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A paper on the complexes szTi[}R]QH'(CO)4, es described
in Chapter 2, Section 2, has been accepted for

publication in the Journal of the Chemical Society.

Two papers, one on the complexes (L-L)M[;R]2M'(CO)4, as
described in Chapter 2 Section 3, and the other on the
complexes (Cp2Ti[%%LCuX)n, Chapter 3%, have been submitied

for publication in the Journal of the Chemical Society.



SUMMARY

Complexes which contain two or more transition metals
have been prepared and characterised. The preparations
have, in, the main, been carried out using ligand replacement
reactions leading to complexes which contain two transition

metals linked together by two bridging ligands.

Spectroscopic evidence suggests that some. of the
complexes contain metal-metal bonds whereas others do not,
The metal-metal bond in these complexes is unusual in that
it is a dative bond formed bj two electrons which formally

belong to only one of the metals.

The complexes which have been prepared and studied
are as follows:- bis-ff-cyclopentadienyl titanium di-p~-
organothio tetracarbonyls of Group VI, szTi[}R]QM'(CO)4,
I, (R=Me,Pa; M'=Cr,Mo,7); chelating diphosphine or
“diarsine palladiumII or platinumII di-p-organothio
tetracarbonyls of Group VI, (L-L)H [SR]QM'(CO)4, II,
(L-L=1,2 bis-diphenylphosphino ethane, O-phenylene

bis-diethylarsine; M =Pd,Pt; R=Me,Ph; M'=Cr,No,W);



bis-ff-cyclopentadienyl titanium di-p-organothio cuprous
halides, (szTi[SR]zcwi)n, iv, (R=Me,Ph; X=Cl,Br);

1,2 bis-diphenyl phosphino ethane palladium or platinumII
dirﬁ~methylthio palladium dichlorides, -

Ph2P0H2 5 o

1,2 bis-diphenyl phosphino ethéne palladium dijp-chloro

CH.PP M[s},ce]zmmz, Vi, (M=Pd,Pt); and

palladium dichloride, PhZPCHQCHZPthfﬁ{}l]2Pd012, VII.

In order to examine the properties of the above complexes,
it has been necessary to prepare and study the "parent"

complexes RSCHZCH SRM'(CO>4, 1171, (R==Me,Ph; M'==Cr,Mo,W);

2
(RSCH,CH,SRCuX ), V, (R=1Me,Ph; X=Cl,Br); 0p2Ti(SR)2,
(R=Me,Pn); and (L-L)M(SR)2, (L-L=1,2 bis-diphenylphosphino

ethane, O-phenylene bis-diethyl arsine; M= Pd,Pt; R= Me,Ph).

Because of the different physical properties, especially
solubility, of the complexes prepared, it has been found
necessary to use different techniques to examine their
chemical properties. The molecular siructure of
.szTi[%Mé]ZMo(CO)4, tozether with infra-red, 1Hn.m.r., and
electronic data suggest that complexes i contain a
metal-metal bond. There is evidence fof a metal-metal
bond in complexes IV, from their electronic spectra. The
infra-red (4,000- 4OOcm.-1), far infra-red (400-40cm.'1),and
electronic spectra of complexes II, VI, an& VII show no

evidence of a metal-metal bond.



Tentative correlations have been made between the
metal-bridge stretching frequencies and the strengths of

the metal-bridge bonds.

The failure to prepare (by nucleophilic displacement
or elimination reactions) cémplexes containing two
transition metals bridgéd by silicon or titanium, and the
unusual products obtained from some of the ligand
replacement reactions are assigned to lability or over-
stability of the reaction intermediates or lability of the

desired products.-



INTRODUCTION

Mul ti-heteronuclear complexes containing transition
metals have been known for several years. There are 2
classes of such complexes: those which contain both
transition and main group metals, and those which
contain only transition metals. The majority of the
heteronuclear complexes are those in which a main group
metal, especially & Group IV metal, or & post transition
metal is bonded to a transition metal, but there is an
ever-increasing number of complexes containing only

transition metals.
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The main types of reactions which have been used to
prepere comnplexes containing both transition and main

group metals are listed below:-

1). Nucleophilic displacement reactions.

iI+ N ) — H,SiC ) +NaT'
a) H551; aCo(co h H5Si ogco gt Vel .

2

b) InBr3+ BNaCo(CO)4-—>In(C0(00)4)3+ 3NaBr .
* B 3

c) Cp,2rCl,+ Ph381L1—>Cp22r§01)slPh3+ LiCl”.

d) (OC)SMnSnPh2Cl+ NalMoC p(CO)5—9
(OC)SMn[SnPh2] IonCp(CO)3+NaCl .

A subsection of this type of reaction is the "Grignard"

reaction, involving the use of "metal carbonyl Grignard

reagents', as in

, ' 5
Mn(co)SMgBr+ PhBSnBr - (OC)SLInSnPh3+ MgBr,” .

2). Elinination reactions,

6
a) CpFe(CO)2 ot 2HS1C1 ;—> 2CpFe(co)231013+ ;P

1

b) 2HMn(CO)5+ G‘eH4——>H2Ge(hIn(CO)5)2+ 2H, .

*. .
Cp=7l-cyclopentadienyl.

Internal square brackets indicate bridging ligends.



c)
3).
a)
b)

4).

Cp(CO) 1 + e ;Silte, —>CpT(CO) ,Sile, + Nite ,H .

Ligrand replacement reactions,

8
(Me Sn)284-Cr(CO)6~—§(Me3Sn)ZSCr(Co)5+-co .

3

9
Me,Sn(PPh ) + Nl(co)4-—aMeQSn[éPh2]2nl(co)2¢-200 .

Oxidative addition reactions.

Trans-(PhBP)z(CO)IrCl+ HgCl, —
) 10
cms—(PhBP)z(CO)IrClegCl .

Oxidative elimination reactions.

11
Fe(CO)5+ HgClg——aFe(co)4(Hg01)é+-other products .

Insertion reactions.

12
rar
Zn-fan(co)l(—)—-—a.(oc)SmanMn_(co)5 .

- . 13
Hgﬁ-CpFe(CO)LCO]zco(CO)3——}CpFe(CO)2HgCo(CO)4 .

Other reactions.

GeHgGelle , —

Sy ot

Cls- P C1 M
s (Et3 )2Pt o+ Ye

3 3

14
trans-(EtBP)thClGeMe3ﬂ-CngGeMeB .



iE —
b) (Ph3P)4Pt+2C1531H
1
(PhEP)gPt(Si013)2+ other products >,

(Reaction 7a could elso be looked upon as a type of

elimination reaction, as in 2, above).

0f the above reactions, 1 and 2 have been most

widely used.

Turning now to the preparation of complexes containing
only transition metals, reactions analogous to 1,2, and 3%

as listed above, have been found to be the most productive.

1). Nucleophilic displacement reactions.

. 16
- a) CpFe(CO)QI-rNaCo(CO)4-—»CpFe(CO)[CO]2Co(CO)Bﬂ'I\aI .
l.
b) Re(CO)5Cl+ NaMn(CO)B-——*(OC)SMnRe(CO)S‘—i- NaCl 7.

2). Elimination reactions.

a) 2(0C),FePP,H + [7T—C 3HsPdc:L] , —>

[( oc )4Fe LPPh2] PdCl]2 +2C 33619 .

b oc . :
) ( )4FePPh2H +Cp, i —>

) 18
Cle[COJE’thj Pe(co)3+ CsHg



5). Lirzend repleccrncent reactlions,

- T A 20
6~—-—>C pTi E‘M.IeZJ 3I:Io(CO)B"r- 3C0 .

a) CpTi(NI:Iez)Bf 10(CO)
b) Cp,Ti(SePh),+ Mo(CO), —
| Cp.Tils Ph] Mo(CO) ,+ 2(:021
p2 il Se o1lo 4 .
l'c) Cp.W(sMe),+ Cr(CO), —>Cp,7|Ske [,Cr(CO) 4'-20022
P2 » t 2 | 6 P2" . 2 4 .

From the two lists of reactions shown above, 1t can
be seen that the synthetic routes leading to the two classes
of complexes are very similar. On the other hand, their

chemical properties differ markedly.

Referring to the complexes containing both
transition and main group metals, as X, and to those
containing only transition metals, as Y, all of the
complexes X listed above, with fhe'exception of
(Me;8n),5¢r(C0)y and I\»’EeQSn[PPh2:l2I‘Ti(CO)2, contain metal=-
metal bonds by which the main group metal and the transition
metal are linked together. The complexes (Me3Sn)2SCr(CO)5

1 ] Wi a in =S- - -
and h.eZSn[PPnz]Z‘.l(CO)Z have, in -8- and =-PPh,-,
respectively, 1igandswhich form a bridge between the two

metal atoms, None of the complexes X have both bridging

ligands and metal-metal bonds.

In complexes Y, it has been found that although some



contain only bridging ligands, e,g, szw[émj}QCr(CO)4,
and some contain only meial-metal bonds, e.g. MnRe(CO)lO,
in some cases, e.g. CpFe(CO)EDO]ZCo(CO)s, it is unecessary
to postulate 2 metal-metal bond even though the complex
has bridging ligands between the two metals. This

postulate is made to explain the observed diamagnetism

of such complexes.

For the present, it will be instructive if we consider
some dinuclear metal carbonyl complexes in order to
examine the need to postulate a metal-metal bond in certein

3 2 2
23, Rez(CO)lO 4, and MnRe(CO), > are

r n
compl exes . hnz(uO)lO
isomorphous, and contain no bridging carbonyl groups, so
that Mn-}n, Re-Re, and in-Re bonds, respectively, must
hold the +two halves of the complexes together., The molecular
s truc tures of 002(00)8 and Fe2(00)9 show that there
are 2 and 3 bridging carbonyl groups, respeciively,
between the metals. Counting up the valence elecirons

in Coz(CO) and dividing by 2 to give the number of

8
valence electrons surrounding each cobalt atom, gives 17
electrons; which is an odd number. Therefore, in 002(00)8
the odd electrons must be spin paired, »giving a Co-Co
bonding interaction to account for the observed diamagnetism.

The same argument holds for Fe2(00)9. The metal-metal

interaction need not be sirong to spin pesir the elecirons
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and could, in fect, be transmitted through the bridging
carbonyls using mul ti-centre molecular orbitals. However,
the Co-Co distance of 2.524, and the Pe-Fe distance of
2.46%, in Co,(CO)y and Fe,(C0), respectively, inmdicate
that in these complexes there is a strong, direct

interaction between the two metals.

In complexes with bridging ligands other than carbon-
monoxide,'it is difficult to estimate the sirength of the
postulated metal-metal bond. In order to form a sirong
bond, the two metals must get as close together as
possible, but in some cases limits are set on how close
the two metal atoms can approach each. other because of the
bulk of the surrounding ligands.

Basing his arguments on X-ray crystallographic data
Dahl28 has suggésted there is evidence in dinuclear
complexes which require spin pairing, fhat the two

metal atoms try to get as close together as possible., The

/’B\\
outcome of this is that, in the central M I ring

B/’
(E is a trensition metal and B is a bri&ging ligand) the
BMB angles tend to become obtuse and the IBM angles tend
to become acute, The degree to which these angles become

obtuse and acute, respectively, will not depend on the

size of the bridging ligands, but the metal-metal distance



will depend on the size of these ligends. Thus, 1t is
better to meke estimates of the -M bond strength by
considering the bond angles in the 4 membered MBIMB ring

rather than considering the M-M distance.

In bridged complexes where it is not necessary to pos-
tulate a metal-metal bond, the MBM angles are obtuse,
the BMB angles are acute, and the MBMB ring as e whole

. 28
is planar .

The MBMB ring, in complexes with a metal-metal bond,
29
2 ’

. Thether the ring

has been found to be planar, as inEﬂ'l:_.’t’Mo(CO)3 [PL'IeQ]]
or puckered, as in [Fe(CO)B[SE{] 230
is puckered or planar seems to depend on the co-ordination

28
number of the metals in the ring .

In complexes with a central 4 membered ring of the
type M(SR)M{SR), the -R groups can take up more than one
orientation with respect to each other in relation to the

MSMS ring, thereby raising the Yossibility of geometrical

isomerism. This has been found to occur in [(OC)BFe [SMe] ]2

and related comp&exesBz.

Returning now to heterodinuclear complexes, which have,
by definition, .two different metal atoms, it should be
possible to compare one side of the complex with the

other in order to obtain information about any metal -metal

-

31



interaction which may occur.

Comparisons of this type can be carried out using
infra-red, n.m.r., and ultra-violet/visible spec troscopic
techniques as an al ternative to complete elucidation of
the molecular structure by diffraction technigues. The
information which can be obtained from the various
spectroscopic techniques will be considered in the

following paragraphs.

