3 is intriguing, This could be gxplained
by an alternative structure in which two CpNi mojieties are attached

symmetrically to a tetrakis(trifluoromethyl)cyclobutadiene ligand as

illustrated,

As such both nickel atoms have 18 electron configurations which might
be expected to stabilise this intermediate to attack by the acetylene
until condensation with a second molecule of dimer can occur, In

this context it has been found that the reaction of the tetraphenyl-
cyclobutadiene complex (PhC)4PdCI2 and cyclopentadiene gives a fused

ring product288 remarkably similar to the‘,CS—C6 fused rings in

[05H5N102(0F3)2]4o
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Table 3.2,

I.r, Spectra (cm~1) of Cyclopentadienyl Nickel Complexes

Compound vC-C vCF

cpN1[c4(CF3)4H]* 1661w 1293s, 1260s, 1245s, 1214w,
1187s, 1178s, 1160s, 1150sh
Op Ni [ C(CF,) (] 1589w  1265wm,vb, 1219s, 1189s, 1177m,
’ . 1170m, 1147wm, 1134m
cpni(c5H5)06(CF3)6f | 171w 1299m, 1290wm,sh, 1271wm, 1234wm,
1224wm, 1219m, 1200vs, 1183m, 1168s,

1166s,sh, 1144s, 1126wm, 1116w

‘ (CpNi)z[C6(CF3)6]* 1296vw, 1237wm, 1205vs, 1188s,
| | 1120vw
CpNi[(CSHS)C4(CF3)4] A710w 1287w, 1258s, 1241m, 1235m, 1218w,

1196vs, 1178msh, 1170m, 1145vs,b,

131vs, 1112m
CpNiz[C4(CF3)4(C5H5)CZF301] - 129Tm, 1294m, 1274wm, 1260wm, 1247wm,
1219vs, 1190s, 1172s, 1133m
[C5H5Nic3(CF3)2]4 ‘ - 1270wsh, 1247m, 1216s, 1198ms, 1191ms

1173ms,sh, 1161s, 1146m, 1129m

*
CCl4 solution or if indicated cyclohexane solution
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Conclusions

Thé dominating feature of the reactions of cyclopentadienyl nickel
complexes wi%h hexafluorobut-2~-yne appears to be the tendency of the
metal to achieve the favoured eighteen electron configuration,

Al though this is not unpsual; the menner in which it is accomplished
is particularly intriguing, Only three electrons are required by the
metal of a CpNi moiety but, as illustrated by the limited studies
carried out, the variety of three-electron ligands which can be produced
from the three species Cp, Ni and CF50500F3 serves once more to
illustrate the unpredictability of reactions involving transition

metal complexes and acetylenes,

An important feature of the chemistry of nickelocene discussed in
the introduction,is the w-e¢ transformation of one of the cyclopentadienyl
groups, Several of the reactions of cyclopentadienyl nickel derivatives

described in this chapter have also been rationalised in terms of such

réarrangements to give an intermediate of the.following form,

‘A similar type of intermediate may also be involved in the reaction of

CFac-CCFs‘and [CpNiSCFB]a, i.e. X = SCFy, (Fig, 3.4.). Since in all

these reactions (CpNi)20F3020F5 is produced,reaction of CpNi(CF;CZCFB)X
with a CpNi complex is obviously possible with cleavage of the Ni-X bond.
However, the other products of the reactions suggest that the nature

of X also influences the availability of other potential reaction
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athways, Thus, wi = i
pathways, us, with X CSHS’ CSH502(CF3), intramolecular
condensation reactions involving X and CFBCECCF3 occur exclusively,
As already pointed out this does not occur with X = C5H502F501,and
the alternative reaction with the acetylene gives a metalocyclopenta-
diene ring complex, This intermediate appears capable of promoting a
n-o interconversion of a cyclopentadienyl group and the dinuclear
product Cle[C4(CF3)4(05H5)02F301] is produced,

Particularly interesting is the reaction of [CpNiSCF5]2 and
CFBCECCF3 which, despite the variety of complexes produced, did not
yield an organosulphur compound by an intramolecular condensation of the
int iate CpNi(CF,C,CF,)SCF,,
intermediate CpNi( 30y 3) 3
the same as Mn(co)4 and CpFeCO so that a complex CpNiC(CF3)=C(CF3)SCF

The electronic requirements of CpNi are

3
 might be expected, by analogy with Mh(CO)4C(CF3)=C(CF3)SC6F and

p)
CpFe(CO)C(CF3)=C(CF3)SR. Reactions which give such complexes have
been postulated to proceed via dipolar intermediates, (Fig. 2,9), and a
tentative'explénation of the different types of product obtained is
suggested by the possible nature of such species, Since in a dipolar
intermediate the negative charge will probably be'localised on the
cyclising fluorocarbon chain,the positive charge will be taken up by the
metal, and possibly by ligands ccordinated to the metal, It is therefore
possible that the location of this positive charge determines,to a
certain extent,%he reaction pathway taken by the intermediate,and hence
the nature of the products, With [Mn(CO)4SR]2 location of a
significant amount of the charge on sulphur,as illustrated in Fig, 2.9.,
leads to sulphur heterocycles whereas with [CpNiSCF3]2,positive charge on
the metal can explain the absence of such derivatives and the formation
of the compounds described earlier,(see Fig. 3.4.)., It should be

emphasised that the ionic intermediates illustrated are extreme

canonical forms and hence must be treated as such, However, they serve as



~ 201 =

e basis by'which it is possible to attempt to rationalise the various
types of product obtained from reactions involving electrophilic.

acetylenes and transition metal mercapto complexes.'

’




CHAPTER IV

REACTIONS OF ACETYLENES

WITH SOME

CYCLOPENTADIENYL MOLYBDENUM _COMPLEXES

e T
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v INTRODUCTION

Apart from a few isolated studies, the reactions of group Vi
metal carbonyls and derivatives with acetylenes have been virtually
neglected,despite the ready availability of these compounds,

The reaction of Mo(CO)6 and PhC=CPh has been reported to give a
vériety of complexes containing tetraphenylcyclobutadiene ligands

179

formed by cyclodimerisation of the acetylene, In contrast

cyclopéntadienyl molybdenum tricarbonyl derivatives CpMo(CO) X,

X = CH3,289, 02H5%90 have been reported to react with PhC=CPh to give‘
low yields of [CprCQ]ZPhCZPh in which the bridging acetylene is
cohsidefed to function as a two electron donor to each metal as in
Coz(CO)6Ph02Ph. When X = CH5 a second product isolated was tetra-
phenylcyclonentadiene which may have resulted from insertion of a
methyl group into the dimerising acetylene with concomitant hydrogen
abstraction, A similar process would account for the formétion of the
second cqmplex derived from CpMo(CO)502H5 and diphenylacetylene which
is considered to be 1,2,3,4—tetraphenylbenzene(cycloﬁentadienyl)molybdenum,
but this . seems unlikely since the molybdenum is assigned a seventeen
electron configuration, In the absence of spectroscopic data further
comment is not possible except that a re-investigation is desirable;

The products of these reactioné compare with the simple substituted
derivatives CpMo(CO)2R02RSCF3,described in Chapter II suggesting that
of reactions with acetylenes, The formation of the cyclopentadienone
compound CpMo(CO)[(CFBCCH)ZCO]SCFB from CpMo(CO)BSCFB and 3,3,3-
trifluoropropyne further suggested that,in some circumstances, the
alkyne substituents might also be important and it was therefore
Qecided to study the reactions of CpMo(CO)BX, X=20Cl, Br, I, with a

variety of acetylenes RC=CR, R = CH_, 5
. J J (%}




CpMo( cq') 3X
CpMo(CO) 3x
CpMo(CO) 3x
CpMo(€0) (PhCzPh)X
CpMo(CO) (PhC 2Ph)X

CpMo(CO) (PhCZPh)X

cpMo(CF3

: CpMo(CF3 )01 + CF,CeCCF,

+ CH,C=CCH

+ CH,C=CCH
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SUMMARY OF REACTIONS

~—— Cplto(CHC,CH) X+ [C,(CH, )4(00) ]

3 5 3727372

+ CF,C=CCF, —— CpMo(CF3020F3)2X

3 5

+  PhCECPh ro=——n CpMo(CO)(PhCzPh)X,

+  PhCSCPh ~—= CpMo(CO)(PhC) X

5 3 CpMo(CH3020H2) X

4+ CF,CECCP, s CpMo(CFBCzCFB)ZX

3 3

hy | |
2CF5) Cc1 LA [cpMo(CF3 20F3)Cl]

hv
5 5~ cpMo[c (CF 4]01
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RESULTS AND DISCUSSION

Reactions of CF,C=CCF, and CH,C=CCH, with CpMo(CO).X, X = Cl, Br, 1
7 7 P P 7

CpMo(CO)BX and the acetylenes but-2-yne and hexafluorobut-2-yne
react with ;omplete decarbonylation to give yellow, orange and red
brown crystalline solids of stoichiometry CpMo(RCQR) Xy R = CHB,
CF,, X =Cl, Br, I. With R = CH, quantities of tetramethylquinone>?|
were also formed. Molecular weight studies of the orgénometallic
products in chloroform solution (vapour .phase osmometry),and the
vapour phase (mass spectrometry),indioate the existence of only
monomeric species and this eliminates a dimeric halogen or acetylene
bridged structure which would confer an eighteen electron configuration
on: the metal, It therefore appears that in these complexes the metal
has formally acquired the relatively rare sixteen electron configuration,
assuming that each acetylene functions as a two-electron donor,

It is recalled that in complexes MX(RCéR)5,155 M = Mo, W, each of
the acetylenes is formally reéuired to donate all four n-electrons to
%he metal which acquires an eighteen electron configuration since two

56

of the electrons are non---bé:»‘ndi‘ng,‘1 It is conceivable that a
similar situation might exist in CpMo(RCQR)QX but the i,r. spectra
contain C=C stretching modes near 1500 cm'-‘1 indicating that only a
partial reduction in triple bond order occurs on coordination of the
acetylene, coﬁsistent with the ligands acting as two electron donors,
These frequencies further indicate that condensation of the two
acetylenes to form a cyclobutadiene ring has not occurred, Moreover,
the mass spectrum in all cases exhibits a molecular ion which undergoes
stepﬁise loss of acetylene units,in agreement with the above conclusion,
In all cases a singlet is observed in ‘the 1H n.,m,r, spectra of
‘the complexes near 4x characteristic of a w-bonded cyclopentadienyl

‘ligand, The chemical shift of the Cp protons is virtually invariant

to the halogen;having the value for CPMO(CH3CECH3)2X’ d = 4,597,
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Table 4.,1.(a)

I.r. Sﬁectra of Complexes CpMo(CH c Ch3)2X (cm-1)

X vC-H vC=C Other bands
Cl. 3121vw, 2944wm, 1810w 1445wm, sh, 1430m, 1357m, 1138ms,
2901s, 2833wm 1063w, 1042wm, 1030wm, 1019wm,
- 1000wm,sh, 938w, 839wm, 614wm
Br  3124vw, 2950um 1790w, 1747w, 1428m,b, 1356m, 1139ms, 1063w,

2900s, 2834wm

I 3120vw, 2944vm, -
2899s, 2833wm

1829vw, 1810vw
1790w,

1770vw

1040wm, 1019m, 1000wmsh, 935w,
905vw, 83%9wm, 615wm

1446wm, sh, 142Tm, 1326wm, 1137m,
1063w, 1041wm, 1019wm, 999wm,
955vw, 910vw, 839m, 613wm

*
cC1

Table 4,1.(b)

I.r, Spectra of Complexes'CpMo(CF3 ZCFB) X (em” )

X  vC-H vC=C VC-F

Cl  3119vw 1799w, 1782w  1282s,sh, 1277s, 1234vs, 1203vs, 1173vs,b
Br 3120vw 1792w, 1775+ 1279s,sh, 1274s, 1232vs, 1203vs, 1169ve,b
I 320w 1788w, 1770w  1282s,sh, 1277s, 123dvs, 1206vs, 1172vs,b

*CC
14
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and for CpMo(CF5020F3)2X, & = 3,951, However,as the above values
. show, the chemical shift is sensitive to the nature of the substituents
on the acetylene. These results avpear to be quite general in that
only very small changes in the chemical shift of the cyclopentadienyl
protons in CpFe(C0) X, X = C1, Br, I,°7* are observed,vhile in
complexes containing unsaturated organic ligands such as cyclopenta-
dienones eJg. CpCo[C4R4CO},the aromatic protons ére very sensitive to
the electron withdrawing ability of the substituents R on the organic
species.190
The proton n,m.,r, of the but-2-yne complexes show a broad singlet
near Tt due to the methyl protons of the acetylene ligands, the
chemical shift againAbeing relatively insensitive to the halogen,
At low temperatures this splits into two slightly coupled resonances
which are probably guartets,but orly splitting of the two central peaks
could be resolved due to the ;ow coupling constant,JH_H = 0,7 Hz, The
19F n,m,r, spectra of the hexéfluorobut-Z—yne derivatives are similar,
giving a singlet at room temperature and two peaks at low temperature
but no distinct coupling could be observed in the latter. These
results suggest fluxional motion of some description involving

exchange of CF_ or CH3 groups between two non-equivalent sites in the

3
molecule,

X-ray studies of the sixteen electron chromium complex
CpCr(NO)N(Ph)212?3 show that the metal is octahedrally coordinated with
the cyclopentadienyl group occupying one of the faces of the octahedron
and a similar geometry can be adopted by the complexes Cpr(RCzR)zx,
The acetylenes, according to the n.m,r, data, must take up a preferred
conformation 2t low temperatures such that only two chemically

distinguishable R groups are present, A preferred orientation can

be explained by considering the metal-acetylene bond as described in
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the introduction for Pt(0) and Pt(II) complexes, The acetylene
.will take up a conformation which enables maximum n-back-~bonding to
occur from filled d orbitals on the metal to ﬂ* orbitals on the

C=C bond, Since in an octahedral complex only the dxy, dyz and dzx
orbitals are available for back-donation,two conformers (a) and (b)

are possible,but only one is preferred at low temperature,

/’F\ ’I\
L7 \ .7 \\

, \\ L’ \\
,’—-_-____/__; c /:______7
KC\MO\ ‘\‘Mo\ c

I/ c /c' c/

c
L c -
X X
(a) (v)

Fig, 4.1,

Steric interactions may élso contribute to conformational
sfability and in (a) repulsion between the acetylene substituents R
is at a minimum whereas repulsion between R and the other ligands Cp
and X is maximised, In contrast, repulsion between acetylenes is
probably significant in (b) but interaction with the other ligands is
reduced, However, the orientation of acetylenes in (2) leads to
.overlap of the w orbitals of an acetylene with the dxz orbitais
vhile the dyz overlap with the other acetylene, Both these orbitals
are also available for back-donation to the halogen but since this
has no energetically available orbitals to accept electron density
the acetylenes will accept most of the dm electron density. In (b)
both acetylenes share the dxy orbital which obviously leads to weaker
metal-acetylene back-bonding and hence a less stable conformation,

Provided that steric interactions are not excessive isomer (a) would

eppear to be preferred on electronic grounds, However, since steric
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considerations favour (b) full variable temperature n.m,r, data were

. obtained over the range =80 to +34°C for all six compounds in an

effort to clarify the situation,

Table 4.2,

N.m.r. Parameters of Complexes Cpr(RC2R)2X '

CpMo(CH3C20H3)2X 8,(cp) () 5,(CH,), 34°¢ 5,(a)(-80°C)

. X=Ql 4.59. 7.39 7.08
Br 459 7.34 7.07
I 4.59 7.25 7.0
‘g : . 19p (opm)
CpMo( CF,C,CF;) X 5Cp(t) 8, (cry), 34% ' 5, (a) (-80°C)
XeCl 3,94 56,85 56,05
Br 3.94 56.80 55, 90
I 3,95 56,68 55.74

bz(b)(58O°C)

7.65
7.56
7.42

61(b)(—BO°C)

57.66
57.70
57.61

From these data the rate of exchange at coalescence kc has been

calculated‘usiﬁg the approximate formuléz94

k oA
c " 7 Ve

v, = difference in chemical shift of two peaks at coalescence (Hz),

Avc was obtained from a graph of a Av/temperature, the linear part of

the graph being extrapolated to the coalescence temperature,Tc.
kc the free energy of activation,AGc,for the exchange at Tc,was

2
‘calculated using the Eyring equation %

From
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AG, = R.T_.In(Te/ke o k/h) "

The values of Tc,‘kc and AGc are given in Table 4,3,

Table 4,3,
Complex T, (K) Av, (Hz) k, (sec—1) 4G, (k,cal, mol)
cpmo(CH3020H3)2x
X=20C 286,5 52.23 116,0 9,326
Br 292 43,4 96.5 14,42
. 289.4 . 29,53 65.6 12,69
Cpr(CFBCchB)ZX
X=Cl 243,3% 159 353,6 11,160
Br 249 179 398 11,515
I 240,5 186 413,.4 11,085

Several mechanisms may be considered for the equilibration of
protons or fluorine atoms in these complexes296 but only two.seem
probable, (1) Exchange of acetylene molecules by a dissociative
mechanism, by a bimolecular mechanism without dissociation of
acetylenes or by én intramolecular mechanism, (2) Rapid rotation of
the acetylene molecules about the metal acetylene axes, In a series
of elegant experiments Cramer was able to show that the latter
mechanism accounts for proton equilibration in a variety of ethylene

141,296

and monofluorcethylene complexes of rhodium, Propeller

rotation of ethylene in platinum complexes has subsequently been

297

and recently rotation of coordinated acetylene

298,299

detected by Lewis

molecules has also been described, However, when all the protons
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of ethylene are replaced by fluorine the increased M-C back-donation
appears to stabtilise one particular olefin conformation and no
rotation of coordinated tetrafluoroethylene was observed in the

complex, CpRh(02H4)(C2F4),even at 1OO°C‘141

Since in the complexes
vCpMo(RczB%§, X = Br, I, the AG and k_ values for the rate of exchange
of coordinated hexafluorobut-2-yne and but-2-yne imply a greater degree
of mobility for the former,it would appear that the n.m.r. data of .
these complexes is unlikely to be accounted for by propeller rotation,

Fluxional behaviour in the sixteen electron complex (acac)Rh(02H4)2

. 1s considered to be due to a bimolecular exchange mechanism and exchange
between free and coordinated ethylene occurs even at -5800.296

However, addition of varying amounts of free but-2-yne to a CD2012
solution of CPMO(CH3C20H3)2I produced no effect on the spectrum above
or below the coaleécence temperature,which was also unaffected, The
coalescence temperatures also appear to be independent of complex
concentration,and on this evidence it is concluded that the variable
temperature n.m,r, spectra of the complexes CpMo(RCzR)QX can be best
reconciled with an intramolecular exchahge process involving the
coordinated acetylene ligands, An exchange reaction of this type

proﬁably proceeds via & square planar intermediate considering the
cyclopentadienyl group to occupy one of the corners of the square,

As can be seeﬂ this process can proceed by two different routes,
depending on whether an acetylene or halogen atom is irans to the
cyclopentadienyl ligand in the transition state, (Fig. 4.2.),

However, it is impossible to decide which of these two mechanisms
is responsible for CH3 or CF3 equilibration from the limited data
available, although speculative éttempts have been made with related
systems.211 ‘It is significant that the orders of AGC values

calculated for both but-2-yne and hexafluorobut-2-yne complexes follow a

similar trend with a meximum occurring at the bromo derivative in each
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case, It was suggested earlier tﬁat both steric and electroﬁic factors
may affect the conformation of the acetylenes in the low temperature
form of the complexes and the observed trend would seem to imply that
they also influencé the thermodynamics of the exchange reaction,
Since the trend is not uniform, i.e., does not follow the increasing
size or electronegativity of the halogen,it would appear that these
factors have opposite effects on the AGc values,

Al though AGC for both sets of complexes foliows the same trend it
is noticeable that the values for the but-2-yne derivatives vary by
over 3 k,cal/mol whereas those of the hexafluorobut-Z—jne complexes
are all within 0.3 k.cal/mol of 11.25 k.cal/mol. The significance
of this'diffefence is not immediately apparent but it is obvious that the
nature of the halogen affects the thermodynamics of the equilibration
reaction of the but-2-yne complex to a much greater extent, This could
be compatible with the exchange process for CpMo(CH5CZCH3)2X
following a different pathway to that of CpMo(CFBCchj)zx, (Fig, 4.2.),
but differences in the metal-acetylene bond type prevent this from
being anything more than speculation,

Another difference between the but-2-yne and hexafluorobut-2-yne
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complexes is the rate of exchange , kc,which is much greater with the
‘.latter, again implying differences in the equilibration mechanism.
This is fur?her suggested by the different trends in the value of kc
which,with the but-2-yne derivatives,decreases in the order

Cl >Br > I whereas with the hexafluorobut-2-yne compounds kcjncreases

in this order,

Reactions of PhC=CPh and CpMo(CO).X, X = C1, Br, I
J

The Pricarbonyls CpMo(CO)BX, X = C1, Bf,reacted with diphenyl-
acetylene in penfane at temperaturés below 50°C to give high yields
of the green solids Cpr(CO)(PhC2Ph)X. The bromo derivative, as might
be expected, reacted more slowly since not only are the M-CO bonds
stronger (lower vCO frequencies), but the bromine atom, being more
bulky, probably inhibits thé reaction through steric interaction with
PhC=CPh, Attempts to obtain the analogous iodo derivative
CpMo(CO)(PhCzPh)I,by a thermai reaction were unsuccessful due to further
reaction with the ecetylene to give CpMoCO(PhC)4I at the higher
temperature (*v70°),required for a reaction to take place, Traces of
&8 green solid were detected during this reaction and it was subsequently
found that the photolytic reaction proceeded rapidly to givebhigh
yields of the required product,CpMo(CO)(PhC2Ph)I. As with CpMo(RCCR)2X,solu- ,
‘tion studies and mass spectroscopy indicate a monomeric structure and
again the molybdenum atom is assigned a sixteen eleciron configuration,
Solution i.r. spectra of the complexes could not be obtained due to
their instability in 0014 and CHClB, solvents in which they are
soluble, However, K Br discs of the compounds reveal a single C-0
stretching mode near 2000 cm—j but as with CpMo(co)z(phchh)SCF3 it
was not possible to detect the C=C stiretching mode of the coordinated

acetylene,and the extent to which the triple bond is modified on

coordination remains unknown, The proton n.m,r, gives a single sharp
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Table 4.4,