The energies of the carbonyl siretching vibrations
in binary metal carbonyls have been found to increase as
the electronic charge on the central metal atom is decreased,

thus, in v(co)é’, cr(co) and Mn(CO)6+ the carbonyl

6’
stretching frequencies are 1859, 2000, and 20960m.—l,
respectivelyBBa. The metal-carbon bond in metal carbonyls
is considered to be made up of ¢ and if components:
g-donation of the lone peair. on carbon into the vacant

metal orbitals, and formation of a f-bond by back donation
of electrons from the metal orbitals into the ﬂ‘antibonding
orbitals on carbon monoxide. The formation of the /7-bond
is thought to be crucial since it removes electron density
from the metal thereby stabilising its low oxidation state.

gand 7 effects are difficult to separate because of a

synergic effect which strengthens the metal-carbon rf-bond

when the strength of the metal-carbon O-bond is increeased.



[
(@]

The overall result is that any factor which leads to
increased electronic charze on the central metal atonm
will tend to decrease the czrbonyl siretching freguencies,
since the increased electiron density on the metal will be
. . . , * . .
transmitted, via a f-bond, into the 7 -antibonding

orbitals on the carbonyl group .

In substituted metal carbonyls, the electronegativity
of the substituent and its 0~-donor and 7T-acceptor properties,
as compared with those of carbon monoxide, will have a
pronounced effect on the carbonyl stretching frequencies
since.each of these parameters will determine the charge
on the metal atom. The factitors which have an effect in
the individual complexes, as far as.their carbonyl-
stretching frequencies are concerned, will be discussed

in Chapter 2.

The chemical shifts of the various protons in the
lHn.m.r. spectrum of a complex indicate the degree of
shielding the individual protons feel. This gives sone
measure of the electron density at various points in
the complex and thereby helps to elucidate the bonding
system. Because of their great susceptibility to
environment, the resonance positions of the protons are
also very useful tools for elucidating the structures of

31,32

isomeric complexes .
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Far infra-red (400-4Ocm.—1) end ultra-violet/visible
s pec troscopy haVe also been used in this research, but, as
always, exact assignments of the pegks are difficult and
not normelly unambigucus. In the case of the far infra-red
spec tra this ambiguity stems from the fact that since most
of the complexes studied are of such low symmetry, virtually
every vibration is infra-red active. This leads to a very
large number of peaks considering the numbers of atoms in
the complexes. Comparisons of the spectra with those of
mononuclear "parent" complexes are inconclusive since
the "parentsﬁ do not necessarily have structures which are

related to the dinuclear complexes (See Chapter 3).

The position is not quite so bad as far as ultra-
violet/visible spectroscopy is concerned. The difficulty
here is in deciding what observations made in the excited

states of a molecule mean in its ground state,.

Because of the range of physical properties, especially
solubility, found in the various sets of complexes prepared
in this research, different techniques have had to be used

to elucidate the various structures and properties.

Chapter 2 deals with complexes which are, to some
extent, soluble and therefore their solution spectra can
be examined. A set of extremely insoluble Cu/Ti complexes

are discussed in Chapter 3. The far infra-red spec tra
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of all the complexes prepared are discussed in Chapter 4.

Most of the complexes to be discussed were prevared
by lizand replacement reactions iavolving the use of
"t{ransition metal containing ligands" from which the title
"Organometallic Complexes as Ligandsﬁ is derived. These
mononuclear complexes contain transition metals to which
are bonded groups or atoms having at least one lone pair
suitable for donation to another transition metal. The
properties of these "ligands'are discussed in Chapter 1

to serve as a reference for subsequent chapters.

Those ligand replacement reactions which gave products
derived by rearrangements or decompositions from the desired
products are discussed in Chapter 5; The problems
encountered when using nucleophilic displacement or
elimination reactions as routes to heteronuclear complexes

are also considered in Chapter 5.



CHAPTER 1

Transition Metal Containing Ligands

The main objectives of this research were to prepare
and study mul ti-heteronuclear transition metal complexes.
As will be seen in later chapters, most of these complexes
were prepared by ligand replacement reactions, in which
a "transition metal containing ligand" is used to replace
ligands from another metal. Some of the properties of these

"transition metal containing ligands" will now be discussed.



The mono-nuclear "ligands" are of two types:-

1). (L-L)II.(SR)Z, (L-L=1,2 bis-diphenylphosphino ethane,
O-phenylene bis-diethylarsine; M=Pd,Pt; R=Me,Pn).

2). Cp2'I‘i(SR)2, (R=Me,Ph).

The complexes prepared together with data from their far
infra-red, lHn.m.r., and u.v./visible spec tra are given

in Table 1.1l.

a) Preparation

(In this section L-L stands for any chelating
diphosphine, diarsine, or disulphide, whereas in (b),
L-L will bte confined exclusively to 1,2 bis-diphenyl-

phosphino  ethane and O-phenylene bis-diethylarsine).

All the complexes listed in Table 1.1 were prepared-
by the general reaction,

(L-L)mc:12+ 2RSH + 2NEt3-—> (L-L)M(SR)2+ 2NEt,HC1 (in toluene),

3

after preliminary reactions had shown that the other
possible route to these complexes, i.e.

(L-L)MC1, + 2NaSR ——+(L-L)1I(SR)2+ 2NaCl (in ethanol),

gave, as well as the desired products, considerable yields

of water soluble products which could not be cheracterised.
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The complexes le PCH CH2PI.{e2!i(SR)2 (¥ =PdyPt; R=1Me,Pn)

2
were not obtained by either of the two methods described
above; 100% yields of water soluble products were obtained

in both cases.

The reasons for these 100% yields of water soluble
( presumed ionic)products, and'for the significant yields
of similar products from the reaqtions of NaSR with
thPCH2CHzPPh2M012 in ethanol, cannot be explained as the
water soluble products could not be characterised.
Products similar to these have been obtained, together
with the desired productis, in analogous reactions34.
It is possible that the water soluble species may be
intermediates which, when reacted with a suitable reagent,
lead to the desired products (2s is necessary in the
preparation of some chelating diphosphine platinum
dichloride complexesBS) but, since the nature of the

water soluble species is unknown, this is merely

supposition.

In certain instances, when (L-L)IECl2 was reacted with
either i) NaSR or 3i) RSY and NEt y the chelating ligand,
L-L, was liberated and [M(SR)z:]n3 was formed. The reac tions

in which this occurred were those involving

2

Ph PCH2PPh2PdClz, l,5—hexadienePtClz, PhSCHQCHZSPthCl2



(when reacted with WaSlle, or MeSH and NEtB), and

MeSCH,CH,SHePdCl,y (When reacted with NaSPh, or PhSE and NE:.).

~

-—

The preferred formation of EXSR)ZJn and L-L rather
than (L-L)M(SR)2 (for a given R) will occur because the
lone pairs on sulphur (in (L-L)M(SR)Z) are strong enough
nucleophiles to displace the chelating ligand from the
metal. Since PhZPCHQPth, Ph30520H28Ph, and MeSCHZCHBSHe

are displaced from palladium, whereas PhZPCHchzPth and
C6H4(AsEt2)2 (0-phenylene bis-diethylarsine) are not,
the former group of chelating ligands must be less strongly

bonded to palladium than are those in the latter group.

In an attemnpt to rationalise these observations the
me tal-chlorine stretching frequencies of the complexes

(L-L)MC1l, were recorded, and are listed in Table 1.2.

2
There does not, however, seem to be any corrslation
between either or both of the metal-chlorine stretching

frequencies and the course of the reactions.

In the absence of eany fi-bonding effects in the l-Cl
and M-L bonds, it might have been anticipated that the
metel-chlorine stretching frequencies would be directly
related to the strength of the o-bonds from L-L to the
metal: the stironger the M-L c-=bond the lower the metal-
chlorine stretching frequency. But, because of the‘

possibilities of ff-bonding and synergic effects, increased



17
fl~-vackbonding from M to L with better o-donors would
tend to raise the metal-chlorine stretching frequencies.
Thus, if both the ¢-dcnor and 7f-acceptor properties of
the donating atoms in L-L determine the M-L bond strength

in (L-L)MCl,, it is hardly surprising that the metal-

27
chlorine stretching freéuencies do not give an indication
of the strengths of the M-L bonds. So, for a given

complex (L-L)MCl, it is not possible to tell a priori

2
whether the desired complex, (L—L)M(SR)Z, will be formed
or whether the chelating 1§gand, L-L, will be liberated,

in the reaction of (L~L)M012 with SR .

b) Properties.

The infra-red, lHn.m.r., and u.v./visible Spectroscopic

data to be discussed are listed in Table 1.1l. et

i) Infra-red Dote

The metel-sulphur(methyl) stretching frequencies were
assigned unambiguously by comparison of the corresponding

diarsine and divhosthine complexes.

Both the symmetric and asymmetric metal-sul phur(methyl)
stretching vibrations occur at very similar frequencies
when ! =Pd and when M=Pt for a given chelating ligand.

This result is the same as that observed for the metal-



Yoa.m. *J UT.7./Visitble Spectira g
J.:z-sal . ‘
Complex (em.™ ") | zs- Eg wvnax.(cm."1){loz ¢ )°
Ph,PCH,CH,PPa,Pd(Ske) , | 320, 7.98 22000%2.32);24500(2.43);
307 29700(4.07)338000(4.63)
PhQPCH2CH?_PPh‘2Pt(SI.Ie)2 3256, 7.38 26100(2.15)3;22700(%.56)
509 58700(4.45).
thPCHch2PP‘n2Pd(SPh)2 21 200% 5.0%)3;29820(4.09);
37800(4.48).
Ph,PCE,CH, PPh, Pt(QPh) 25000{2.53) ;3260c(3.80) ;
38900(4.58) .
06H4(A5Et2)2Pd(SMe)2 %18, 7.60 2270022.48);2890(:(,.96),
708 55700(%.40).
0B, (AsBt,), Pi(Swe), | 327, 7.40 | >25600% 30500(3.08) ;
< 518 ' 3706¢(3.73) .
C.H (AsEt,) . Pd(SPh) 21600(3.14) ;22200(3.71);
o4 2’2 2 35900(3.55) .

8) Recorded as "Rigidex" discs.

b) In CDCl;, using intermal T.¥.S.=10.0 Tas standard.

¢) In 011013.

i) Exact position and extinction coefficient were not obtained

because of the proximity of the intense peak at 505000m.‘l.

The ligands Ph,. PCH.CH.PPh. and C (AsE*'cz)2 show only weak

8
R M S 674

bands in the range covercd.




Table 1.2

Complex V-l (em.-1)2
Pi,PCH,CH, PPhpPdCL 310 286"
Ph,PCH,CH,PPh,yPiCl, 314 293
0634(A;Et2)2Pd012. 319 300
C6H4(AsEt2)2Pt012 320 302
Ye,PCH,CHpPMe o PACL o 300 268
Me, PCH,CE, Plfe ,P1C1,, 301 277
1,5-hexadienePtCl, 340 316
MeSCH,CH,SKePACL, 315 296°
PhSCH,CH,SPhPACl 338 318

e&) Recorded as "Rigidex" discs.

b) Recorded as Nujol mulls (Ref. 37).
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chlorine stretching frequencies in (L—L)MClz. (See Table 1.2)

ii) 1Hn.m.r. Da ta

The resonances of the =S-CH, protons in (L-L)H(SMe)2

p)
are at higher field when M= P4 fhan when M= Pt,
suggesting that in the bonds joining the sulphur atoms

to the metal, the electronic charge is more concentrated
round the sulphur atoms when M= Pd than when M= P4, This

means, effectively, that in (L-L)M(SMe)z, Pt is more

electronegative than Pd, for a givén L-L.

iii) U.V./Visible Data

If the above argument, concerning the relative
electronegativities of Pd and Pt, is correct, metal—*ligand
charge transfer in (L—L)M(SR)2 should be of lower energy
when M= Pd than when M= Pt, for a given L-L and R. Of the
3 bands (4 in the case of PﬁzPCH2CH2PPh2Pd(SMe)2) the
2 at higher energy (29,000-33,000cm."% and 35,000-
39,000cm. %) can be assigned to charge transfer bands
because of their high extinction coefficients. Since
both of these bands occur at lower energies when M= Pd
than when M= Pt, they are thought to arise from metal to

ligand charge transfer. These ussignments are very

tentative, and therefore no attempt has been made to
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investigate the nature of the molecular orbitals involved.
The other (low energy, low extinciicn coefficient) band
(2 in the case of Ph,PCH,CH,PPh,Pd(SlMe),) in the renge
2].‘,000--26,0000111._l is assigned to a d—d transition.