* . *
I.r. Spectra of Complexes CpMo(CO)(PhC,Ph)X (em™ 1)

X vCH vCO - Others

CL 3129w, 3118w, 3097w  1964vs, 1912w  1444wm, 1441wm, 1426wn,
3048vw 1072w, 1068w, 1012w, 1005w,
920w, 910w, 831m, 814wm,
794m, 977m, 767m, 753w,
707m, 69§wm, 687m

Br 3120w, 3102w, 3086w  1963vs, 1911w  1439wm, 1436wm, 1421vm,
3045vw 1068w, 920wmb, 832m, 818wm,
79Tm, 779m, 769m, 756wm,
709m, 698wm, 689m

I 3118w, 3100w, 3070w 1964vs, 1914w 1440wm, 1436wm, 1422wm,
3040w 1068wm, 1020w, 1004w, 950w,
916w, 833m, 820wm, 800m,
778m, 770m, 760w, 708m,
696m, 690m,

*
K Br disc

peak af 4,307t due to the cyclopentadienyl group and the chemical
 shift is again invariant to the halogen, In addition a broad
resonance near 2,4t is present in each case due to the phenyl protons,
and although of limited usefulness as a structural probe,differences
were observed with different halogens, With the chloro and bromo
complexes the fine structure was fairly symmetric while the iodo
derivative exhibited a grossly distorted signal,suggesting structural
differences,

A structure based on that proposed for CpMo(RCzR)ZX can be

envisaged with a carbonyl group replacing an acetylene ligand on one
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Table 4.5,

1
H n,m,r, Parameters of Complexes CpMo(CO)(PhCZPh)X

Compound - & Cp 5 (Ph) 34°C
X = Cl 2,42 4,30

Bl' 2.40 4030

I 2,43 4.30

_of the octahedral sites as in cp0r(co)(No)(H02H).298 As with these
~complexes isomerism is possible due to different conformations
available to'the'acetylene but the most stable structure is
probably that in which greatest = donation from metal to écetylene

occurs, On the basis that CO is a strong w acceptor and halogens are

4
/, P\\ /,W“\
// ‘\ /’,‘ ‘\
. v P .
- —_—t == 4 ] =2
(4

x .
() | (®

if anyfhihg w donors300 isomer (a) is the more stable,  However, in
‘this conformation steric repulsion will be greater between the bulky
C6‘H5 group and the halogen which,although perhaps insignificant in the
chloro and bromo derivatives,may be sufficient to destabilise the

iodo complex with respect to isomer (b). This could account for the
differences in the appearance of the phenyl proton resonances already
described, although an alternative explanation assumes that rotation
of the acetylene can occur in the chloro and bromo complexes giving a

time averaged symmetrical spectrum, In the iodo derivative
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greater steric crowding may freeze out one or both rotational
~isomers, giving ri;e to the observed asymmetry in the phenyl
resonances.

As mentioned earlier ét temperatures above 70°C, CpMo(CO)BI
reacts with diphenylacetylene to give CpMo(CO)(PhC) 41,2nd the relatéd
chloro and bromo complexes were subsequently obtained from the
appropriate tricarbonyl derivative, The reactions involve the mono-
carbonyls,CpMo(CO)(PhCZPh)X,as intermediates and as in the formation
of the latter, the reaction is successively slower on going from chloro
to bromo to the iodo complex, Purification was achieved by
recrystallisation from benzene or CH2012 but with the latter the complexes
crystallise with a solvent molecule of crystallisation;

The complexes CpMo(CO)(PhC) 4% X =C1, Br,are iden.tical to the tetra-
phenylcyclobutadiene derivatives of this stoichiometry isolated in low
yield from the reactians of [Cpr(CO)5]2 with the tetraphenylcyclobutadiene
compounds(PhC)4PdX2?O1 X = Cl; Br, All the spectral features are
coﬁsistent with the structure proposed for these.complexes and there

seems no reason to formulate alternatives for the iodo compound,

(phenyl groups omitted)
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Table 4,6.

. " -
I.r. Spectra of Complexes CpMo(CO)(PhC)4X, CH2012 (cm 1)

X vCH vCO : Others

Cl 3114w, 3088w, 1960vs, 1915w 1596wm, 1571w, 1524w, 1497Tm,

3058w, 3024w 1451w, 1441wm, 1414w, 1273w,
1066w, 1026w, 995w, 925wm,

780w, T70wm, 730, 691m, 616w

Br 3110w, 3080w 1960vs, 1915 1594wm, 1570w, 1520w, 1495m,
3058w, 3025w - 1439wm, 1410w, 1269w, 1064w,

' : 1022w, 1014w, 995w, 909w,
824wm, TT1w, 729m, 690m,618w

I 3110w, 3080w, 1965vs, 1920w 1598m, 1572w, 1573w, 1498m,
3059w, 3022w 1451w, 1441vm, 1413w, 1269w,
1066wm, 1026wm, 1015w, 990w,
909w, 821wm, 780w, 769m, 728m,
690m, 612w

*
K Br disc

In the proton n.m,r., at 34°C the phenyl proton resonance in each case
appears as a broad peak near 2,8t but on cooling to -60°C the signal
splits to givegthe spectrum shown in Fig, 4.2, and this is considered
to be due to freezing out of preferred conformation(s) at low
temperature, At room temperature the tetraphenylcyclobutadiene
ring is probably rotating rapidly in 2 manner similer to w-cyclopenta~
dienyl ligands but the bulky phenyl substituents of the former must
contribute to a much higher energy barrier to rotation, Thus at
-60°C the rotation has stopped and the phenyl sﬁbstituents on the
ring are no longer magnetically equivalent, These observations

éould also be explained by a polytopal rearrangement similar to that
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27 3r 4T

Fig, 4.3.
discussed for CPMC(CO)RCF3CZH)2COJSCF3.but the appearance of only one
phenyl resonance at 3400 seems more compatible with restricted

rotation of the cyclobutadiene,

Table 4,7,

1 ' *
-H N.,m,r, Parameters of Complexes CpMo(CO)(PhC)4X

X 5Cp 5Ph (34°c) ~ 5Ph (-60°C)
C1 4,50 2,80 2.54 2,97 3.35
Br 4050 2080 20 55 2. 98 30 35
I 4,50 2,80 2,43 2,86 3,19

*
. - Cp,Cl

501, soluﬁlog
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Photolysis of CpMo(CF, c 5)

It was noted in the introduction that no complex has yet been
isolated containing a tetrékis(trifluoromethyl)cyclobutadiene ligand
and it was suggested that,since metalocyclopentadiene rings are
frequently the precursors to cyclobutadiene ligands, the stability of
M-C o bonds when electronegative substituents are attached to carbon
may prevent the required o- n rearrangements in such cases, This
effect was also discussed with respect to the étructure of the'six

membered ring in [C_H_NiC (CF ) ]4. The isolation of complexes

55
.CpMo(CFB QCF3) X in which two coordinated acetylenes have not undergone
condensation to a metalocyclopentadiene ring, therefore provided an
opﬁortunity to attempt syntheses of complexes containing a m-bonded
C4(CF3)4 ligand, Although incomplete the brief studies which were
carried out suggest that the above comments may be at least partially
correct, .
CpMo(CF3020F3)2CI when irradiated in pentahe with u/v light for

24 hr, gave dark-red insoluble crystals and traces of a very unstable,
pentane soluble compound,which was not characterised.> Due to the

small quantity of red crystals obtained only partial characterisation

was possible and only i,r, and mass spectra were obtained, The crystéls
are insoluble in all common solvents suggesting a polymeric nature but

in the mass spectrum the highest peak is observed at m/e 716, corresponding
possibly to [CpMo(Cr C U-3101J2 and in accord with this a double
molybdenum isotope pattern is observed,having taken into account fhe
chlorine isotopes, The i.r. spectrum (K Br disc),gives Bands between
1500 cm-'1 and 1600 cm-1 suggesting bridging acetylenes,while strong,broad
vCF modes are present near 1200 cm-1. It would appear,on this evidence,

that the compound possibly contains acetylenes bridging two molybdenum

atoms which are linked to other dimeric units by chlorine bridges.
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- If the highest peak in the mass spectrum is the molecular ion
for the dimeric species, irradiation of CpMo(CFBCZCF3)201 must result
in loss of one molecule of acetylene per molecule of complex and the
experiment %as therefore repeated in the presence of CF3CECCF3,in an
attempt to prevent this, This reaction proved to be somewhat
irreproducible but the first experiment carried out.gave, after
prplonged irradiation, a mixture of starting material and a second
fluorocarbon complex (x))whigh could not be separated completely due to
the similarity in physical properties of the two compounds, However,
.a small sample of almost pure_x was obtained by repeated sublimation
and recrystallisation from QH2612/hexane and this enabled i,r. and
mass spectra to be obtained,
The former indicates that no coordinated acetylenes or uncoordinated
plefinic bonds are present,the region 2000 em”! to 1500 — being free
from vC-C bands. The CF -stretching region is somewhat less complex than

in the spectrum of CPM@(CF3CQCF3)291 and contains three strong bands

close together,as found with Mn(g@)5[04(CF5)4SC6F5] and CpCo[C4(CF3)4CO].

I,r, Spectra (cm=1)

veH vC=C vCF

. ;
[CpMo(CF3020F3)Cl]n 3120w 1550w, 1521wm  1275m, 1180s, 1167s,
‘ ‘ 1118s, 1105s

QpMoC4(CF3)4Clt 3120w = 1227m, 1211vs, 1192s
1184ssh, 116Tmsh, 1146m,
1109wm

* T
K Br disc 0014
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The mass spectrum of the complex gives an ion of highest m/e at 520
with a single molybdenum isotope pattern, corresponding to the
molecular i?n of.the starting material CpMo(CF5CZCF3)2Cl. This
suggests that the new complex and the latter have identical stoi-

chiometries but the relative intensities of the ions shown in

Table 4,9. indicate different structures,

Table 4.9,
CpMo(CF3020F3)201 X

m/e . Ion % Abundance % Abundance
520 CpMoCF, ,C1 0.2 2
501 CpMoCF, ,C1 0.25 B 10
482 CploCgF, C1 0.6 | . 1.3
451 CpMoC, FoCl .0.5 o o 1.
358 CpMoC 4P C1 2,9 TS
36 Oy, 4 | | 1.5
267 CgFg 6.6 | 5
234 CpMoF,,Cl o - 15
215 CpMoFC1 40 100
196 cpMoéi 100 . 50 .

It can be seen that significant differences are observed in the
relative abundances of some ions in the spectra of the two compounds,
Weak ions corresponding to [CBFm]+ and [08F9}+ are observed in both
spectra suggesting that a ligand 04(CF3)4 is at least formed in the
mass spectrometer, although spectroscopic data precludes the existence
of such a ligand in CpMo(CFBC2CF3)201. Particularly significant are

the relative abundances of the ion [M—(CFBCZCFB)J+, (M = CpMoCgF, . C1),
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which is fairly weak in the spectrum of X but strong in the spectrum of
.CpMo(CF3CZCF3)201. This could be reconciled with the presence of a
distinct tetrakis(trifluoromethyl)cyclobutadiene ligand in X although
the lack of.an ion due to the complete ligand suggests that it must
fragment fairly easily when removed from the complex,

v The pfoton n.,m,r, of the less pure sample of X shows two sharp
singlets near 4Tf.the weaker of which corresponds toACpMo(Cchché)zcl.
The singlet due to the latter is also observed in the 19F n,m,r,
spectrum in addition to two multiplets of equal intensity (61 = 52,14 ppm,
62 = 53,97 ppm),which can be assigned to two sets of two CF3 groups,

The fine structure of the peaks,which are due to X,is virtually
identical to that of CpCo[C4(CF3)4COJ and similar complexes in which a
cyclic butadiene fragment,c4(CF5)4,is present giving rise to two sets of
non-equivalent CF3 groups, !

On this evidence it is tentatively suggested that complex X is the
sought for tetrakis(trifluoromethyl)cyclobutadiene compound CpMoLC4(CF3)JCl,
élthough,to account for the non-equivalence of the CF3 substituents,the
C4 ring must be considered to have a fixed conformation at rogm temperature
in contrast to the situation found in CpMo(CO)(PhC)4X vhere steric
interactions appear to be greater, .This apparent contradiction may be
explained by a greater barrier to rotation of the 04(CF3)4 ring being
induced by st?gng M-C back-donation, To achieve maximum overlap of the
rf orgitals of the C4 ring with the d orbitals of the metal a conformation

related to that of the acetylenes in the complex CpMo(CF3020F5)QCI

seems most probable,giving the following structure illustrated overleaf,

Miscellaneous Reactions

Several attempts were made to prepare mixed acetylene complexes

by reacting CpMo(CO)(PhC,Ph)X with CH,C=CCHj and CF;C=CCFz but only

»*
d Cp(X) = 4,021
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,CPMO(CHBCZCHB)ZX and Cpr(CF3020F3)2X were isolated respectively,

Similarly the reaction of CpMo(CH,C,CH,).Cl and CFBCECCF5 gave only

320305
CpMo(CF3020F5)201. Although unsuccessful in certain respects these
reactions are of some synthetic value since the products Cpr(RCZR)2X

were generally obtained in higher yield and with shorter reaction times

.than from the tricarbonyls CpMo(CO)BX.
- Conclusions

It is apparent from the résults described that the reactions of
complexes CpMo(CO)BX,(X = alkyl group, halogen, SCFB,)and acetylenes
are sensitive to the nature of X and the substituents on the ncetylené.
However, with X = halogen only slight effects are observed on varying
the halogen from C1 to I,the reactions becoming less facile in accord with
stronger M~CO bonding and increased steric repulsion between X and the
incoming acetylene,

Since CHBC"CCH3 and CFBCECCF3 both yielded complexes of stoichiometry
CpMo(RCZR)ZX the electronegativity of the substituent R appears to be |
relatively unimportant but the formation of CpMo(CO)(PhCZPh)X suggests

that steric factors may influence the reaction, Since a monocarbonyl

species was detected in the reaction of CpMo(CO)BI and CFBCECCFB,it is
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interesting to speculate that complexes CpMo(CO)(RCzR)X may be unétable
intermediates in reactions which give compoundstpMo(RCZR)ZX, R = CH3, CF3'
Howvever, coordinakion of a second acetylene molecule must lead to CO
expulsion wﬁereas with diphenylacetylene the carbonyl 1igand is

retained and condensation of iwo molecules of PhC=CPh occurs,

Condensation of acetylenes to form four membered rings appears to oécur

most readily with diphenylacetylene191 whereas with CHBC:-‘-CCH3 and
CFBCECCF3 inclusion of coordinated carbon monoxide usually occurs to give
129,152

cyclopentadienone compounds,
129,152

In addition, but-2-yne sometimes
forms quinone derivatives and the formation of tetramethylquinone
in the reactions of CpMo(CO)BX and CHBCECCH3 probably results from thermal
decomposition of an unstable complex of this ligand, However, it is
interesting to note that the reactions of Cpr(CO)aX and CFsCECCF3 did
not give tetrakis(trifluoromethyl)quinone,in spite of the reactivity of
this acetylene towards coordinated carbon monoxide discussed in Chapter II,
The reaction of CpMo(CO) '3x and PhC=CPh in some ways parallels the
reaction of this ace%ylene with CpCo(PPh3)12 which gives initially
CpCo(PPhj)(PhczPh) containing a coordinated acet&lene ligand.194
Further reaction with a second molecule of the acetylene gives the
" tetraphenylcyclobutadiene complax CpCo(PhC)4 and it was shown that this
is formed via a metalocyclopentadiene intermediate,CpCo(PPh3)(PhCZPh)Z.
This suggests that CpMo(CO) (PnC) 4% may be produced from Cp}Io(CO)(PhCZPh)X
via a related complex CpMo(CO)(PhCzPh)zx,the vacant orbital on theﬂ
sixteen electron complex perhaps facilitating coordination of a second
molecule of the acetyléne . Support for such a mechanism is obtained
from the reactions of CpM(CO)4, M = V, Nb, Ta,and PhC=CPh described by
Nesmeyanov.177’178 The following reaction schemes have been elucidated

and comparison with the reactions of CpMo(CO)BX and PhC=CPh is perhaps

informative,
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cpM(Co) 4 *+ PhC=CPh ‘M =V, Nb, Ta

l

N co ‘ :



REACTIONS OF ACETYLENES

WITH SOME

TRANSITION METAL TRIFLUOROPHOSPHINE COMPLEXES




- 225 -

INTRODUCTION

The bonding in transition-metal carbonyl complexes which, until
recently, have held & unique place in coordination chemistry, has been
of interest ever since the first known derivative Ni(CO)4,was discovered’
by Mond.302 The bonding in simple terms has been described és (i)

2 o bond contribution from the lone-pair on the carbon atom into suitable
empty orbitals of the metal and (ii) d - p w-bonding which involves
back-donation of electron density from filled dw-orbitals of the metal
into the empty ﬁ? orbitals of the CO ligand, such a system operating
synergically.223

Chatt's work on [PtCl2PF3]2305 and the synthesis of Ni(IE;FB) 4 in
1951 by Wilkinson294 subsequently focussed attention on the coordinating
properties of trifluorophosphine, PF}' Since then the transition metal
chemistry of this ligand has expanded rapidly, particularly in the past
ten years, and the ability of'PF5 to stabilise low oxidation states of
. metals in a manner similar to carbon monoxide has attracted much
interest, both from the synthetic and the theorefical chemist.305’306
The presence of highly electronegative fluorine atoms in PF3 signifi-
cantly lowers the ability of phnsphorus to donate its lone pair to an
acceptor atom and simultaneously increases its ability to accept metal
dv electrons into empty d orbitals, The importance of w-bonding in
phosphine complexes of the transition metals in their usual oxidation
states ﬁas recently been questioned and the soft character of phosphine

307

ligands attributed to o-bonding effects, It is however, generally

considered that these conclusions are less likely to be valid with
trifluorophosphine derivatives of low and zero-valent transition metals
308

such as Ni(PF3)4 and Fe(PF5)5' Evidence for double-bond character

in the metal-phosphorus bond of PF3 complexes has been obtained from i,r,

and photoelectron spectroscopy , electron diffraction and X-ray
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crystallographic studies.305’306

Physically and chemically the similarity between metal carbonyls
and their PFB analogues is striking and PF3 readily substitutes many, if
not all the carbonyl groups in carbonyl complexes, being almost unique in

306

this respect, Recent reports indicate that PF3 complexes react vwith

a variety of ligands in a manner similar to their carbonyl analogues.
Hydrides HM(PFB) 4» M = Co, Rh,and HZM(PF3) 4» M = Fe, Ru, Os, have been
305

prepared which prove to be more stable than the corresponding carbonyls,

Oxidative addition of halides and pseudohalides to PF

4309

complexes has

3
and neutral organic ligands displace PF3 to give

305, 306,310

been observe
complexes similar to known carbonyl derivatives, However,
differences are observed when the ligand is also capable of reacting

with the P-F bonds and the reaction of Fe(PF and C H SH results in

3)5 275
HF elimination to give the hetero-bridged complex '
Cafls

_S_
(PF ) Fe(PFB) 3

Since many interesting and unusual reactions have been observed

“between transition metal carbonyls and acetylenes it was counsidered

that similar reactions might be obtained by reacting acetyienes with
trifluorophos?hine complexes, Of particular interest is the formation
of phosphorus heterocycles in a manner similar to that which produces
cyclopentadienone, quinone and tropone derivatives from metal carbonyl
compounds, This would possibly require oxidation of phosphorus III

to phosphorus V, In this context it has recently,peen reported that the

cyclic phosphorane [04(CF3)4PPh3} is prdduced in the reaction of

1653

CpRu(PPh3)2H with hexafluorobut-2-yne while the direct reaction of

triphenylphosphine and dimethyl acetylenedicarboxylate givéégg different

T
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type of heterocycle, [C4(COOMe)4PhPPh2}, in which migration of a phenyl

312

group from phosphorus to carbon has occurred. This suggests that

Ph Ph Ph l Ph h
P Ph p\
0 'CFB O COOMe

.heterocycles of phosphorus V are most likely to be obtained from
acetylenes bearing electronegative substituents which is not unexpected

in view of the well known ability of such groups, e.g. F, CF,, to

3

stabilise high oxidation states,

During the course of this work Whimp et al, reported that'the-

reactions of acetylenes and RhQ(PF5)8 give complexes ha(PF3)6R02R;312‘

An X-ray study of the substituted dipheﬁylacetylene derivative
,Ph has revealed an acetylene bridged structure, (i)
analogous 1o Coz(CO)6PhCZPh. However, no reactions of PF3 complexes

Rh2(PF3) 4(PPh3) ,PhC

with acetylenes have yet been reported in wﬁiqh oxidative addition of

the acetylene(s) to the phosphorus occurs, “

(substituents on

phosphorus omitted

O Bn
OP
O C.

for clarity)

(1)



(1)
(2)
(3)
(4)

(5)

(6)
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SUMMARY OF REACTIONS

—-——-—-06(05'3)6 + N1303F5

C=COF; ———= CpCo[C4(CF3).4PF3] |

Ni(PFs) 4t CF3CSCCF3
c£c°(PF3)2 + CFy
H,0
CpCo[C4(CF3)4PF5] N
, B,0
CpCol C 4( CFB) 4POF] —