These bands also follow the above pattern in frequency
" differences on going from Pd to Pt, but this is probably
fortuitous as the higher energy transition in the platinum
complexes is probably associated with the greater ligand
field splitting in the third row element. Rands in the
elec tronic spectre of some dinuclear 7-allyl palladium

40

complexes have recently been assigned , but the positions

and assignments differ somewhai from those described above.

iv) Bondins in (L-L)H(SR)2

The complexes are thought to have an approximately
square planar arrangement of ligands around the central
metal atom. With this arrangement of ligands, 8 of the 9
bonding molecular orbitals, constructed from the (n-1)d,
ns, and np atomic orbitals of Pd or Pt, and the ligand
orbitals, will be filled, but the 9 orbital will be
vacant since the metal atom in (L-L)M(SR)2 is surrounded
by only 16 valence electrons. In the co-ordinate axes of

[]
Figure 1.1 this.vacant orbital will approx&mate to a pure

np, orbital (because of the higher energy associated with




the np orbitals as compared with the (n-1)d orbitals)
lying perpendicularAto the plane of the ligands. This
vacant orbital may not be absolutely pure np, as there may

be a small contribution from the ligand orbitals.,

+ : : z

~~~\M,,/SR ;
|/ .\SR 'Y v

Figure 1.1 The vacant orbital in (L-L)M(SR)2.

2). The complexes szTi(SR)Z;

a) Preparation

The compl exes szTi(SR)Q (R= Me,Ph) were prepared by
the general reaction:-

Cp,TiCl, + 2RSH + 2WEt -—)szTi(SR)2+2NEt5HCl. (in toluene).

3

The preparation of the complexes szTi(Sszby the

reaction of CpeTiCl2 with NaSR in toluene gave, as well
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as the desired products, products containing a TiOTi
sequen0939. The reactions of NaC=CPh with Cp,TiCl, also
gave products contaminated with oxygen. Similarly, when
ZrCl4 was reacted with Na05H53% products conteining ZrOZr
were obtained. These observations can only be rationalised
by assuming that a reduc tion step 1s taking place giving
TiIII which is re-oxidised, by atmospheric oxygen, on
work up, to give TiIV—O-TiIvQ Giddings39 found that
Cp,TiCl, was easily reduced by zinec dust, but the reduction
would not teke place when metallic sodium was used instead.
Thus, although reduction must be taking place, it is not
possible to say whether the reducing agent is finely divided

sodium ( possibly catalysed by the sodium salts, NaSR) or

the sodium salts themselves.

In some reactions of szTiCl2 with WaC=CPh, complexes
were Abtained which gave analytical figures close to those
required for szTi(Cl)CECP’. This suggests that the first
chlorine atom is more easily replaced than the second.

It has been found4l that the reactions of Cp2T1012 with
ﬂswdithiolé, in the presence of base, yielded oligomers of
the general formula Cl-Tisz—[S-(CHz)n-S-TiCp ]x—s—Tichm
instead of the desired producits, Cp2Ti(S—(CH2)n-S). This
ggain indicates that the first chlorine atom is more casily
replaced than the second, by the incoming nucleophile. It

is therefore inferred that the tarry products from the
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reactions of Cp2T1012 with HSCH anuH, in the presence of

NEtB’ are also oligomers.

It should be pointed out, that complexes of the desired

type are known, although they are systems such as

S/ et 42
szTl\s’\ t and CDZTJ.\S)Q

where there is much more rigid steric control over the
orientations the free thicl can adopt relative to0 the
other chlorine atom in the probable intermediates

_c c1

szTl\\ H and szTl\\S g

S N~
éi::g 7N\
e H H

4
HoweVer, the related complexes szk(SCQQCH S) (1-—1@,,§

\?S) (n=1 2,3)44 145 have been reported, and

N

there may be factors other than steric control involved

and Cp2T1

in these cases.

The failure to prepare CpTi(SI:Ze)5 at room temperature
6
agrees with the report4 that CpTi(SPh)3 is unstable
A

above -25°C. Raguvaev and La’cyatevaLr have pointed out

that the complexes CpTiX, are, in general, unstable as

\S

compared with Cp,TiX,. (¥X=ean alkyl or aryl radical, a
Py ) J

halogen, or an alkoxide group).
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b) Properties

The ‘EFn.m.r. and u.v./vicivle spectroscopic data
for the counplexes szTi(SR>2, together with similar data

for Cp,TCl, and szTi(OPh)z, are listed in Table 1.3,

2
(The far infra-red data will be discussed in Chapter 4).

i) lHn.m.r. Da ta

The positions of the cyclopentadienyl proton

resonances in szTi(SR)2 (R=1e,Ph) are in agreement
: 41,48-50

with published data for these and related complexes .
The main feature of the spectra is a shift to higher field
of the single cyclopentadienyl proton resonance signal
on going fronm Cp2TiCI2 to Cp2Ti(SR)2. Cyclopentadienyl
protons have been found to resonate at higher field as the
electronegativity of the other substituents on titanium
. 51-53 : .
is reduced . Therefore, chlorine being more
electronegative than sul paur (the electronegativity of the
latter may well vary slightly with small changes in

inductive and mesomeric effects of the groups R in szTi(SR)z)

the shift to higher field is as expected.

A single cyclopentadienyl proton resonance is oObserved
for both Cp,Ti(Sle), and Cp,Ti(SPh), even at -35C in
bchlorobenzene (See Table 2.1, Chapter 2) indicating that

in both complexes the two rings are magnetically equivalent

and are not restricted in their rotation by the -SR groups.



Table 1.

Yiniu.r. Speciras U.V., Visible
Spectra.
et -1
05 Ey 23S CEB ~max.(cm.” ")
1.C1 - H.C o .
Complex CDCLl, | Cgly CDCl:| Cgly (loz &)
Cp,TiCl, 2,40 c - - 19300(3,35) 3
26100(2.31).
Cp,Ti(0Ph), | 3.70 c - - d
Cp2Ti(SMe)2 %.88 4.24 7.38 7.4% 18800(3.62) ;
27600(3.05).
CpoTi(SPh), | 3.97 4.24 - - 18600é3.60);
26000(3.23).

a) Relative %o internal 7.¥.S. at 10.07

bj In CHCI,.

c) CSES resonance too close %o CgHoCl resonance to be
distinguished.

d) No absorption between 14000 and 25000cm.-l. Strong

absorption above 26400cm." 1.
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Two cyclopentadienyl proton resonances nave been
45 L )
observed at roon temperature in the svectrum of szTlsr
- b
in which, as sgshown in Fizure 1.2, the {wo cyclopentadienyl
rings are in different environments since inversion of the
SSTi ring is slow (relative to the lHn.m.r. time scale) or
non-existant. The two signals coalesce at higher temperaiures

indicating that more rapid inversion is taking place.

Similar resul ts have been observed54 for CH285.

Figure 1.2 Orientations of the Cp rings in szTiS5.

ii) U.V./Visible Data

38455

Attempts have been made to assign bands in the
electronic spectra of the complexes Cp,MX, (M="1i,Zr;
X=Cl,Br), but the assignments are inconclusive since the
relative energies of the molecular orbitals involved are
virtually unknown. Only qualitative assignments for the

complexes szTi(SR)2 have therefore been attempted.

The high intensities of the two bands observed below



28,000cm. - suggests that they can be assigned to
ligand — metal charze transfer, rather than to internal
excitation of the cyclopentadienyl or shenyl (when R =Ph)
rings, Cp,TiCl, and szTi(SR)z both show bands in the
region 18—19,000c:m."l wvhereas szTi(OPh)2 does not.

On the basis that the differences in these specira must
arise from differences in ligands other than the
cyclopentadienyl rings, the peaks at 18,800c:m."l in
szTi(SMe)2 and at 18,6000111."l in CpgTi(SPh)2 are assigned
to sul phur—y titanium charge iransfer. The other peaks,
at 27,6oocm."l in szTi(SMe)z and at 26,000cm.~l in

Cp,Ti(SPh),, are assigned to charge transfer from the

cyclopentadienyl rings to titanium..

e

iii)Bonding in CppTi(SR),
56

The scheme proposed by 3Ballhausen and Dahl for
bonding in Cpyliof, and related complexes, consists of
forming 9 hybrid orbitals from the (n-1)d, ns, and np
metal orbitals. Of these hybrid orbitals, 3 point towards
each of the cyclopentadienyl rings and 3 lie in the plane
bisecting the angle formed by the intersection of the

Planes of the two rings.




. . iv
Figure 1.3 Hypothetical Cp2M L, complex.

The anglex (Figure 1.5), according to Ballhausen and
Dahl's scheme, should lie between 135° and 180°, and/& should
be léO:(approx.). In the complex Cp2L'IoH2 &« is found57 to

be 146 c’, which is within the predicted limits,

In the molybdenum complexes, the above theory predictis
that the lone pair of molybdenum electrons should bisect
angle/} and lie in the ML, plane, giving high electron

density between the two L groups.

By considering structural data for similar complexes

e.g. S_/ e 58
1 / ~ - B [ RW;
a Cp,lo | X =132.5 3 =82.4°)
) Py \S’v ( 2 H /],

S——CH,| -
e 2 4 o © .59
b) {Cp,uol + I (A=130.9"; B=78.4 )
2"~y ét{ ( s
Ho 2
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> 38’ D) .
it has been argued that ﬁ is too small to permit
the presence of & localised lone pair between the two
sul phur atoms in (2) or between the sul shur and nitrogen

atoms in (b). (See Previous page).

An al ternative bonding scheme, similar to that propose
for Cp(r,{e05H4)Rez,ie2, allowing more delocalisation of the
lone pair and less severe restrictions on the values of

58
d.and,ﬁ, has therefore been suggested for the above

complexes.

In the complexes szTi(SR)2, the orbital analogous to
that which contains the lone pair in CpyMoL,, is empty
since the titanium complexes are only 16 elec tron systems.
The molecular structure of the complex szTiSS showsél
that A= 133.6° andﬂ=94.6°. Since, in this complex,
cland/? are outside the limits predicted by Ballhausen and
Dahl's theory, the vacant orbital on titanium may well

be delocalised in a menner similar to the probable

delocalisation of the lone pair on molybdenum in Cp2MoL2.

60

d
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CHAPTER 2

‘Heterodinuclear Complexes.

In this chapter the preparation and properties of the
complexes bis-ff-cyclopentadienyl titanium di-p=-organothio
tetracarbonyls of Group VI, Cp,Ti [33]211'(00)4, I, (R=Me,Ph;
U'= Cr,Mo,7) and chelating diphosphine or diarsine
palladiumII or platinumlI dij#—organothio tetracarbonyls
of Group VI, (L-L)I.-I[SR]2H'(CO)4, II, (L-L=1,2 bis-
diphenyl phosphino ethane, O-phenylene bis-diethylarsine;
M=Pd,Pt; R=le,Ph; K'=Cr,Mo,7) will be discussed. The
infra-red, lHn.m.r., and u.v./visible spectra of complexes
I and II will be compared and contrasted with similar data
for the "transition metal containing ligands",

(See Chapter l), and those of the mononuclear complexes

RSCHchZSRI.E'(CO)4, IIT, (R=1Ne,Ph; M'=Cr,Mo,W).

The structures and bonding systems in I and II will
be considercd in the light of the known siructure of

62
Cp,Ti [51.59]2:.:0(0 0),
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As the preperations of I and II are similar, they can
be treated together, but the properities of I and II are
very different and will, therefore, be discussed

separately.

1) Preparation of the Complexes 92233[53]23.5'(00)4 (1),

and (L -L)I::[s&]zz.z' (co), (11).

As can be seen from the Experimental (Sections 7 and 8)
complexes I and II were prepared by ligand replacement
reactions in which the "transition metal containing ligands",
Cp2Ti(SR)2 and (L-L)M(SR)2, were reacted at room

temperature with norbornadiene—m'(co)4. Co-ordine ted

norbornadiene has‘the propertj,neceésary in ligand

replacement reactions, of being easily replaced. An

exactly analogous reaction has recently been used to

Prepare KeSeCHQCHZSeHeCr(CO)4 from MeSeCH2032SeMe and
3

norbornadiene-Cr(CO)46 .

Replacement of norbornadiene hés the advantage that
very mild reaction conditions can be used and high yields
of the products, without much decomposition, were obtained

for most of the reactions attempted. The ease of

replacement of.norbornadiene from norbornadiene-%'(00)4

was found to decrease in the order o> ¥ >Cr, and hence




30
reaction times required were least for M'= Mo and
greatest for M'= Cr, The reaction between szTi(SPh)2

and norbornadiene—Cr(CO)A gave none of the desired

product, and on heating, only decomposition products were
obtained. It was found, in general, that reactions in
which R = Me were faster than those in which R=Ph, for a

given Group VI metal.

Reactions of the rather insoluble Ph,PCH,CH,PPh, M(SPh).
ptvitghip £y 2

(M=Pd,Pt) with norbornadiene-m‘(00)4 (M'= Cr,W) yielded