CpRh(PFs) 5

+ CF

3

VCpCo(PFB)Z + RC=CR  —— =

R = CHy, Ph

C=CCF, ——
3

CpCol C 4(CF5) 4POF]
CpCol C 4(01?3) 4P02H]

no reaction

no reaction

+ PR

3
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RESULTS AND DISCUSSION

'Reactions of RC=CR, R = Ph, CFB, with Hi(PF3)4,

Attempts to obtain an acetylene derivative of Ni(PF3)4 by the
reaction of the latter with the acetylenes hexafluorobut-2-yne and
diphenylacetylene, under a variety of conditions, were unsuccessful,

In general few acetylene derivatives of the corresponding carbonyl
complex Ni(CO)4 are known, although the reaction §f this complex with
PhC=CPh at 110°C has been reported to give the bistetrapheﬂyléyclopentan
dienone derivative, [(PhC)4COJ2Ni,in 50% yield.313 However, no complex
>was isolated from the reaction of Ni(PF5)4 and PhC=CPh at 80°C, the

'only products being insoluble organic material which was not investigated
further,

A consideration of the electronic structure of N'i(CO)4 and of the
mechanism of its ligand-exchange reactions led to the suggestion that
only olefins and acetylenes which permit extensive metal-ligand back-
bonding, either by having eleétron withdrawing substituents or low-lying
unoccupied molecular-orbitals, will be able to form stable m-complexes

314

with Ni(CO)4. The - validity of this suggestion was subsequently
demonstrated by the reaction of Ni(CO)4 and hexafluorobut-2-yne which
yielded Ni4(CO)5(CFBCZCF3)3, and a structure has been proposed based on
a trigonal pyramidal array of.nickel atoms, the coordinated acetylenes
retaining thei; identity.315

The reaction of Ni(PF3)4 and CFBCECCF3, in contrast, does not yield
an anaiogous complex, With a large excess of alkyne, at temperatures
above 50°C, Ni(PF3)4 reacts to produce reasonable yields of the cyclic
trimer, hexakis(trifluoromethyl)benzene, and a pale yellow insoluble
powder which analyses as Ni3C3F5' The presence of broad C-F stretching

modes in the i.r, spectrum near 1200 cm.—1 suggests the latter is probably

a mixture of a nickel compound and a linear polymer, perhaps [02(CF3)2]n‘
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With 1:1 acetylene/Ni(PF3)4 molar ratio deep blue-purple and green
_solutions were observed after short reaction times, possibly due to com-
plex format%on, but on removal of reaé%ants these colours disappeared
and no complex could be isolated,

The qumation of the trimer of hexafluorobut-2-yne in this reaétion
is not surprising in view of the well-known catalytic activity of zero-
CECCF and other

3 3
With many such catalytic

valent nickel complexes in the trimerisation of CF
acetylenes to substituted benzenes.180’250’251
reactions decomposition of the nickel complex is frequently observed

and the reaction of Ni(PF3)4 and CF,C=CCF, is no exception since,

5 3

particularly with high temperatures and long reaction times, small amounts

of' PF, were detected,

3

A mechanism involving a cyclobutadiene intermediate has been

 proposed for the cyclooligomerisation of disubstituted acetylenes by

139b, 316

Ni(CO)z(PPhB)z, but in the present case, the following mechanism

is considered more probable,

. c/ , . —
Ni(PF,), — | PF, ) Ni -! ‘ _— (PF3)2Ni '

(1)
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Isolation of phosphine complexes analogous to intermediates(1)

by Maitlis, o1 250, 251

and (2) and (3) by Stone, . supports such a
mechanism, The stability of the dihapto complexes (3) has been

found to depend on the m-acceptor ability of the phosphine, being
lower with derivatives of strong w-acids like P(OMe)B. It was also
found that‘aitempted‘ displacement of phosphines with carbon monoxide
resulted in decomposition of the complexes with release of the benzene,

It seems probable that the high w-acceptor ability of PF, destabilises

3
(PF3)2NiC6(CF5)6, (3), to the extent that it cannot be isolated, but as

with Ni[C6(CF3)6][P(OMe)3J2, reaction with CF CECC.F3 can occur to give

250

3
L2NiC6(CF5)6, (2), with release of the hexa-substituted benzene,

2
hexafluorobut-2-yne,

Thus the L, Ni fragment effectively catalyses the cyclotrimerisation of

Reaction of RC=CR, R = CF,, Ph,with QpM(PFB)A, M = Co, Rh.
J/ [

CpCo(PF3)2 has been prepéred previously frcom cobaltocene and‘PF3

at 170°C/350 atm, 0

However, reasonable yields of this complex were
obtained by irradiating pentane solutions of CpCo(CO)2 and PF3’ (10 atm),
1the evolved carbon monoxide being removed at intervals, To prepare |
substantial quantities by this method is rather tedious, very long
irradiation times being required, (6~9 months),

[y

The reaction of CpCO(PF3)2 and CFBCECCF3 at 20°C, in pentane, gave
good yields of & yellow solid which was shown to be CpCo[C4(CF5)4POF],
‘indicating that hydrolysis must occur during the reaction, vThis complex
proved to be susceptible to further hydrolysis in the presence of moist
air, or on refluxing in aqueous acetone solution, giving a second yellow
solid, CpCo[C4(CF3)4PO2H], the X-ray structure of which has been solved
by Prof, G, Sim and Dr, M.J. Barrow, Orange crystals of the complex were

obtained by slow cryétallisation from Analar &cetone,
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X-ray Structure of CpCof C4_(_C£}z4§22ﬂ’

The complex crystallises in the space grou’p P2,2,2,, Z =4, Dc =
2,05,  Orthorhombic : a = 9,355(7), b = 9.893(7), ¢ = 17.923(10)2.:'
Diffractometer data : (Mo-Ka radiation); current, R = 6,3% for
1918 reflections with I > 3o(I), |

The molecular structure of the complex is iliustrated' in Figs, 5.1.,

5.2, and 5,3.

Fig. 5.1,
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Table 5,1,

Intramolecular Bond Distances and Angles

o
(A) Bond Distances (4)

Co-P

Co - C(2)

Co - C(3)

Co - C(4)

Co - €(5)
c(2) - c(3)
- ¢(4) - c(5)
P - ¢(2)

P - 0(1)
c(2) - c(11)
c(4) - c(13)
c(6) - (1)
c(8) - ¢(9)
c(10) - c(6)

2,730

2,040

1,962
1,961
2,036
1,434
1,436
1,768
1,492
1,503
1.491
1.373
1.406
1.390

 (B) Bond Angles (degrees)

o

c(2) - ¢(3) - c(4)

P = ¢(2) - ¢(3)
c(5) - P -c(2)
c(5) - P -o0(1)
c(2) - p -o0(1)

110,710
109,62
86,45
117.54
116.58

Co -
;Co -
Co -
Co -
Co -

c(3) -

c(6) ’

c(7)
c(s)
c(9)
c(10)

c(4)

c(5)
o(2)
c(12)
c(14)

. 2.026

2,051

2.035
2,016

2,039

1,418

4,764

c(s) .

¢(10)

c(3) - ¢(4) - ¢(5)

P - ¢
o(1) - P
c(5) - P
c(2) - P

5)

c(4)

0(2)
o(2)
0(2)

1.545
1.499
1.505
1,349
1,389

110,11
110,02
109,33
113,23

112,24 '
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The structure revealed consists of a cyclopentadienyl-cobalt moiety

m-bonded to a 1-hydroxy-2,3,4,5-tetrakis(trifluoromethyl)phosphole~1-

2

resulted from condensation of two acetylene units and incorporation of |

oxide ligand,C4(CF3)4PO H, The heterocyclic ring appears to have

a phosphorus ligand into a cyclic diene ligand,
The five membered phosphole-oxide ring is non-planar with a
dihedral angle of 32.2O between the two planes defined by 02, P, C. and

5
Cz, 05’ C4, 05. The phosphorus lies above the plane of the four carbon

atoms of the butadiene moiety by 0,686 X and the Co-P distance, 2,730 Z,
nust be considered non-bonding, This is to be expected since the four
carbon atoms of the ring provide the four electrons required by cobalt
to achieve the stable eighteen electron configuration. As with
Mn(CO)5[C4(CF3)4306F5] the metal-C(ring)separations vary such that M-C,,
C5 are equal,but slightly longer than MkCz;CB. Again the three C-C .
distances of the ring imply delocalisation of electron densit& over all
four carbon atoms. The C,, C5-P distances, 1,77 X and 1,76 X,are close
to the sum of the covalent radii of carbon and phosphorus 1.84,226 50
that little double-bond character is evident, The slight reduction
observed can be accounted for by the reduction.in radius of phosphorus
Zn the pentavalent oxidetion state.

An interesting feature of the structure is the strong hydrogen
bonding betweén the P=0 and P-OH groups on adjacent molecules (0-H-0
distance 2.45 X) and this results in molecules of complex being aligned
in infinite chains throughout the crystal, .This explains the peculiar
physical properties of the compound which, although monomeric in the
vapour state, (mass spectrometry), is virtually insoluble in all but
the most pclar organic solvents such as acetone, The'melting-point

of the complex could not be obtained, the hydrogen-bonding being

‘sufficient to maintain the crystallinity of the compound above BOOOC.
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The structural similarity of CpCo[C4(CF3)4P02HJ and CpCo[CA(CF o]

5)4
‘makes it possible to analyse the effect of replacing a ketonic carbonyl
group in thé tetrahapto ring, by an atom with different hybridisation,
The dihedral angle of fold of the ring in the phosphorus derivative,
(32,2°), is comparable to that found in Mn(co)5[04(CF5)4SCGF5], 30, 8°,
but considerably in excess of 21° in the cyclopentadienone cobalt complex,
This appears to be the only significant structural alteration resulting
from this change and further substaﬁtiates the conclusions reached in
Chapter II, on the basis of Churchill253 and Alcocksz19 theories, that the
non-planarity of five membered cyclic butadiene rings in transition metal
complexes is a function of the dimensions of the triangle Cz-X-CS, and
hehce of the radius and hybridisation of the hetero atom X, In‘the .
sulphur and phosphorué heterocycles these factors are almost identical
and lead to similar dihedral angles but in CpCo[C4(CF3)4CO], the smaller
C-X distance and greater C-X-C angle allowed by sp2 hybridised carbon,
leads to a lesser angle, This difference seems impossible to explain in
%erms of n ¥ orbital population changes required by Mason's theory.218
Minor differences between the cyclopentadienone and phosphole-oxide
complexes are of course observed, such as the slightly greater average
C-C distance in the butadiene moiety.of the former, but this is
probébly not significant, ~However, the CF3 substituents on atoms 02 and
05 of the phosphole ring are displaced towards the cobalt atom by 0,081 X
‘and 0,075 X respectively, while in the cyclopentadienone complex they are
virtually in the plane of the butadiene ring.” This, as explained in"
Chapters II and III, may again be a confirmation of Churchill and Alcock's
theories, a larger displaceﬁent towards the metal being reguired by a
greater degree of orbifal twisting and non-planarity (Fig., 2.7.).
However, in view of the situation found in [C5H5NiCZ(CF3)2]4 such a

conclusion must be treated with some caution,
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(
The question arises as to the mechanism by which CpCo[C4(CF3)4POFJ
_ and CpCo[C4(CF3)4POH] are produced from CpCo(PF3)2 and hexafluorobut-2-
yne, at some stage oxidation of coordinated phosphorus having occurred,
in addition to hydrolysis of P-F bonds,
The mass spectra of freshly prepared samples of CpCo[C4(CF3)4

usually contained weak ions at m/e 536 and 517 which can be attributed to

POF ]

cpCO[c4(c?3)4PF5]+ and [CpCo[C4(CF3)4PF5]-F]+. This suggests that this
complex is formed initially, but hyérolyses rapidly to CpCo[C4(CF3)4POF].
An alternative mechanism, involving fluorine substitution to give .
.CpCo[C4(CF5)4PF] which is cxidised to the phosphole oxide, seems 1e§s
probable, particularly in view of the isolation of the P V heterocycle
163

3C!CCF3'

Assuming the correctness of the above conclusions, the reactions of hexa-

[CA(CF3)4PPh3], from the reaction of CpRu(PPh3)2H and CF

fluorobut-2-yne with CpCd(PFB)2 and its carbonyl analogue CpCo(CO)2 are
comparable, in each case a ligand being incorporated into the cyclic
butadiene group of the resulting complex,

The stereochemistry of five coordinate phosphorus compounds is
usually based on a trigonal bipyramidal airangement of substituents12 and
in cyclic phosphoranes, e.g. [04(CF5)4PPh5], the ring occupies an axial

317

and an equatorial position, On this basis the following structure

for CpCo[C4(CF})4PF3] is considered probable,
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The manner by which hydrolysis of CpCo[C4(CF3)4PF3] occurs, is
‘not known with certainty, Although the solvents were dfied carefully
over molecular sieves, minute traces 6f moisture could catalyse the
hydrolysis by reacting to give CpCoLC4(CF3)4POF] and HF, The latter
could then attack the glass reaction vessel to give SiF4 and regenerate
H20.

The primary hydrolysis product'CpCo[C4(CF3)4POF] is a yellow
powder, air and moisture sensitive in both the solid state and solution,
The i,r spectrum is similar to thaf of CpCo[C4(CF3)P02H] in the C-F
stretching region, suggésting a similar structure, A band at 847 cm-1
is assigned to a P-F stretching mode since this disappeared gradually as
the sample was allowed to hydrolyse, The mass spectrum is also in accord
with the presence of a heterocyclic [04(CF3)4POF]'ring with a variety
of ions being assigned to fragments of this species, although an ion due to
Vthe complete ligand was not observed,

The 19F n,m,r, spectrum ;ontaimstwo highly coupled resonances
indicating two different CF3 environments and, although the low field
signal was slightly broader than the other peak, no distinct coupling to
phosphorus was observed, Due to the fairly low soiubility of the
complex it was not possible to detect the expeéted doublet of the unique
fluorine attacped to phosphorus, Two sharp singlets,‘one of which is
rather weak; are observed in the proton n.,m,r., assignable to w-cyclo-
pentadienyl groups. This can either be explained by the presence of
small quantities of CpCo[C,(CF,),PF,] as an impurity in the sample, or
perhaps by the occurrence of isomerism which could arise from the
presence of both an endo and an exo oxygen atom, Support for the
latter conclusion comes from the observation that no change in the

relative intensities of the two peaks was observed as the complex was

allowed to hydrolyse slowly in the n.m,r. tube, If CpCO[C4(CF3)4PF3]
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was responsible for the wegker resonance, its decomposition might be
expected to be more rapid, This follows from the fact that the main
vproduct of the reaction of CpCo(PF5)2 and CFBCECCF3 is CpCo[C4(CF3>4POF]
according t6 elemental analysis, i.r., and mass spectroscopy, suggesting
that CpCo[C4(CF3)4PF3] undergoes hydrolysis more readily than‘the
phosphole-oxide, | ‘

The terminal hydrolysis product [CpCoC4(CF3)4P02H],is an orange
crystalline solid,air stable in the solid state and, for a reasonable
41ength of time,in solution, The spectroscopic properties are almost
identical in every respect to those of the POF complex apart from the
absence of a P-F stretching mode in the i.r, spectrum,

A variety of phosphole and phosphole-oxide complexes of iron have
been isolated from the reactions of such ligands with iron carbonyls318’319A
but the complexes described in this chapter appear to be the first examples
containing a cyclopentadienyl cobalt moiety. The cyclic phosphorane
[04(CF3)4PPh3] mentioned previously, was isolated from the reactions of

163

triphenylphosphine complexes and hexafluorobui-2-yne, but no complexes
containing a coordinated heterocycle were detectéd. No reaction was
obse?ved between the alkyne and uncoordinated PPh3’ in contrast to the
reaction of the latter with direthyl acetylenedicarboxylate which gives

512 When this reaction was carried out at -50°C an

Lc,(cooMe) ,PhPEh, ]
unstable zwifterion intermediate was detected, possibly indicating that
an ionic mechanism is involved. As noted frequently throughout this
thesis cyclobligomerisation of hexafluorobut-2-yne in the presence of
transition metal compounds is also considered to occur yia an ionic
mechanism, so that incorporation of PF3 into the cyclising fluorocarbon
chain to give CpCo[C4(CF3)4PF3] may also occur in a similar manner, A

mechanism comparable to that formulated by Green186 to account for the

formation of tetrakis(trifluoromethyl)cyclopentadienone complexes.of the

iron group (Fig. (iii), p. 79) is therefore probable,
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Table 5,2,

I,r., Spectra of Cyclopentadienyl~Cobalt Complexes

Compound v vCF : vPF

.
CpCo[C4(CF3)4POF] 1311m, 1299m, 1266w, 1234msh, 847
1221vs, 1196vs, 1183vs, 1152m,

1129wm

cpc°[c4(CF5)4P02H]f | 1230ssh, 1219vs, 1187s, 1161m,

1132wm
* e t cu.on
' 4 3
Table 5.3.
N.m,r, Spectra of Cyclopentadienyl-Cobalt Complexes
g 19
Compound 61(Cp) 62(Cp) 61(CF3). 62(CF3)
: a b
CpCQ[C4(CF3)4POF] 4,35 4,44 50.3 51.3
) * : d
CpCo €, (CF5) ;PO H ] 4,36° . 51.6 52,8
a . b
. CD2012 _ CH2012
¢ acetone—d6 d acetone
*

hydroxyl proton rescnance not detecte

Miscellaneous Reactions

In contrast to the high yield formation of CpCo[C4(CF3)4PFBJ and
its hydrolysis products from CFBCF-CCF5 and CpCo(PF3)2 no reaction was
observed between the latter and acetylenes PhC=CPh and CH3CECCH3, in

pentane, up to 90°C, when decomposition became appreciable, This
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of course, may be due tc the inability of such acetylenes to promote
oxidation of the PF3 ligand to give a phosphorus V species,

Perhaps more surprising was the negative result obtained when
CpRh(PF3)2 énd hexafluorobut-2-yne were allowed to react in pentane at
85°C, particularly when the reactivity of CpRh(CO)2 towards this

198

acetylene is recalled, It was suggested in Chapter II that the

reactivity of coordinated carbon monoxide towards CFBCE-:CCF3 may be
lower in carbonyls of the second and third row transition metals and,

if this conclusion is valid for PF3 with similar coordinating abilities,
a tentative explanation is provided, However, cyclopentadienyl rhodium

compounds frequently exhibit high catalytic activity in promoting the
195,256

cyclotrimerisation of acetylenes so that the failure to isolate
CpRth(CF5)6, or the free benzene [06(CF3)6]’ from this reaction is |
difficult to explain, 'Such a reaction may perhaps require preliminary
coordination of the alkyne and displacement of PFB’ which may not be

thermodynamically feasible, but in the absence of additfiocnal data, no

further conclusions can be reached.
Conclusions

The results of the work described in this chapter suggést that, in
certain cases, reactions of acetylenes with trifluorophosphine complexes
are analogous to those with transition metal carbonyls, while in other
cases no resemblance is apparent, It is obvious from these observations
that the reactivity of coordinated PF5 depends on the complex and on the
reacting.acetylene, so that further investigations are therefore desirable,
Uhlike'the C-0 bond of carbon monoxide the P-F bond of PF3 is fairiy
reactive towards certain substrateé and the chemistry of uncoordinated
PF_ is being étudied increasingly.306 Consequently it may be possible

3

to investigate, not only the reactions of acetylenes with transition metal
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complexes of PF_, but also of PF2X, X = NR,, CN, The isolation of

3’ 2*
.ﬁhe heterocycle [F4(CF3)4PPh3J, from the reactions of triphenylphosphine
complexes w?th CFBCSCCFa, lends support to this hypothesis., A variety
of different products have been isolated from the reactions of

tertiary phosphines with electrophilic olefins and acetylenes and the
facile nature of many of these reactions has been ascribed to the
nucleophilicity of the lone pair of electrons on the phosphine.izo
However, it is apparent from the isolation of CpCo[C4(CF3)4P02H] and its
precursors and [04(CF3)PPh3], that other factors must also influence the
reaction since, on coordination, the lone pair can no longer function

as a reactive site for electrophilic attack, It is perhaps significant
that in reactions involving uncoordinated phosphine, the products obtained
are in most cases, linear whereas in the two reactions involving
coordinated phosphines heterocyclic products were obtained.BZO If this
observation proves to be of greater generality, new routes to heterocyclic
phosphorus V derivatives may ﬁecome available using transition metal

" phosphine derivatives as precursors, In a more generél theme the
demonstration that heterocyclic sulphur complexes can be aléo formed in a
similar manner (Chapter II this thesis) leads to the conclusion that
oxidative addition of acetylenes to a wide range of inorganic ligands may
be possible, The chemistry of coordinated inorganic ligands in this
respect appea;s to have been neglected to a great extent and the

potential révealed in a modest fashion by some of the work described in

this thesis, must clearly be investigated by future work,



APPENDIX

Reaction of CF,C=CCF, and [Co(C0),SC,F. ]
: —>5 5 5—6—5-2

As stated in Chapter II the formulation of the dark-green organo-
sulphur complex obtained from the reaction of [Co(CO)3SCGF5]2 and
CF5CECCF3 as the hexacarbonyl.complex Co2(CO)6[C4(CF3)4S], is somewhat
unsatisfactory in fhat no C=C stretching mode is observed in the i,.r.
spectrum. An alternative stoichiometry, 002(00)4[04(CF5)4S], is now
considered more likely in view of recent analytical results,which suggest

*that the original analyses for C and F were inaccurate.