no dinuclear products. On the other hénd, although the

reactions of C.H,(4sEt,),Pd(SR), with norbornadiene-M'(CO)
652 272 2 4

(M= Cr,W) went rapidly, the products decomposed, as they
were slightly soluble in toluene, which was used as

solvent for all preparations of complexes I and II.

Another way round the problem of preparing fairly
labile complexes of this type, by ligand replacement
reactionsyis to react the ligand with the Group VI hexa-
carbonyl in ultra-violet light. This proceedure has been
usele to prepare one of the complexes, szTi[SPﬁ]2Mo(CO)4,

which will be discussed in this chagter.

It had been hoped to use Cp,Ti(C=CPh), as a ligand
which would co-ordinate onto the Group VI metal through the
acetylenic groups as has been observed elsewhere with

98 .
pure acctyleneg and vinyl silane%% but, as was observed in
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Chapter I, szTi(CECPh)2 was not obtained in a pure state.

2) Properties of bis~ﬁ-cyclopentadienyl titanium di-p-

organothio fetracarbonyls of Group VI,

99223[SR] M (C0),, I, (R=1e,Ph; M'= Cr,Ho,7)

The infra-red carbonyl siretching frequencies and
stretching parameters, lHn.m.r. data, and transitions
observed in the electronic spectra (l4,000-30,0000m.-l)
of the complexes szTi[SR]gM‘(CO)4, I, are listed in
Table 2.1, together with similar data for the mononuclear
complexes RSCHQCstRM'(CO)4, III, and 0p2'ri(sn)2. The
infra=red carbonyl stretching frequencies and stretching
parameters of the complexes ClS“(ASEtB)ZLO(CO) 64,
06H4(ASI.Ie2)2Mo(CO)4 5, and "ezsl[AsEt2] 21;10(00)49 are also

included for comparison.

The stretching parameters (average force constants)
listed in Table 2.1, and elsewhere throughout this chapter

66
are given by the expression

k = m«.D. A
Z-E /le /

where the summation runs over all CO stretching modes i of

degenaracy g; and Xiépi=l4.0383x10~édi2 (N; being the
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Table 2.1 Complexes I, 0p2T1[§R] M'(CO)

and related complexes.

) h - d
Infra-red Spec tra. | Proton n.m.r. Spectra. /// Elec tronic Specitra,
. P < ' _0°C : f k Resolved Lowestl
. -1 o ; =35 C 20 C ? /// -1, |High Energy _; Energy Peak
J(c=0) (cm.™) -F -g | /] SCH | C-H S_CH Amax. (Cm.” ) |Shoulder (cm, -1
03013 Soln, k Ak ,//; C5Hs ]5-CHj| Os5Hs 157253 5=5 fB///' (Logé) Visual Estimate.| (cm.” ) (log 9
R =Me, M'=Cr 2000, 1908, 1 4es0(s) 4.79(s) 7] 25300 (3.44) 15600 (3.65)
: 1892. / 4.86 sg_ 7.55 | 4.86 bz)') 7.55 4.83(vr)| 7.55 7 | 15700 :
1 4.97(s 4.98(s e
—— — [ ; /‘. e e . - . . . OO e e e s e
R=Me, M'= 1Mo 2071, 2016, 15.80 |0.7 3 4 ) 4.7558) 4.7458) ) / fgsgg (3.54) 18500 16500 (3.73)
1918, 1903. 4.84(8) 7.50 | 4.94(s) |7.50 4.80(br)|'7.48 900 .
4.95(s) - y I R S
ReMe, M'=W 2070, 2010, |15.69 |0.72 ,//i 4.77§s% 1.78(s) - f&ggg (3.70) 15100 116400 (3.61)
1910, 1890. Ve 4.86(s) T.42 | 4.88(s) | 7.43 4.82(vr) 7.328 /// 6 ~
} 5.00(s 5.00(s I A R | . B
RN S . B -//« e e D I 25000 .6 19100 16000 (5-69)
f=rm, ar=te fé’ii: Toge’ |*2-17[0-16 4'82“1') d $7100 FB ) |
// . yd : S
4 ; - : ‘
R=TFh, M=V 2017, 1919, |15.160.17 4.85(br) 26200 (3.65) 15000 16000 (3.65)
1900, 1888. ) P A ) o .
Ry I 4 h DU ) 26300 (2.60)
MeSCHzCHZSMeCr(CO)4 2020, 1924, 14.98 ///Z 7,65(8) //// 5 :
1898, 1869. _ )
- —— JESE U4 S 'SSSAPPRISS U SRS A0t AU S R S - e - - -
a 27600 (3.20)
MeSCH, CH SMeMo(CO) 2030, 1919, 15,07 //// 7. 96(s) ,
MeSCHchQSMeV(CO) 2023, 1910, 14.97 /<:;'27°O° (3.30)
1897, 1867. / ‘
- - 27700 (3.15)
PhSCH,CH,SPhMo(CO), (2027, 1905(br)|15.01 //
2772 4 l1s70. T T ? : //i
PhSCHacﬂzsP£§(66)4 2023, 1914, . . ///}gf
: 1899, 1868. i : — e ] o 3
S S 1 , 56 (5 58 _
cp, il(sw / 4.16(s)|7.40 | 4.24(s) | T.43 / fgggo 2?.52)
— I o 126000 (3.2
|cpmi(sPn), /// 4.25(s) 4.24(s) ) fe6oo 22.63;
= ) ) b e A / “
cis-(AsEt,),Mo(CO), | 2015, 1915 15.05
| 124 190y, 1886, | B 1 i I __7/{
C.H, (AsMe,) Mo(co)° 2026, 1938, 15. 37 ///
A R T 1914, |7 y S - By -
MeQSi[}sMeé]2Mo(co)i 2015, 1896, 14.78 //i
, _ . . '|1882, 1856. Z




Infra-red spectrum from ref.70.

Spec trum from ref.64. (n-hexadecane).
Spectrum from ref.9;'(éy010hexane).

Spec trum from ref.65.\(Nujol Mull).
Highest energy peak B-iO times weaker than
others. Highest energy peak not observed
in 0p2T1[§Me 2Cr(co)4 (See Figure 2.3)
See text. )

Ak=k - —k
Cp2T1ESRJ2M (00)4 RSCH20H28RM'(CO)4

(br—-broad peak)

In Chlorobenzene, except where otherwise
stated, (i), % values relative to internal
T, M. S, at 10.0%

In CDCl3 solution. Proton resonance of

E,CSOH,CH,S5CH; (uncomplexed) is at 7.85%

3 2
in CDC1 . (ref.70).
(s = singlet, br = broad peak).

In CHCl3 solution.

See fext.

See text and Figure 2.1.
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. . th . . »
the 2 mode,)., The determinsiion

-y

-1
wavenumber (cm. ) o)
of k involves neczlect of anharmonicity, and of coupling
of CO nmodes with other modes. dbut is independent of the

form assumed by the CO-CO interaction force field. Here,

: 6
in the notation of Cotton and Xraihangzel 7,lc=(k1%'k2)/2o

The data given in Table 2.1, together with the
analytical figures of complexes I, suggest a structure
such as Ia which can be compared with the probable

s truc ture of complexes III, III.

o R
S

R cmy N\ (60

Cp S M (CO

N N i 4

Ti 21 (co) H )

e N 4 2~g
R . R
Ia ' III

a) Infra-red Dsta.

It has been shownBQhat the electron demand of the
subtituent in a substituted metal carbonyl, has a direct
effect on the infra-red carbonyl stretching frequencies.

A substituent which wants a lot of electron density

around it will tend to pull electrons out of the tzg orbitals
on the metal. Since these electrons would otherwise be

used for dﬂ-pﬁ’getal to carbon backbonding, the metal-carbon

bonds are weakened and the carbon-oxygen vonds are




strengthened, thereby raising the carbonyl stretching
frequencies. A substituent which does not require much
electron density around it will not exert such a2 pull on
the tzg electrons, thus allowing more backbonding to take
place, which strengthens the metal-carbon bond and weakens
the carbon-oxygen bond causing the carbonyl stretching

frequencies to be lowered.

The desire of substituents to be surrounded by
high or low electron density will approximate to the
electronegativities of the substituents, but the actual
electronegativities of the free ligands will be modified
by the proximity of the metal to which the ligand is
co-ordinated as, in most cases, the ligand has to donate
electrons to, and accept electrons from the metal. The
ability of a substituent to donate and accept electrons
will be dependent on the orbitals which are available,
and some ligands will be better equipped in this respect,
than others. Thus, a2lthough electronegativities will be
used in the following argument, the conclusions reached

will only approximate to the correct ones.

From Table 2.1, it can be seen that the carbonyl
streteching frequencies and stretching parameters of

MeZSi[§SMeé]2Ho(CO)A are lowver than those of

cis-(4sEt_) 1o(C0O), and C,H, (AsMe, ) Mo(CO) . 1Introduction of
- 572 4 2’2 4

674
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silicon (electrone gativity 1. 74) in place of carbon
(electronegativity 2.50) (electronczativities are those
given by the Allred-Rochow formula68’69) has therefore
had the predicted effect of lowering the carbonyl stretching

frequencies and stretching parameters.

Al though no similar data are available for chelating
disul phides, on general grounds it might have been thought
that complexes I would have lower carbonyl stretching
frequencies and stretching paramefers than complexes III
since the electronegativity of titanium is only 1.32.
However, inspection of Table 2.1 shows exactly the opposite
effect: the carbonyl streiching frequencies and parameters

are higher in I than in III.

Electronegativity differences cannot be the only factor
involved since this result requires that the electron
density on k' in I is lower than on M' in III. This can
only be achieved by donation of electrons from M' to

titanium as shown in Ib.

R
Cp\\

Cp’/TiG—_:BI (CO)

Ib




lHn.m.r. Data.

1 .
The "Hn.m.r. specira of complexes I show % main effecis:-

i) The cyclopentadienyl proton resonances are at higher
field in I than in szTi(SR)z.

ii) The S-methyl proton resonances are at higher field

in I (R=Me) than in Cp,Ti(SMe)s. (This effect is
small though measurable for M'= Cr,Mo, but barely
significant for M'= V).

iii) In I (R=Me) 3 separate peaks are observed for the
cyclopentadienyl protons., Al though the signals were
too close together to allow integration, the cyclo-
pentadienyl resonances appear to show two peaks of
equal intensity with another (émaller) peak in between
these.

If the chemical shift is taken as & measure of
electron density around the cyclopentadienyl and S-methyl
protons in Cp,Ti(SlMe)p, one might have expected that both
these resonances would be shifted to lower field on
formation of complexes I since one of the lone pairs,
initially localised on sulphur, is now used to form a

S—M bvond.

70

A downfield shift has been observed in the ligand

methyl resonances on formation of III (R=Me) as compared
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with the free ligand. The smallness of this shift
probably afises from the effect noted in the previous
peragrapii and bacxbonding from II' to sulpaur alnost
cancelling each other out. Such backbonding would be
smaller, and the corresponding downfield shift larger
in I than in III,since the Ti-S bonds will be polarised
more in the sense g;—%- than the C-S bonds.

The effects (i) and (ii) noted above show that simple

sul phur g~-donation to X' cannot be the only factor involved,

and M'—»Ti donation, as in Ib, must again be considered.

For R=HNe, the differences in stretching parameters
between I and III are greater than for R =Ph. This would
appear to indicate greater MN-—Ti dénation in I when
R= Me than when R=Ph. However, the upfield shifi{ of the
cyclopentadienyl proton resonance on going from szTi(SR)2
to complexes I is the same for R=Me and for R =Ph. This
would seem to indicate equal degrees of M'—Ti donation
in these two cases. These differing results could be
rationazlised in terms of differing S(R)—>M' ¢’~-donation,
though comparison of III (R=1MNe) with III (R =Ph) gives
no support for this suggestion. Alternatively, there may
be different solvent‘effects on the lHn.m.r. spectra of

Cp2Ti(SR)2 on complex formation.

The splititing of the cyclopentadienyl proton resonance
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signal in complexes I may be explained in terms of
geometrical isomerism. (see (d), Structure and Bonding,

below).

¢) Electronic Data.

There is a marked colour change on conversion of
0p2Ti(SR)2 (purple) to complexes I (blue, or for M'=Cr,
green), and this colour change cahnot simply be aséigned
to an LQM'(CO)4 chromophore since complexes III are yellow.

In order to guantify this observation, the u;#./visible
absorption spectira (chloroform solution) of complexes I,

III, and szTi(SR)2>Were recorded. Diffuse reflectance
spectra were also recorded and are very similar to the
solution spectra. The two strong bands observed in szTi(SR)2
(in the range 14,000-50,0000m.-L) have already been assigned

to ligand— titanium charge transfer. (See Chapter 1).

The most marked difference between the spectra of
CpgTi(SR)e and those of complexes I is a shift to lower
energy of both bands accompanied by an apparent broadening,
incipient splitting, and an increese in intensity of the
lover energy band. The low energy feature of complexes I

Seems to contein at least 2 separate absorptions.

Graphical analysis of tais feature (by "mirror imaging"
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the long wavelength tail of the more intense low energy
component) gave & high energy component in a vefy similar
position (approx. lB,OOOcm.-l) to that already assigned to
an S—Ti charge transfer band in szTi(SR)2. (Chapter 1)
It is inferred that this high energy component is the
original S—>Ti charge transfer band of Cp,Ti(SR),,

virtually unchanged after complexation.

The low energy component was analysed more
quantitatively by subtracting from the observed spectra
of complexes I, the absorption, corrected for concentraticn,
assignable to the szTi(SR)2 chromophore alone. This
proceedure seems t0 have been remarkably successful in