A structure analogous to 002(00)4(CF CZH)3188 is considered probable

3

for the complex, but with one of the C, units of the C6 chain replaced by

2

sulphur,

“As such both olefinic bonds are coordinated, thus accounting for the lack
of vC=C modes in the i,r. spectrum,” The coordination of one of the
sﬁlpﬁur lone pairs to a cobalt atom also seems more satisfactory in view

, of‘the well-known atility of sulphur to form coordinate bonds toAcobalt.1
The i,r, spectrum in the CO stretching region can possibly be reconciled
with both a hexacarbonyl or a tetracarbonyl species, but,as Fig, (i)
reveals, the relative intensities of the bands seem more compatible with

the 1attef. X-ray crystal studies of the compound are at present being

carried out by Professor G.A, Sim and Dr, M.J, Barrow in order to clarify
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the situation,
It was pointed out in Chapter II that the formation of 002(00)4[C6(CF3)6]
in the reaction which produced Co2(CO)4[C4(CF3)4S] is unusual in view of
the mild coﬁditions employed, However, the formation of the tetra-
carbonyl organosulphur complex is less unexpected since it is probably
prodﬁced gig a 002(00)604(CF3)4S with one of the structures a or b
~originally considered for the complex (page 149). Subsequent coordination

of sulphur and an olefinic bond is obviously possible and decarbonylation

occurs under the mild conditions émployed.
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Chapter I, Preparation and Reactions of Trifluoromethylthio and Penta-

fluorophenylthio-Metallates,

Reagents

CF;SSCF5, cr(co)6, Mo(CO)6, w(co)e, [CpMo(CO)BJZ, Mn2(00)10,
Fé(CO)S; Fe2(CO)9, [che(co)2]2, 002(00)8, CpCO(CO)2 and [cpNicoJ2 were -
obtained from Strem Chemicals Inc. and Cp2Ni from Alpha Inorganics.

06F55506F5,32 [cpw(co)3]2,322 cpMo(co)3I‘,323 and CpFe(CO)201324 were

prepared by standard methods,

Meithod

Thé general experimental methods employed hgve already been

described on page 16,

Photolytiéc Reactions

Sihée most of thé phetolytic reactions employed similar techniqﬁés
a genéral resetion will be described,

ih'é typical reaction ~1 g. metal complex and excess disulphide were
tranaferred to a flat=bottomed pyrex reaction vessel, capacity ~ 200 ml,
éhis was evaeuated and cooled to -196°C and ~75 ml, of dry, deoxygenated
pentane ébndénéed in, The flask was then sealed and allowed to warm to
Toom temperature. The reaction mixture, which was stirred continuously,
was then irradiated for ~30 hrs, at a distance of 10 cm-1 from a u/v.
lamp, After this time the volatiles were removed in vacuo, the crude
product mixture dissolved in a small quantity of CH2012,and a few
mil)ilitres of hexane added, This was centrifuged for 15 min, and the
clear solution decanted off. Solvent was then removed slowly in a
strean of nitrogen to give crystals of the product, Further purification,

if necessary, was achieved by second and third slow recrystallisations from



CH2012/hexane or from hexane at —24°C.

The reaction of Mn2(00)1o and CF5SSCF3 and [cpNico]2 and the
idisulphides RSSR, R = CF3’ C6F5’ as described in Chapter I, gave initially,
unstable spécies Mn(co)SSCF5 and CpNi(CO)SR respectively.

These were detected by i.r. spectroscopy prior to work-up as described
on pages 22 and 33, Cooling of the reaction vessel to -10°C prior to
Bolvent removal enabled a sticky yellow product mixture to be obtained from
the manganese carbonyl reaction, Slow recrystallisation of the
centrifuged product from CH,C1,/hexane, at -10°C gave, initially |

.[Mn(CO)4SCF5J2 and small amounts of'monomer, but as the recrystallisation
proceeded the product colour became pale yellow as the proportion of
more solgble monomer, Mn(CO)5SCF5, increased, Tﬁe final batch of pale
yellow erystals were ~90% monomer according to the 19F n,m,r. spectrum,
 (integration of signals), Attempts to isolate CpNi(co)SR, R = CFj, C6F5,
by similar methods were unsuccessful due to rapid decarbonylation to

[CpNi‘SR]n, even on cooling the solution to =20°C.

Decarbonylation of CpMo(C0O) 3.'S,C'F3

O.'A‘g‘ complex, when heated in pentane at 80°C in a sesled tube, gave
a black solution after 25 hr. Solvent was removed and the praduct
gublimed at 9060, The brown product obtained was recrystallised from
CH,C1,/hexane %o give black crystals of [Coo(€0) ,80F;],.  The residue
From sublimation was extracted with large quantities of hexane and the
pale green solution thus obtained, filtered, Removal of solvent gave

small quantities of the green solid [CpMoCOSCFBJE.

The prodﬁCt?mixture from these reactions contained large quantities of
unreacted hexacarbonyl and the product was separated by extraction with

small quantities of hexane, This solution was then chromatographed over
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florisil, eluting with pentane, The hexacarbonyl was eluted first as a
" colourless solution followed by a green band which was collected and,
following removal of solvent, the product sublimed at 5OOC to give a

green-blue solid which gave black crystals from pentane at -7800.

i f CF.SS ith (co)
Reactions o FjS CFB wi Fe(co)5 and Fe,(CO

Repeated recrystallisation of the centrifuged products from these
reactions from pentane at —2400 gave [Fe(CO)BSCFj]2 as red, air—sensitive
crystals, The residues from recrystallisation were cdmbined, dissolved in
a small quantity of hexane, and chromatographed over florisil. Four
bands separated on elution with hexane and these were each collected and

on.removal of solvent, the residuvessublimed at 60°C to give FeB(CO)932,

(trace), [Fe(co)ascF o (trace), [Fe2(00)6SCF3]2S, (1% yield) and

5]
[Fe(CO)js]z, (trace), Fe3(00)982 and [Fe(CO)35]2 were identified by
comparison of their i,r. spectra and melting point with those reported in

325

the literature,

11 f CF_SSCF, and 00250028
Reaction o 3

Thé product mixture from this reaction contained quantities of
unreacted Coz(CO)a.' Sublimaticn at 40°C gave a mixture of C°2(CO)8
and Co3(CO)9CF, according to i.r. spectra. The mixture was allowed to
sit open to thé atmosphere for 24 hrs, when 002(00)8 decomposed and pure

Co CO)9CF was obtained by resublimation,

3
The residue from the first sublimation was extracted with methylene

chloride to give a red solution which was shown by i.r., spectroscopy

26
to contain small quantities of [002(00)53]2.3

Reactions of C, F.SSC, F. and cPCO(co)2
\*and s )

(1) Pentane solutions of CpCo(CO)2 and C6FSSSC6F5’ molar ratio
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1:2, were mixed under nitrogen and then transferred to a reaction tube which
- was sealed, This was shaken for three days at 20°C when black '
‘crystals formed, These were filtered off and recrystallised from
CH2012/hexa£e to give CpCo(CO)(SC6F5)2 in 75% yield,
(2) 1Ina separate ekperiment the solution, as prepared above, was
allowed to warm over a period of three days from -78°C.  No reaction
~was observed up to -10°C when crystals of CpCo(CO)(306F5)2 began to form.
The reaction mixture was kept at this temperature for a further three
days after which CpCo(CO)(SC6F5)2 was filtered off in 63% yield, The
.green,pentane soluble residues Were‘centrifuged, and on removal of solvent,
sublimed at SOOC to give C6F SSC F_. in small quantities, Recrystallisation

5777675

of, the residues of sublimetion from pentane gave small gquantities of
[CpCoSC6F5]2.

(3) Ina third experiment CpCo(C0), and CGFSSCF;, in pentane,
were irradiated for 8 hrs, in a pyrex reaction vessel (unstirred).
large crystals of [CpCoSC6F5]é and CpCo(CO)(806F5)2 formed on the side
of the reaction vessel adjacent to the u/v source, Crystals of the
monomer farmed in lower concentration on other parts of the reactor,

. The préducts were separated as described in (2).  Yields : [CPCOSCGF5]2’
4%, CpCo(CO)(SC6F5)2 365, | :
(4) C6F58806F5 was added to CpCo(CO)2 in a glass reactor in the
absence of sol;ent when rapid evolution of carbon monoxide was observed,
The flask was evacuated and heated for 24 hrs, at 40°C., Extraction with
pentane followed by centrifuging and recrystallisation gave [CpCoSCGFS]2

in 32% yield, The residue from the extraction contained only insoluble

decomposition material,

Thermal decarbonylation of CpCO(CO)(SCGE522

0.3 g. complex in pentane was heated in a sealed flask at 90°C for

40 hr, The pentane soluble resjdue was centrifuged and solvent removed
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slowly to give small quantities of [CpCoSC6F5]2. The insoluble
residues were extracted with CH2C12, hexane added and the solution
centrifuged. Slow removal of solvent gave the dark green solid

CpCoch(SC6F5% in 34% yield,

Reactions of CpCo(C0), and CF,SSCF,
< S )

. A series of reactions similarrto those carried out with

CGF5SSCGF5 was carried out, The thermal reaction, in all cases, gave
purple black mixtures from which was isolated by extraction with
petroleum ether, a red black oily sélid.in small quantities, ‘This
showed one CO stretching mode in the i.,r, spectrum above 2000 cm_1 and
strong C-F stretchingmodes near 1100 cm-1. Due to its instability and low
yield this compound could not be characterised further.

Extrgction of the remaining product mixture with CH2C12 gave a
black solid in low yield, Due to its low solubility n.,m.r, spectra
could not be obtained, althouéh an i,r. spectrum gave strong C-F
stretching modes but no vCO frequencies, The agalysis, which confirms
the presence of Co, C, S and F, does not correspond to any intelligible
- empirical formula and suggests that the black solid is probably a
mixture of compounds,

On irradi?tion CpCo(CO)2 and CFBSSCF3 in pentane after ~50 hrs, gave
& green solution, Removal of volatiles followed by sublimation at 80°¢C

gave [CpCo(SCF3]2 as a green air sensitive powder,
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Chapter 1I, Reactions of Trifluoromethylthio-and Pentéfluorophenylthio-

Metallates with Acetylenes CF

C=CCF, and CF,CsCH
) 3 b]

Reagents

CF CECCF3 was obtained from Peninsular Chem, Research Inc,

3

3CECH from Fluorochem, Ltd,, and CHBCECCH3 and PhC=CPh from Koch-

light Lab, Ltd, The metal-SCF3 and SC6F5 derivatives were prepared by

CF

methods described in Chapter I, Florisil (100-200 mesh) was obtained

from Koch-Light Lab, Ltd.,activated alumina (neutral) from Woelm,

*Method

, In a typical reaction ~0,4 g, complex was transferred to a thick
glass reaction vessel with a teflon stopcock, This was evacuated,
cooled to -19600 and pentane, ( ~15 ml), and the acetylene, ( ~ 2,5 g.),

condensed in, (With the reaction of CpMo(CO)BSCF and PhC=CPh both

3
reactants were weighed out into the reactor pfior to evacuation, ) The
reaction mixture was then allowed to warm slowly to room temperature

and placed in an oven, (or irradiated), at the temperature given in

Table 2, The reaction was followed by i,r, spectroscopy in the vCO and
vCF region and, after several hours, (see Table 2), the reaction stopped
and volatiles removed in vacuo. The product was then extracted with
CH2012, hexane added and the solution centrifuged, Solvent was then
removed slowly (under a stream of nitrogen) from the decanted solution to

give the crystalline product, Repeated recrystallisation gave analytically

pure samples, Complexes requiring alternative separation and purification

techniques are as follows :

CpM(CO) chzﬁ)SCsz repeated fractional sublimation at‘25°C, I and II,

35°C, III and IV,

Mn!CO)3|C1{CF321§Q§;: chromatographed over florisil, elutipg with
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pentane, followed by slow crystallisation from pentane at ~24°C,

. ¢.R)(CF.C 1, R = : :
~‘1~1n(co)/[(01?5__4 ){(C 3—2§22505F;] R = CF,, H: chromatographed over

florisil, eluting with hexane/benzene mixture 5:1, followed by sublimation

at 60°C. This did not result in isolation of completely pure products,

CpFe(c0)c(CF,)=C(CF_)SR, R = CF., C,F. : as above but withR = CF. two
% 5 5+—6—5 3

bands were eluted and shown to be CpFe(CO)C(CF3)=(Ci%)SCF3 and

CpFe(CO)zsch.

Co,(c0) fc,(cr,) s] ¢ ; ion of
Lo, 4L‘4 5l4§l the product mixture from the reaction o

[Co(CO)3SC6F5_|2 and CFBCECCF5 was chromatographed over florisil and

'eluted with petroleum ether to give three bands; (1) purple,

002(C0)4C6(CF3)6, (2) orange, cO2(co)6CF3020F3, (3) green,

002(00)4[04(CF3)4SJ. These were each collected, and following removal
of solvent, (1) and (2) sublimed at 40°C to give solid products,
identified by comparison of i.r., spectra with authentic samples.diao’zs3

(3) was recrystallised from pentane at -24%¢,
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Chapter III, Reactions of Hexafluorobut-2-yne with Some Cyclopenta- .

dienyl Nickel Complexes

Reagents

QF5CF=CF2 and CF2=CFCI vere obtained commercially from

Peninsular Chem, Research Inc,, CPNiL(C5H5)Cé©F?2]?O1

263 ond (CpNi),CF,C,0F, % vere prepared by standard

CpNi [(C5H5)¢2F301J 30,05

methods,

.

The reactions described in this chapter were carried out in the
smanner described in Chapter II, Reaction conditions are listed in

Table 4,

1

i

The following separation and purifiéation techniques were employed

, '[CpNiSCF3J2 + OF;C=CCP;,  The product mixture was extracted with

petroleum ether ~15 ml, chromatographed over florisil, and eluted with

petroleum ether, The first two bands (1) red, and (2) orange, did not
separate completely and were re-chromatographed over activated alumina,
(grade II), and eluted as before to give clean separation of the bands,
These were collected and the two products recrystallised from pentane to
give (CpNi)zCé(CF3)6 and CpNi[(05H5)C6(CF3)6J. The other bangs eluted
from the florisil column were, (3) green, (CpNi)20F3CZCF3, (4) yellow,
CpNi[C4(CF3)4HJ, (5) purple, cp2N1306(CF3)6. (3) and (4) were each
collected and, on removal of solvent, sublimed at 40°C. (5) was collected

and recrystallised from CH2012/hexane.

» Ni + CF.C=CCF,
QEle + 3C=CCK;

The producfs were sublimed at 45°C and the sublimate extracted with
pentane, Chromatography over florisil/petroleum ether gave the
following bands; (1) yellow, CpNiCBHSC4(CF3)4, (2) yellow,

[CpNi(CSHS)CZ(CFS)ZJ’ (3) green, (CpNi)ZCFSC2CF3' These were collected
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as before and sublimed at 80°C, (1), 30°C, (2) and (3). The

residue from the extraction of the first sublimation was recrystallised
from CH,Cl,/hexane to give small quantities of C6(CF3)6. The residue
from the first sublimution was sublimed at 80°C to give
CpNi} (C.H_)C,(C i i . e

D 1[( 5 5) 4( F3)4] which was recrystallised from CH2012/hexanv. The
black solid remaining in the sublimation vessel was dissolved in CH2012,
hexane added and after being centrifuged, solvent removed in a stream
of nitrogen to give a ity il \

g give 2 small quantity of [C5H5L1C2(CF5)2]4.

CpNi|§C5H5)CE(CF}lgl_+ (1) cF,c=ccr,, (2) CF,CF=CF,
s J J 7/

The product mixturesfrom these reactions were sublimed at 40°C to
remove unreacted CpNi[(CSHB)C2(CF3)2] and the second component of the

mixture, CpNi[(C5H5)C4(CF3)4], recrystallised from CH2C12/hexane.

CpNi§C5HSCﬁF101) + CF,C=CCF,
< J J J

The product mixture was sublimed at SOOC leaVing a dark-brown solid

which was recystallised from CH2012/hexane to give brown crystals of
CpNi, | C,(C C i
D 12[ 4( F5)4( 5H5)02F301]. The sublimate was chromatographed over

CF, and small quantities

florisil eluting with pentane to give (CpNi)chBCz 3

of the above product.

(CpNi) CF.C.CF. + CF, CCCF,
2 e T ) 2

The product mixture was extracted with petroleum ether and on removal
of solvent sublimed at SOOC._ Extraction of the sublimate with pentane
left a small quantity of 06(0F3)6 on the cold finger of the sublimation
vessel. The fesidue in the sublimation vessel and the pentane soluble
extract were combined and chromatographed over florisil, eluting with
pentane, to give (1), CpNi[(C5H5)C4(CF5)4], (2),(CpNi)20F3CZCF3, (3),
Cp2NiBC6(CF3)6 and (4), [05H5N102(0F3)2]4. The last complex was obtained
in quantity from the residue of the product mixture not removed in the

petroleun ether extiraction, by recrystallisation fro
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Chapter IV, Reactions of Acetylenes with Complexes cpMo(co)Bg,

X =Cl, Br, I

Reagents

cpMo(qo)3c1,327 cpMo(co)33r327 and CpMo(CO)31324 were prepared by

standard methods,
Method

Reactions were carried out as described for Chapter II, under the
conditions listed in Table 6, the following separation and purification

techniques being employed,

CpMo(CO) X + CH_C=CCH ‘ S : .
¥ % )

The product mixture was sublimed at 40°C and the sublimate
crystallised from pentane at -24°C to give pale yellow crystals of
duroquinone C4(CH3)4(CO)2 which was identified by comparison of the i.r,
spectrum, (Sadtler Index) and melting point,291 with those given in the
literature. Recrystallisation of the sublimation residue from

X, X = C1, Br, I.

»CH2012/hexane gave yellow crystals of CPMO(CHBCZCH3)2

CpMo( CO) X + CF,C=CCF
P, ] 3

Repeated recrystallisation of the product from CHZClz/hexane gave
yellow, X = Cl, orange, X = Br, or red brown, X = I, crystals of the
complex CpMo(CF3C2CF3)2X. Very poor yields of the iodide were obtained,
mainly insoluble decomposition material being produced, Thé reactions
were followed by i.r, spectroscopy and in the case of the iodide a species
giving a single CO stretching mode above 2000 cm_1 was detected, but
attempted isolation by recrystallisgtidn and chromatography was

unsuccessful,
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CpMo(CQ)BX + PhC=CPh (low temperature or u/v irradiation)

Recrystallisation of the product from these reactions from

CH2012/hexahe gave CpMo(CO)(PhCZPh)X as a green powdery solid.,

CpMo(CO)jx or CpMo(CO)(PhC,.Ph)X + PhC=CPh (80°C)

The product was recrystallised from CH2012/hexane to give.a red- -

‘brown powder CpMo(CO)(PhC)4X.CH2012, X =20, Br, I, or as described in

the 1iterature3o1 when red brown crystals of Cpr(CO)(PhC)4X were

obtained.

L]

CpMo(CO) (PhC.Ph)X + RC=CR, R = CF., CH,
] [= J 2

?

cquggﬂjgzggﬁlzx + RC=CR, R = CF3 :

The products of these reactions CpMo(RCzR)ZX,were isolated by

repeated recrystallisation from CH Clz/hexane.

2

CpMo(CF._C CF}lnCI + CF_C=CCF, (u/v irradiation)
ST Je 7 7 ]

The pentane soluble material was removed, centrifuged, and
recrystallised from’CHZClz/hexane to give a mixture of a yéllow
complex and starting material, 'Repeated recrystallisation and.fractional.
sublimation, (65°C), gave a small quantity»of almost pure complex
Cpr(CF3C)401 ? 4 which is fractioﬁally more volatile and soluble in

organic solvents than Cpr(CFBCchB)zcl.

hv »
CpMo( CF}QZQF_'_ 2\C_l_

The product of this reaction, dark red crystals, was washed with

pentane but, due ito insolubility in all common solvents, could not

be purified further,
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Chapter V, Reactions of Acetylenes with Some Transition Metal

Trifluorophosphine Complexes

Reagents

PF3'was obtained commercially (Peninsular Chem, Research Inc.)

328

Ni(PF and CpRh(PF3)2329 were prepared by standard methods,

3)4
CpCo(PF3)2 was prepared by the following method, 1.0 g CpCo(CO)2
>was transferred to a thick glass reaction vessel which was evacuated
and ~30 ml pentane (dried over molecular sieves,type 4A) and 3 g PF3 ,
condensed in at —196°C. The reactor was allowed to warm to room
temperature and irradiated at a distance of ~ 5 cm from a Hanovia u/v
lamp, Evolved carbon monoxide was removed at intervals by éooiing the
flaék to —19600 and pumping, The réaction wvas followed by i,r.
spectroscopy, small samples being removed at intervals, After ~6

months the reaction was found to be complete and CpCo(PF was

372

separated from the other volatiles by fractional distillation under

vacuum, The cbmplex collected in a trap held at ~24°C.
Method

The reactions of trifluorophosphine complexes with acetylenes were
carried out in glass reactors, as described for Chaptef II, under the
conditions 1i§¥ed in Table 8, Ni(PF3)4/CF5CECCF3 reactions were carried
-out, without solvent, in glass reactors (CFBCECCF3 pressure ~4
atmosphere) and with larger quantities of CF3CECCF5’ ~6 g, in Hoke

~bombs of 80 ml capacity. Purification procedures are as follows,

Ni(PF.), + CF,C=CCF,
J & J J/

Volatiles were removed under vacuum and separated at —6500,

Ni(PF3)4’ _11¢°c, CF,C=CCF; and -196°%C, PF,.  Sublimation of the solid
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product at 5000 gave 06(0F3)6 as a white powder, The insoluble, in-

volatile, pale yellow residue analysed as Ni,C_F

355"

CpCo(PF,), + CF,C=CCF.
PARS J 7

Removal of volatiles left a yellow solid which was washed with
dry pentane, ~50 ml, and sublimed at 80°C %o give CpCo[C4(CF5)4POF]

as a yellow powder,

CpCo[ C,(CF,) ,POF] + H,0
G 2=

CpCo[C4(CF3)4POF] 0.2 g was dissolved in Analar acetone ~20 ml
and ~10 ml distilled water added. The resulting mixture was refluxed
in a conical flask for 2 hr, and then transferred to an evaporating
basin and the acetone distilled off, Orange qrystals of
0pcc[c4(CF3)4P02H] settled out and these were filtered off, washed with

a small quantity of cold acetone followed by pentane, and dried in air,

RS e L 8 s e
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