view of the crudity of the assumptions involved; a typical
analysis is shown in Figure 2.1. The positions and
extinction coefficients of the bands obtained in this
manner are listed in Table 2.1 under the h;éding "Resolved

lowest energy peak™".

This new band in complexes I is not present in either
of the chromophores szTi(SR)z or L2M'(CO)4 (complexes III
show only one band which can be assigned to charge transfer
from sulphur to M')., The newvw band is not thought to be a
weak band of either isolated chromophore which gains in
intensity on formation of complexes I for 2 reasons.

Firstly, the bands are extremely intense and secondly,



Figure 2.1

Abs.

T
650 n.m.

50 21 20 19 18 17 . 16 cm.”! 107

ex perimental spectrum of Cpé&iEﬂb]QHo(CO)4.

1

R spectrum of Cp2Ti(SMe)2 corrected for concentration.
F---l = curve obtained by subtracting spectrum of szTi(SMe)2

from spectrum of CpsTi|SMe |,30(CO),.
2 2 )y
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there is virtually no loss of symmetry around Ti and M
on formation of complexes I as compared with CpéTi(SR)z‘
and RSCH20H2SRM'(CO)4. See (d), Structure and Bonding,

below).

The new band is therefore assigned to a transition
involving both of the metal atoms. It could be regarded
as a charge transfer band (or possibly, in the formalism
of Ib, a J‘——>Uﬁorc=——>n transition)., The high intensity
of this band indicates that the transition moment can
be assigned considerable l-centre character and hence
overlap or mixing of the orbitals on the two metals must

be appreciable.

Although electronic spectra can never give direct
information about bonding in the ground state, this result
is consistent with ( and, if no other information were

available, would suggest) considerable metal-metal bonding.

Another point arising from the elec tronic spectra of
complexes I ic that the hizher energy bvand, at 27,6OOcm.“1
in Cp,Ti(SMe), and at 26,oc>0<:m.'l in szTi(SPh)z, has
moved to lower energy onformation of complexes I. If,
as suggested in Chapter 1, this band can be assigned to
charge transfe£ from the cyclopentadienyl rings to titanium,
it is possible to arzue that since titeanium is now receiving

electrons from 1, charge transfer from the rings to
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titanium should move to higher energy. On the other hand,
the presence of more electronic charge on the rings, as
shown by the upfield shift of the cyclopentadienyl proton
resonances may make charge transfer from the rings to
titanium move to lower energy. Comparison of the
frequencies a2t which the corresponding charge transfer
occurs in Cp,TiCl, snd szTi(SR)2 shows them to be very
similar, (See Table 1.3) although the cyclopentadienyl
proton resonances are at lower field in the former. This
suggests that there is no simple relationship between the
chemical shifts of the cyclopentadienyl protons and the
energy of charge tranfer from the rings to titanium,
Similarly, in complexes I, there does not seem to be any
correlation between the charge trangfer from the rings to

titanium and from ' to titanium.

d) Structure and Bonding.

- 62

The molecular siructures of Cp2TiL§H%]2Mo(CO)4 (4)
61

and CppTiSs  (B) are shown in Figure 2.2 and Table 2.2

lists some of the corresponding bond lengths and angles.

The mein point that emerges from a comparison of A
and B, is that the two bridging sulphur atoms in A are
being forced apart. This widening of the S-Ti-S angle

leads to a contraction of o in A as compared with the
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Table 2.2 Comparison of some bond lengths and bond aaglec

in Cp2T1[S e_]gﬂ (00)4 (4) ang Cp2T185 (B).

(8ec also Figure 2.2)

A B

A o N

STiS 99 .9* 94.6 (8, 7i85)
129° 133,6°

. A ]
TiSko 83

A [

;3 107°
T18182 T
§---5 (non-bonded)| 3-784 5.58% (S1---S5)
Ti-1o , 3,324

Table 2.3 3Bond angles in some dinuclear complexes.

A
Complex IBE BN3B
I=TFe o
' Tel (P °
.OC)E;el E&ez]]z s 102.4 77 .4
(OC)“dltr]] 96° 82°
- B =3r

tBP(oc)ﬂm [?ngj 101.9

onl‘.;e?(OC)u [bn“-.e] N 71.5° 103.;
? ? 2] |2 3 =3n

gV

L___l
o n W
6“
~J
@D
MQ
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corresponding angle in B. These comparisons added to the
facts that the S5-lio-S angle has been opened up from a
probable 90° in IIT to 94.6° in A and that the Ti-S-lo
angle in A is only 83° as compared with 107° for the
Ti-Sl-Sz engle in B, suggest that the metal atoms are
trying to get as close together as possible.

All the bridged dinuclear transition metal complexes
requiring metal-metal bonds, for which structures are
known, show effects similar to those noted above, i.e.
the Y-B-M angles become acute and the B-M-B angles become
obtuse in the central HMBLMB ring. This point can be
illustrated by the bond angles found in the‘complexes
listed in Table 2.3. The complexes'ECm)sFeI Pmeé]}271
and [}OC)4Hn'§r]]272 have no metal-metal bonds whereas
[(EtBP)(OC)BE.’io [PE.Ee2]]229 and [SnMeB(OC)BRu [S“Hea]]zm have
metal metal bonds. XEach of the complexes has a planar

MBMB ring.

The crystal structure of Snlle (OC)zRuASnMe Ru(CO)_ SnMe

33 > 212 P’ 3

is particularly interesting since the C-Sn-C angle in

the Snlfe, bridge is 109 ° whereas the Ru-Sn-Ru angle is
71.5°. This shows that the Sn-C bond, and hence the
Sn-Ru bond zre still formed from sp’ hybridised tin,

but the attraciive force beiween the two Ru atoms is

(-]
strong enoush to contract the Ru-Sn-Ru angle by some 37.5 .
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The Mo-Ti distance of 3.32L in Cp2TiE3Me]2Mo(CO)4

seems very lonz compared with metal-metal bond lenzihs

. - - . o
in related conplezes (normelly in the range 2.5-3%.01,

although longer bonds have been observed in complexes

nd 28

of 2 and Brd row elements) but, as pointed out by Dahl
and others , there are restraints on the closeness of
approach of the two metal atoms. The factor which normally
determines the metal-metal bond length is the size of the
bridging atom: the larger the atom the longer the metal-
metal bond. Thus, in a hypothetical case, a chlorine-
bridged complex will have & shorter metal-metal bond

than the corresponding iodine-bridged complex, simply
because of the greater bulk on iodine as compared with

chlorine.

Since sulphur is a relatively small atom, and Fe-Fe
distances of 2.72E and 2. 5/_‘g have been observed in
I:(O‘I) I‘e kol ]] 75 and [OC) [sm]] , Tespectively,
(the latter cannot constitute an exact analogy since the
FeSFeS ring is puckered) a shorter Mo-Ti distance -might
have been expected if the size of the bridging atom was
the only factor involved in determining the Mo-Ti bond
length. 1In szTi[Sré] O(u0)4, it is not so much the size
of the bridging atom, but the steric interactions between
the tvo cyclopentadienyl rings tiat are thought to

determine the o-Ti bond length. If the Ti and 1Mo atons
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were moved closer together the S-Ti-S angle would have
to become more obtuse, leading to further closing of o
regulting in very close agpproach of the cyclopentadienyl

rings.

There may also be a steric repulsive force acting
between the two halves of the complex across the TiSHoS
ring on the side of the S-nethyl groups since the carbonyl
group attached to Mo on this side of the riang is pushed
away from the ring. Such a force would also oppose closer

approach of the metals,

The similarity between the solution spectra and the
diffuse reflectance spectra of A and of related complexes
examined, and the general similarities in the physical
properties of these complexes, indicate that there is no
mgpr change in solution and fhat all the complexes I

may be presumed to have a basically similar structure.

The cyclopentadienyl proton resonances (as shown in
Figure 2.4) observed in the lHn.m.r. spectra of complexes I
(R=MNe) may readily be understood if geometrical isomerism
takes place. Cisoid (lec) and trensoid (ld) isomers
(Figure 2.5) ere present, the former, which is found in

the solid, being predominant.

Interchanze of fthe two isomers 1s slow or non-existant
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2100 2000 1300 cm.

Figure 2.3 Infra-red carbonyl stretching frequencies in

Cp Tl[ ] Mo(CO)

Figure 2.4 “Ean.a.r. spectrum of the cyclopentadienyl

protons in Cp2'1‘i [CT.E@]Z'.‘I(CO)4
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Figure 2.5 Geometrical isomerism in Cp2Ti[SR]2L’£'(CO)4.



below 20°C, but rapid (on the lHn.m.r. time scale) at
50°C. Hy is in 2 detectably different environment fron
EIP since the cffects of & subsitituent at sulrphur differ
from those of a lone pair. This accounts for the two
strong peaks of Figure 2.4, and can be compared with the

resonances observed in Cp2TiS and CH,Sg (See Chapter 1).

5
The weaker peak in between these is due to the ring
protons (both sets of which are equivalent) of 1d.

Since the S-methyl protons experience virtually the same

environment in lc and 1ld, the methyl proton resonances

cannot be separated,

Spectra of the complexes I (R=Ph) could not be
obtained a2t -35°C because of their insolubility in chloro-
benzene at this temperature. At 20°C a single rather broad
peak (half peak height width around 3Hz.) was observed for
the cyclopentadienyl ring protons. Since it seems
unlikely that interconversion of isomers would be faster
for the phenyl than for the methyl derivatives, it is
inferred that the phenyl derivatives are present almost
exclusively in the transoid form (1a) at room temperature.
This difference in behaviour between methyl and phenyl
complexes may be assigned to steric repulsion in the

hypothetical species lc, R=Fh.

The spectroscopic data for complexes I indicate an
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appreciable amount of metel-metal iateraction and, taking
into account the structure of 1(1 ] o 00)4, a direct
meiol-metel bond is sugzested. It could still be arsued,
however, that the metal-metal interaction might be relayed
through the vacant sulphur 3d-orbitals, Direct interaction
is favoured because a strong tendecy to relay electron
density through the sulphur 3d-orbitals would probably
tend to shield the S-methyl protons to a greater extent
than is observed. (An accurate estimate of the amount of
shielding felt by the S-methyl protons cannot, in fact,

be made as the chemical shifts of the S-methyl protons in
the hypothetical species (la), where there is no MN'—Ti
donation, are unknown). The small upfield shift that is
observed is thought to arise from the increase in electron
density in the TiSH'S ring as a whole, brought ébout by

the formation of the M'—3Ti bond.

As pointed out in Chapter 1, the titanium atom in
CppTi(SR), has a vacant orbital. This.orbital, s$ill
Present in complexes I, can be equaied (Table 2.4) with
a d-orbital, or a 3d, 4s, 4p, hybrid (in the co-ordinate
system of Figure 2.56) directed towards l'. This orbital
can accept electron density from the d(z2-x2) orvitel

on M' to form theli'=2Tibond waich is responsible for

the unusual properiics of complexes I. (The unusual lebel,
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C.H \S/cho
55 (R) 8

Figure 2.6 Co-ordinate axes for discussion of bonding

in Cp,Ti [SR]zi.f'(CO)4

Table 2.4

Orbvitals Representations Spanned
CaHa(al) a; + Dby
Csms (e(z)) a; + b,
CSHS(e(x)) a, + by
S-Ti al + bl
Ligend Orbitals 5a1+- a2+-2bl+ 2b2
Ti 3d 2aq + a2+ b, + b,

4s al
- 4p ay + by + by
Yetal Orbitals 4al+ 2o 420y +2b2
Vacant lletal Orbital 2y
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a(z2-x2), for a d(th) orbital is an artefact of the

co-ordinate system).

Dative metal-metal bonds, formed by a transition
metal complex acting as & Lewis base, are fairly common

in complexes containing a main or post transition group

element and a transition metal, but are rare for complexes
containing only trancition metals., CpolioH, and Cp,TH,

have been used extensively as Lewis bases, forming

76 77

complexes such as Cp2wTI BF5 ’ Cp2WH2A1Me5 , and

:l-;2
CpZMoHQMo(CO)578. CpCo(C0), has similarly been used,

forming complexes, mainly with mercuric halides, of the

type CpCo(CO)2Hg01279. There is no reason %o suppose that
the "dative" bond formed in the above complexes is any
different from the normal, covalent type of meital-metal
bond, e.z. the Co-Hg bond length in CpCo(CO)QHgClé is
2.585°0 as compered witn 2.50% in (00(0034)23g81. A

related type of bond is that formed between two atoms of

the same metal, but in different oxidation states, as foung2
in (OC)BF9C65802Fe(CO)3 , where there is donation from

Feo to FeII. The Fe-Fe bond length of 2.49K is similar
to normal Fe-Fe bond lenzihs in organomeiallic complexes.
Metal-metal "dative" bonds have now come to be accepted,
so much so that Lewis bvasicity has been the subject of

. 83
& Tecent review .
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It should, in conclusion, be mentioned, as has been

21 :
pointed out clsewhere , that because clectrons are being
a y Tt e i - R 3 + . .
donated to II' by sulphur, and to Ti by ', the assignment

of oxidation states to Ti and M' in complexes I is
uncertain and probably arbitrary, although the two
components used in the preparations, szTi(SR)2 and

norbornadiene—M'(CO)4, contain ™1V anda 1 ° respectively.

3) Properties of Chelatinz Diphosphine or Diarsine

] I .
PalladlumI or PlatlnumII dijﬂ—organothio tetra-

carbonyls of Group VI, (L-L)_;I[SR]ZTE'(CO)LP 11,

(L-L=1,2 vis divhenylvhosphino ethane, O-phenylene

bis-diethylarsine; = Pd,Pt; R=UMe,Ph; M'=Cr,io,7).

The complexes (L-L)M[%R]ZM'(CO)4, II, prepared,
with their infra-red carbonyl siretching parameters and
frequencies, and diffuse reflectance u.v./visible spectra
are given in Table 2.5 together with similar data for

related complexes.

These data, together with the analytical figures of

complexes II are consistent with sitructure Ila.
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Table 2,5 Complexes II, (L-L)M[SR]zM'(CO)AL

and related complexes.

Elec tronic Spec tra.

, AJmax,
P—P = Ph,PCH.CH,PPh,|  Infra-red Spectra. e o Spec tre from
is—As =0 H,(AsEt.) {Reflec tance CHClz Soln.
| CHEl gmi b ard spectra(cm, )| (oms: &
5 olLn, Y <
[¢]
P—PP4 [SMe ] _Cr(CO) 1978, 1856, 22500
2 4 |1849, 1806. -
P—-PPdlEMe]2Mo(co)4 2003, 1893, 14.530.54 22700
. __|1863, 1823, e
P—-PPd[EMeJZW(co)4 1994, 1390(br)| 14.40| 0.57 22200
1855. U, R ——
P-PPt‘EHe}ECr(CO)4 1994, 1884, 14.42|0.57 22700
1861, 1817.
P—PP% [SMe ], Mo(C0), ]2005, 1895,  |14.49/0.58 | 23500
‘ 1860, 1817. .
p—PPt [sMe] Ww(c0), |1998, 1881, |14.38/0.59 | 24100
2 - 1853, 1811. o
As—AsPd [Se ,Mo(C0) ,f 2004, 1886, 14.4110.66 | = 23000
113851, 1810.
P——PPd[§Pﬁ]2M0(00)4 2003, 1890, 14.50[0.51
1861, 1820. -
P—pPt[SPa] Mo(CO), |2006, 1891, |14.55]0.46
2 4 |1s64, 1827. V
As—AsPd [SPn ], Mo(CO) | 2008, 1896, 14.55|0.46 21000
H1864, 1821, o )
P—PPd(SMe) 22400 22000 €2.52)
( 2 24400 24300 (2.43%)
P—PP4(SPh) 1 21200 (3.04)
- IR S - IO S . .
P——PPt(SMe)2 25900 26000 (2.15)
P—PP4(SPh), | 25000 (2.53)
As—-AsPd(SMe)2 22800 22700 (3.15)
As-AsPd(SPh)z | 22500 21600 (3.15)
MeSCHQCHZSMeCr(CO)Z 2020, 1914, 14.98 26300 (2.60)
1898, 1869. o
MeSCHZCstMeMo(CO)Z 2030, 1919, 15.07 27600 (3.2)
1905, 1868. ' )
MeSCH20H2SMeW(CO)Z {2023, 1910, 14.97 27000 (3.30)
1897 ! 1867 ° IRRRUUUUN EVRSOURR PRSP -
PSCH pCH,SPAW (CO) , 5027, 1905(br)|15.01] ‘ \ 27700 (3.15)

1870. | » 1

a., Infra-red spectrum from ref.70,.

b. All peaks are strong. The peaks belonging
to complexes II were defermined by running
successive spéétra, and removing those peaks
which gained in intensitj. 4 typical spectrum
is shown in Figure 2.8,

¢. Nujol mull, complex too unstable in CHCl3
d.o AI{= .l-i

-k ’
RSCH,CH,SRM' (CO), (L-L)M{%R]QM'(CO)4

(br broad peak)
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2) Infra-red Data.

The infra-red carbonyl stretching frequencies and
stretching parameters of complexes II are lower than
those of complexes III (RSCHZCstRM'(CO)4). Taus, the
introduc tion of an element, Pt or Pi, less electronezative
than carbon, has P&s the predicted effect of lowering the
carbonyl stretching frequencies and stretching parameters,

(see 2a, Infra-red Data, above).

b) Elecironic Daia.

The diffuse reflectance elecironic spectra of complexes
II are similar to the solution spectra (Chapter 1) and
the diffuse reflectance spectra of (L-L)M(SR)2 in the range ‘
14,000-30,000cm.'1. The lowest energy pezks
(22,000-26,000cm.-1) in (L-L)H(SR)2have been assigned ‘
(Chapter l) to a d—»d itransition in M. The transitions -
observed in complexes II are in approximately the same
positions as those in (L-L)M(SR)2 when M =Pd, but are at
slightly lower energy when M=Pf{. The bands in complexes II
are therefore assigned to0 & d—>d transition in M. They
are not assigned to a transition involving N' since the
bands observed in the solution spectra of complexes III

-1
occur at somewvhat higher energy (=R27,000cm. ).
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A "tailing off" effect on the low energy side of the
observed bands in complexes II may arise from crystal
effects since the spectra are those of solids, or %he”tail"
may be made up of weak, spin forbidden d—d transitioas
in M or iII'. As this "tailing off" effect is more marked
when M'= % than when M'= Cr,lo, it is suggested that the
transitions involve electrons on M', and that the transitions
are more marked when M'= VW becauée of increased spin-orbit
coupling in the Brd row element84- Therefore, if the "tailn®
arises from genuine transitions and not from crystal
scattering effects, the transitions are tentatively

-

assigned to spin forbidden d—d transitions in M!',

From the infra-red and electronic data, the properties
of complexes II are consistent with structure IIa, where

there is simple g~donation from sul phur to M'.

The lHn.m.r. spectra of complexes II were not obtained
because of their rapid decomposition in solution. Had
these spectra been obtained, it would have been possible
to compare them with those of complexes I. Such a
comparison might well have given & better idea of the
chemical shifts of the S-methyl protons in the
hypothetical species la, and hence a more accurate estimate

of the shielding of the S-methyl protons in 1b might have

been possible. (See 2d, Structure and Bonding, above).
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¢) Structure and Bondine.

The MBMB ring, in all bridged dinuclear complexes
where no metal-metal bond is postulated, has been found
to be planér. As the infra-red and electronic data give
no evidence for a metal-metal bond in complexes II, the
MSM'S rings are expected to be planar. Also, thé SHS
and SM'S angles are expected to be acute since M and M' will
tend to repel each other as they each have eleciron pairs

which point towards each other in the plane of the ring.

In some cases, the repulsive forces between the two
metal atoms are sitrong enough to confer a2 polymeric, rather
than dimeric, structure on the complex, as has been found,
"for example, in ((ON)zcoI)nzs. A polymeric structure, as <7
in Figure 2.7, is thoﬁghf unlikely to be the structure of
complexes II since such a structufe would heve higher entropy
than the dimeric s itruciture, iIa, because the "ligands",
(L-L)M(SR)Z, are no longer chelating. Also, a polymeric
struc ture would probably make complexes II more insoluble
than is observed. (Complexes II are fairly soluble in
polar solvents, but decomposition is rapid thereafter).

A polymeric struc ture such as shown in Figure 2.7, cannot
be ruled out solely on infra-red evidence as this polymeric
structure is derived from cis-substitution of the metal

hexacarbonyl, as is IIa, and would probably give rise to a




IT.

ible polymeric struciure

2.7 Poss
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carbonyl siretching frequency pattern similer to that

observed., (A typical spectrum is shown in Figuré 2.8).

There is a possibility that the complexes (L-L)M(SR)2
could behave as 6 electron donors, using, in addition to
the lone pairs on sulphur, one of the lone pairs on M,

giving a complex such as II',

R

L\ ,/S\l ‘
CL/M-\—E'},H (CO)3
R

IT!

II' cannot be ruled ou% on the basis of analytical
figures for complexes II since the carbon analyses for II
and II' differ by only 0.5%. Also, determination of %CO
in dinuclear complexes of fhis tyrpe has been i‘ound85 £o give
irreproducible results. II' can, however, be ruled out

‘because of the observed number and pattern of carbonyl

stretching frequencies in complexes II.

The orbiials on M and M' in complexes II which are
directed towards each other are filled, so that, as well
as tending to push the two metals apart, there may be a
tendency for t@e electron pairs to be concentrated on their
respective metals. This means that M', in complexes II,

may well feel a higher electron density then in complexes

IITI, not only because of electronegativity differences,



] ] | :
2000 1900 1800 cm.‘l

Figure 2,8 Infra-red carbonyl stretching frequencies

in PhQPCH

s 3T w \
,CE, PP, Pt [oL-.e]zu (co) 4
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but also because of this {rans-annular repulsion effect.
Therefore, in complexes II both decreased electronegativity
and repulsive effects may coniribute to the overall lowering
of the carbonyl stretching frequencies and parameters as

compared with those of complexes III.

The carbonyl stretching frequencies and stretching
parameters of complexes II seem indevendent of M and M',
but slightly dependent on the nature of L-L and R.

Changes in L-L and R would be expectéd to change both

the electironegativity and size of the orbitals on M, the
latter being, presumfadbly, directly related to the magnitude
of the repulsive forces between M and l'. Since the
electronegativity of I and the repuisivé forces between

M and M' may be connected in this way, it is not possible

to say whether repulsive forces are significant, and, if
they are significant, how much they contribute to the
overall lowering of the carbonyl stretching frequencies

and stretching parameters in complexes II as compared with

complexes IITI.

The fact that the carbonyl stretching frequencies and
stretching perameiers are independent of M is rather
surprising since, as was pointed out in Chapter 1, platinum
Seems more elecironesative than palladium in (L-L)M(Sﬁe)2.

This may possibly indicate that the difference in
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electronegativity between Pd and Pt is too small +to have
an effect on the carbonyl groups on M', or that the
electronezetivities of Pd and P% in (L—L)M(SMe)z are
modified slightly differently when (L-L)M(SMe)2 is
complexes onto a Group VI metal. This may account for the
smaell differences observed in the electronic spectra of
complexes II (L-L:Ph2PCHZCHZPPh2; M =Pt; R=1Me) as
compared with the spectrum of PhZPCH2CH2PPh2Pt(SMe)2.

It was postulated in Chapter 1, that the vacant
orbital on M in (L-L)( SR)2 will approximate to & p,
orbital in the co-ordinate axes of Figure 2.9. Since
there is a vacant orbital on I, there is a theoretical
possibility of an M'-—M bond being formed. Inspection
of the available orbitals on }' shows that this MM

bond would have to be = d(xz)—ép 17-bond, unsupported by
z

any o-bond, &as shown in Figure 2.9.

Figure 2.9 Theoretical il'-X bond in complexes II.



54
There is, however, no evidence to suggest that such
a bond exests, or more precisely, if such a bond exists,
it must be very weak as compared with the M'-Ti bond in |
complexes I, since the spectroscopic evidence for a
metal-metal bond in complexes I is completely absent
in the spectra of complexes II. Therefore, a formulation

such as IIb can almost certainly be ruled out.

R
L S
...~
CL/Misg/;w(co)4
R
IIb

Metel-metal #7-bonds are not compietely unknown in
organomeiallic chemisiry, but they are rather rare.
Nesmeyanov86 has postulated the presence of an Nb-Nbzbond
in [Cpr(CO)PhZC ]‘2 to account for the short Nb-Nb
bonding distance as compared with that observed in
KNbI487. This postulated Nb-Nb 7-bond is, however,

supported by a o -bond; unsupported 7-bonds are unknown.
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CHAPTER 3

The Complexes (szgi[éR]zgggln

From their analytical figures, the complexes formed
by the reaction of szTi(SR)z (R=Me,Ph) with

(1,5cyclo-octadiene—CuX)2 (X=C1,Br) have the empirical

formula szTi[SR]ZCuX, IV. When these complexes were
reacted with phosphines, szTi(SR)2 was liberated,

suggesting that Cp2Ti(SR)2 remains intact in complexes IV.

Complexes of empirical formula~RSCH20H28RCuX, v,
(R= Me,Ph; X =C1,Br) were prepared by'the reaction of
CuX2 and RSCHgCH2SR in the presence of triphenyl phosphite,
which acts as a reducing agentsa. The same complexes (V)
could not, however, be prepared from the reaction of

(1,5cyclo-octadiene-CuX)2 with RSCH2CH23R.

It has been found that the complexes (di-olefinCuX)

differ markedly in their molecular struciure depending on
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the di-olefin used, e.g. l,5cyclo=-ociadiene-Cull,

norbornadiene=CuCl, and cyclo-octatetraene-CuCl have been

91

. .. 3
found to exist as a dimer 9, & tetramergo, and & polymer” ,

respectively.

The complexes of empirical formulae szTi[SR]zcuX

and RSCH2CH SRCuX therefore probably exist in the forms

2
(szTi[SR]zcuX)n and (RSCHZCstRCuX)n where 1 is greater
than 1, However, it is not possible to say, since
molecular weights could not be obtained, whether n has

the same value in IV and V, or whether n varies in each

~set depending on the nature of R and X.

It will be assumed that both Cp2Ti(SR)2 and RSCH2CH2SR
behave as chelating ligands, so that the copper containing

complexes have the forms IVa and Va

R
R S
=
cP\Ti/sxcu/x\ ?Hz \Cu/x\
Cp’/ \\S’z n CHo /7 n
R ~s
R
Iva Va

Further, since complexes IV (R=Me) were formed very

89

readily from (l,ngplo-octadiene-CuX)Q, which is known to

exist as a dimer, in the solid state at least, it is

Sugges ted that in complexes IV (R=1%e), n=2.
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The failure to prepare complexes V from

(1,5cyclo~octadiene-CuX)z, suggests that in complexes V,

n may be greater than 2.

The preparation of complexes IV (R=Ph) via

(l,5qyclo-octadiene—CuX)2 did not go as readily as when

R=Me, so that the value of n in IV (R=Ph) is in some
doubt. Although it was found (Chapter 2) that in the
preparatioﬁs of complexes I and Ii the reactions, with a
given Group VI metal, were slower when R=Ph than when
R=Me, in the reactions of Cp2Ti(SPh)2 with

(l,5cyclo-octadiene-CuX)2 there may well be time for

isomerisation of the latter to take place leading to a
form other than a dimer being present as the reactive

species.

If n=2, complexes IV and V will have structures
similar to IVb (Figure 3.1), whereas if n is greater than 2,
struc tures similar to IVc and IVd are 1o be expec ted.
N
(In FPigure 3.1, the "ligand" RS SR represents both

RSCH,CH,SR and Cp,Ti(SR),).

As the complexes IV are highly insoluble, only those
techniques which can be applied to solids could be used
to investigate the properties of these complexes. The

three techniques used were, X-ray powder photography,
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RS SR RS\/SR RS SR

gure 3.1 Possible structures of the complexes

(Cp2Ti[éR]20uX)ﬁ. n=2,4, and a large number

in IVb,IVec, and IVd4d respectively.
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diffuse reflectance electronic (14,000-50,0000m.—1)

spec troscopy, and far infra-red (40-400cm.~l) spec troscoDpy.
The information obtained from the first two of these %tech-
niques will be discussed here, but the far infra-red
spectra will be considered, with similar data for all the
heteronuclear complexes prepared, in the following

chapter.

The powder photographs of (szTi[SMe:‘ ,Cucl), and
(szTi[SMeJQCuBr)n are very similar, sugzesting that n
may have the same value in each complex: the value éf n
is thought to be 2, for the reason already mentioned above.
The powder photographs of the phenyl anzlogues are similar
to each other, but differ noticeably from those of the
methyl complexes, suggesting that in (Cp2Ti[SPh}ZCuCl)n
and (szTi[SPh:I2CuBr)n the value of n is the sane,
al though its value may differ from that in the analogous
methyl complexes. Little emphasis can, however, be

Placed on these results, as they only give informatfion

about crystal, rather than molecular sitructures.

The bands observed in the diffuse reflectance
electfonic spectra of complexes IV, together with those
bands observed in the spectra of CpyTi(SR), are listed in
Table 3.1. Typical spectra of complexes IV are shown in

Figure 3,2,



Table 3.1

Bands observed in the electronic spectra of complexes IV.

Complex Observed bands (cm.-l)
szTi(SHe)z 26600 19000
Cp2Ti(SPh)2 25000 18300

-~ -t :

(Cp,Ti|Sie [,CuCl), | 27700 20200 15300
(szTi Site 2CuBr)2 277C0 20200 15800
(Cp,Ti _SPh_zcuCl)n 26300 21000 17300

= -

(szTi SPh 20uBr)n 26300 21700 17300
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Figure 3+2 Diffuse reflectance electronic spectra of

(a) (Cp,Ti [SMe]QCuBr)Q and (b) (sz‘l‘i [SPh]2CuCI)n.
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The most noticeable feature in the spectra of
complexes IV, as compared with those of Cp,Ti(SR),, is
the appearance of a2 new band at l7,3000m.-l in
(CpQTi[SPh]ZCuX)n and at 15,300 and 15,800cm. © in

(szTi[SMe]zcuX)n with X =C1l and X =Br respectively.

The two high energy bands at 20,000cm. * and 27,000cm.” %

(approx.) are assigned to charge transfer to titanium
from sul phur and the cyclopentadienyl rings, respectively,
by analogy with the solution spectra of CpyTi(SR)s. (See

Chapter 1).

The new band in complexes IV is thought to arise from
a transition involving both mefals, in much the same way
as was suggested for complexes I. (See Chapter 2). 1In
complexes IV, a Cu—Ti charge transfer, as in IVe, is

pos tulated.

Depending on the value of n, the molecular sitructure of
complexes IV will vary, but, considering only one Ti3CuS
ring at a time, the symmetry around Ti is similar to

that in Cp2Ti(SR)2, so that the new band is not thought .
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to arise from a weak band in szTi(SR)2 which gains in

intensity on complexation. The band is not thought to be

P X
associated with any transitions involving the \S@ﬁ(/

7
system'since complexes V are white. On the other hand,
since the extinction coefficients of the bands are unknown,
the relative iﬁtensities of the bands are unknown and it
is not possible to assign this new band completelyv

unambiguously.

Unlike the corresponding spectra of complexes I, the
high energy peaks in Cp2Ti(SR)2 have moved to even higher
energy on formation of complexes IV. The increased energy
required for these transitions to take place is to be
expected if the copper atom is now pushing electrons onto
titanium, as in IVe, making the titanium atom less
electrophilic. These observations would seem to indicate
that the charge transfer from sulphur and from the cyclo-
Pentadienyl rings is influenced by charge transfer from
copper to titanium. This seems rather more clear cut
than in complexes I, where there does not seem to be any
correlation between charge transfer from the rings to

titanium and from M' to titanium. (See Chapter 2).

Because of the presence of such a charge transfer

band, the existence of a Cu—Ti dative bond is postulated.
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By choosing & suitable hybridisation scheme for the orbitals
on copper and titanium, a suitable filled copper orbital
can overlap with the vacant orbital on titanium forming a
Cu—Ti bond exactly analogous to the M'->Ti bond

postulated in complexes I.
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CHAPTER 4

-1
The FPar Infra-Red Specira (400-40cm. )

of Multi-Heteronuclear Complexes.

This chapter will be concerned with the far infra-
red specira (400—40cm.-l) of the mulfi-heteronuclear
complexes prepared. Each of these complexes has an MBM'B
ring (Bis a bridging ligand and M and ' are transition
metals) which may or may not have an L-M' bond. The
assignments which have been made are, fof the main part,
those associated with -B and M'-B stretching and bending

modes in this 4 membered ring.
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Before considering the individual spectra in detail,
it will be necessary to describe the basis on which the
various assignments, associated with the vibrations of the
M-B and M'-B bonds, have been made. As an example, it will
be instructive to consider one of the complexes discussed
in Chapter 2, Cp,Ti lz'sr;zi\zryzo(co)4 (A), which has a TiSMoS

4 membered ring.

An atfempt has recen{ly been made92‘to work out the
detailed vibrations expecied in homodinuclear bridged
complexes, but the results are not applicable to the
complexes prepared in this present research since these
are heteronuclear species. Also, the assignments made in
the literature report92 are based on unambiguous assignments

from model systems,

In the complexes szTi(S}ﬁ.e)z and I:IeSC}I2CH25b.§eI.{o(00)4

the methylene and/or methyl groups ettached to sulphur

are light as compared with sulphur, and the C-S stretching
frequency is much higher than that of the Ti-S5 and the Mo-S
Stretching vibrations, hence symmeiric and asymmetric

Ti-S and Mo-S stretching vibrations can exist in these
complexes. However, in A this approximation does not hold
since the two metal atoms, or more exactly, the CppoTi

and Mo(CO)4 groups are heavy as compared with sulpaur,

Therefore, pure Ti-S and lo-S stretching vibrations cannot
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exist since the S-methyl groups are restricted in their

motion relative to Ti and llo by being "anchored" to the

heavy Mo(CO)4 and Cp,Ti groups, respectively.

One way of looking at A is to consider the two heavy
groups, Cp,Ti and Mo(CO)4, as being fixed, leaving the
S-methyl groups free to vibrate in between. In this way
the vibrations of the S-methyl groups, as a whole, can
be divided into two classes: those which are in the plane
of the ring, and those which are perpendicular to it.
Vibrations of the S-methyl group in the plane of the ring
can be looked upon as being compounded from Ti-S and Mo-S
stretching and bending modes, whereas those vibrations
perpendicular to the ring &are made u? of Ti~S and Mo-S
bending and twisting modes. TFor the purposes of this
discussion, only those vibrations of the S-methyl groups
in the plane of the ring will be considered. The out of
Plane vibrations which contain considerable amounts of
bending and twisting modes will probably come at very

low frequencies.

In the plane of the ring each of the S-methyl groups,
&s a whole, will have 2 degrees of freedom, hence 4
Possible vibrational modes of these groups are expec ted.
Neglec ting the methyl groups attached to sulphur, the

TiSMoS ring in A has C,, symmetry with the C, axis along
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the line joining the two metal atoms. The individusal
movements déscribed by each of the sulphur atoms in any of
the possible vibrational modes must transform among
themselves under the elements of C2v symmetry. ‘“Thus,
novements of the sulphur atoms as in Ia (Figure 4.1) do
not constitute & fundamental vibration, but those
novements of the sulphur atoms as in Ib,Ic,Id, and Ie
(Figure 4.1) do constitute fundementai modes. These
vibrations transform under 02W<as shown in Figure 4.1
and, as there will be strong coupling between those
vibrations of the same symmetry speciles, i.e. there will
be coupling between Ib and Ic and between Id and Ie,
vibrational modes such as If,Ig,Ih, and Ii are %o be

expec ted.

The prerequisite for infra-red activity is an
oscillating dipole, and the size of the dipole governs the
intensity of the peak observed in the infra-red specirum,
Since each of the vibrational modes If-Ii gives rise to
an oscilleting dipole, as many as 4 peaks arising from
simultaneoqs distortions of the Ti-S and Mo-S bonds can
reasonably be expected in the far infra-red spectirum of A.
The magnitude of the oscillating dipoles may differ in
vibrational modes such as If-Ii and hence there are likely

10 be variations in the intensities of the observed peaks,

and the possibility therefore arises that, of the 4 peaks
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Figure 4.1 Possible vibrations in the TiSMoS ring in

C‘pzTi[SI\-Ie p%0(C0), .
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expec ted, some may be too weak to be observed. The expected
peaks mey also occur over a fairly wide range of frequencies
depending on the relative amounts of bending and stretching

modes which combine to produce the individual virrations,.

If the M~B and the M'-B bonds in the MBM'B ring are of
comparable stirength then the vibrations that have already
been described are to be expected. If, however, the M-B
bonds are very much stronger than the M'-B bonds then
the vibrations in the MBM'B ring are expected to

approximate to pure vibrations of the M-B bonds. In other

words, the spectrum of a complex such as (L) u” /,"(L)
B

in which the M'-B bonds are very weak, will be similar

B
]«r/

to that of the mononuclear complex (L)XA\\ , as far as
B

vibrations in the lBM'B ring are concerned. It should be
pointed out {that the M'-B bonds must be very weakAas
compared with the M-B bonds for the above hypothesis to

be correct since an analogy might be drawn with hydrogen
bonded species such as E-0---H, where a comparatively weak

0---H bond considerably reduces the O0-H stretching frequency.

Certain experimental difficulties were encountered in
Tecording some of the spectra. The fine, powdery form

of some of the complexes rendercd them highly electrostatic,

and when "Rigidex" discs were made up, the complexes tended
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to concentrate on the periphery of the disc, leaving a
very low concentration of the complexes in the centre of
the disc, which is, of course, the part illuminated by the
beam. This resulted in very weak peaks in the spectra,
and the peaks could not, in some cases, be distinguished

from the background noise.

In view of the assumptions made as to the number and
intensities of the peaks to be expected in complexes
containing an IMBI'B ring, 2ll the assignments are of a

very tentative nafure.

1) The comnlexes Cp,.Ti|SR|,2'(c0), (R=Me,Ph; M'=lo,7).
22— c 4

97 . .
Attenpts ’ %o assign the peaks in the far infra-red

spectrum of Cp2T1012 have met with little success.
Comparison of the spectra of Cp,TiCl, (Figure 4.2) and
CpeTi(SIfe)2 (Pigure 4.%) shows that they have an overall

similarity excep:t that the peaks at 246 and 276cm. in
CppTiCl, are replaced by 2 single peak at‘QSOcm.- in
Cp2Ti(SMe)2, and whereas 2 peaks at 360 and 405cm.~l are
found in Cp,TiCl,, in Cp2Ti(SMe)2 veaks at 365 and 39zcm.'l
are observed. The peaks at %65 and 3920m.~l in szTi(SMe)2
are assigned to Ti-S stretching modes. These are in

: L 94 . -
approximate agreement with reported Ti-S siretching

fr i i W i(sz and (N i(s®t). T
equencies in (1 e2)2T1(S t)z na ( e2)5T1( ) he
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N - -1 . X
peaks &t 280 and 305cmn. in szTl(SMe)z are thought to

be due to Ti—cyclopentadienyl ring vibrations.

The spectrum of Cp2Ti(SPh)2 (Pigure 4.4) shows rather
broad peaks at 264 and 307cm.-l which can be equated with
those associated with the Ti-ring vibrations at 280 and
3050m.—1 iﬁ szTi(SMe)2. Peaks at 3%30,3%40,3%58, and 3800m.—l
may arise from stretching vibrations of the Ti~S-Ph
noieties. The vibrations of the Ti-S-Ph moieties would
probably be expected to be more complicated than those of
the Ti-S-lle sequence since there are low energy vibrations
of the phenyl ring in the former which may well combine
with the Ti-S stretching vibrations. (Compare the sDpectrum

of PhSCH,CH,SFh, Figure 4.5).

Broad peaks in the specirum of xeSCHch2SMew(co)4
-1 -
(Figure 4.6) at 95-120cm. and at 384cm. 1 must be
assigned to C-W=C bending &nd 7-C stretching vibrations,

95b

respectively, as described by Jones95a and Lewis . The
weak peaks at 284 and 5040111.-'l in MeSCH20H28MeW(CO)4.can
therefore be assigned to W-S stiretching vibrations. The
corresponding spec trum of HeSCH20H2SHeMo(CO)4 was not

Obtained because of the experimental difficulties mentioned

&bove,

The main feature of the spectra of complexes I

(Figures 4.7—4.10) is the laerge increase in the number
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of peaks in the region 280—4ODcm.—l, as compared with
Cp2Ti(SR)2, even allowing for the vresence of peaks arising
from V~-C stretching vibrations as are observed in
MeSCHZCstMe’H(00)4. This increase in the number of peaks
is particularly noticeable when the spectrum of szTi(SMe)2
is compared with that of szTi[sz.ze]zw(co)4. A1l +the
spec tra of szTi[gMe]zmo(CO)4 were of rather poorer
quality than those of the corresponding tungsten complex,
but the asymmetry on the low energy side of the highest
energy peak suggests the presence of more peaks in the
region 300—5650m.'1 in the spectrum of szTi[%E‘]ZMo(CO)4.
The overall similarity of the spectra of Cp,Ti(SMe), and
CPzTiEfT‘Te]zw(CO)Ar below 280cm.”T

92cm. in the latter, which can be assigned to C-W-C bending -

, apart from the peak at

vibrations, indicates that if any pcaks arising from
simul taneous distortions of the Ti-S and W-3 bonds occur,

-1
they must be in the range 280-400cm. .

Removal of the pesks at 368,376, and 382cm, as being
due to W-C stretching vibrations, leaves peaks at 295,317,
324, and 3450m.-1 which are not present in the spectrum of
CpgTi(SMe)é, al though the peak at 305cm.-1, present in
szTi(SHe)Z, is absent from the spectrum of
szTi[;Mé]zw(CO)4. This last mentioned peak may be equated
with the sharp, though relatively weak peak at 2960m.-l‘in

spec trum of Cp,Ti [ }.-Ee]2‘:‘.'( 00)4
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The peaks which remain, i.e. those at 317, 324, and
3450m.-1, are therefore assigned to vibrations arising
frém simul taneous distortions of the Ti-S and W-3 bonds
in the TiSVS riang. Although similar peaks cannot be
located accurately in the specitrum of Cp2Ti[SMe]2Mo(CO)4,
it is inferred from the asymmetry of the highest energy

peak, that such peaks are present between 300 and 360cm.-l.

The spectra of HeSCHE CHQSMeCr(CO)4 and szTi[SMe]ZCr(CO)4

2
which were obtained were of very poor quality and have

therefore been left out of the ahove discussion,

The differences in the spectra of szTi(SPh)2 and of
complexes I (R=7Ph) (Figures 4.9 and 4.10) lie in the
range 220-4000::1._l which, unlike the differences in tﬂe
spectra of the methyl analogues, covers the Ti-cyclo-
pentadienyl ring vibrations. This suzggests that in
complexes I (R=Ph) the cyclopentadienyl rings are changed
in some way as compered with the cyclopentadienyl rings in
(:pzfj::t(sph)2 itself. The most probable explanation of this
difference between methyl and phenyl derivatives is that
there are éteric interac tions between the phenyl and
cyclopentadienyl rings, whereas no such interactions occur
with the smaller methyl groups. It should be remembered
that there were differences observed in the carbonyl

stretching frequencies of complexes I on changing a methyl
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group for & phenyl group, so that these two observations

may well be related.

The complex nature of the specirum of szTi(SPh)2 in
the range 300—4000m."1 added to the fact that there will
be peaks arising from M'-C siretching vibrations in
complexes I in this region, make assignments of the peaks
arising from simul taneous distortions of the Ti-S and M'-S
bonds very arbitrary. THowever, the peak at 5580m.‘1 in
cpzwi[sph:lzz.zo(co)4 and at 340cm. + in szTi[SPh:lz?I(CO)4
are tentatively assigned to such vibrations on the grounds

that no strong peaks at these frequencies occur in the

spec trum of Cp2Ti(SPh)2.

2) The comvlexes Ph PCM ‘{ Ph "En'] qg O)

(M=Pd,Pt; W= I:Io,T-’)-

Ex treme experimental difficulties were encountered
in recording the spectra of the complexes (L—L)M[éR] m'(CO)
IT, because of the electrostatic phenomenon mentioned
earlier. Of 2ll the complexes II (See Chapter 2) only
2 2
thPCHQCHZPPhQPt SMe]2W(CO)4 yielded spectra with peaks

Ph,PCH,CH,PPh E[SMe} 21,10(00)4 (M =Pd,Pt) and

strong enough to distinguish between genuine peaks and

background noise. The spectre which were obtained, were
-1 :
only satisfactory in the range 240-400cm. . The recorded



T2

spectra are shown in Figure 4.11, and those of
thPCHZCHZPPh2M(SMe)2 (X =Pd,Pt) are shown in Pigures

4,12 and 4,13,

The complex Ph2PCH20H2PPh2Pd[%M%]2Mo(C0)4 shows 2 weak
peaks at 288 and 2980m.n1 and 2 stronger peaks at %20 and
374cm.'1, the last mentioned having shoulders at 358, 364,
and 349cm.-1. The highest and lowest energy shoulders
are probably the same peaks that occur in the spectrum of

Ph,PCH,CH,PPh,Pd(Sle), at 358 and 392cm. Y. The strong

2
peak at 374cm.—l and the weaker one at 364cm. ~ are assigned
to Mo-C siretching vibrafions., Any two of the three
remaining peaks at 288, 298, and SQOcm.—l are sufficiently
different in relative positiops or intensities from those
observed at 280, 3207, and 5200m.—1 in Ph2PCH20H2PPh2Pd(SMe)2
to assign them to something other than pure Pd-S siretching
vibrations. (The peaks at 307 and 3200m.-1 have already
been assigned to Pd-S streiching vibrations, (See Table 1.1)).
Thus the peaks ot 233, 298, and 3200m.-1 in
thPCH2CHzPPh2Pa[§Me 2Mo(00)4 are thought to arise from
simul taneous distortions of the Pd-S and Mo-S bonds in the

PdSMoS ring.

Similarly, -the peaks at 293, 309, and 324cm.”' in

=1
PH2P0H2CHzPPh2Pt[éI%]2M0(00)4 and at 291, 308, and 3%24cm.

in Ph2PCH20H2PPh2Pt[§Hé]Zw(co)4 are thought to arise from
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simul taneous distortions of the Pt-S and 1'-S bonds in

the PtSkoS and PtS7S rings.

On comparing the two sets of results for complexes I
and IT, it is found that in the former, the peaks assigned
to simul taneous distortions of the Ti-S and M'-S bonds
occur at frequencies between the pure Ti-S and M'-S
stretching frequencies. The corresponding peaks in
complexes II occur at the same frequencies as pure M-S
and M'-S stretching vibrations. In this respect the
two sets of results are consistent, dbut it is rather
surprising that the vibrations arising from simul taneous
distortions of the bonds in the central metal/sul phur 4
membered ring do not occur at lower frequencies sincey
28 mentioned earlier, there will be a certain amount of
bending of the bonds which will coniridbute to the overall
vibration. This seemingly anomalous behaviour tends to
contradict conclusions which have been reached elsewhere
concerning the relative energies of metal-terminal ligand

and metal-bridging ligand vibrations in homodinuclear

&
complexes, However, similar, apparently anomalous,

' : T .

behaviour has been reported in homodinuclear complexes
in which sul phur is again the bridge forming atom, so that

the ability to form stirong bridze bonds using its lone

Pairs may be a peculiar characteristic of sul phur.
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3) The complexes (Cp2_'l_“_i_[SRJ20uX)n (R=1Me,Ph; X=01,3r).

If n varies in (szmi[}R}ZCux)n, IV, and
(RSCHQCstRCuX)n, V, (See Chapter 3), the molecular structures
of IV and V will be different, so that assignments of the
peaks in the spectra of complexes IV based on peaks observed
in the spectra of complexes V, are of a very tentative
nature. Nevertheless, because of the lack of available
data, both in this research, and in the literature,
comparisons such as these serve as the only method of
extracting information from the far infra-red spectra of

complexes IV,

The spectra of (MeSCH,CH,SMeCuCl), and

(MeSCHchzsﬁeCuBr)n are shown in Figures 4.14 and 4.15.

The broad peak present in both spectra at 2O5cm.-l is
assigned to terminal Cu-S sitretching vibrations. There
should, in fact, be iwo such peaks, but the broadhess of

the observed peak, even allowing for the inherent broadness
of peaks due to lI-Slle stretching vibrations, since the SMe
group is not an exact point mass, probably indicates that
there are two peaks close together. This frequency (2050m.-l)
is rather low compared with the Cu-S stretching frequencies

13

observed in some cis-1,2dicyanoethylene 1,2dithiolate
copper complexes. However, it should be pointed out that

the C~-S bonds in the latter complexes are covalent rather
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than dative and also the sul pahur atoms in the latter

complexes are attached to CuII” so that the two types of

(u-S bonds are not really comparable. It has also been

wn

sho that M-S stretching frequenéies cover a very

vide range.

The peak at 2720m.-'l in (MeSCH CH2SMeCuCl)n is thought

2

to arise from a copper-bridging chlorine vibration. This

101,88
frequency is rather high compared with that observed

-1
at 228cm. in (l,5cyclo~octadiene-CuCl)2. The assignments

of Cu-S and Cu=Cl stretching vibrations in (MeSCH,CH,SMeCuCl)
. are consistent in themselves in that a weak Cu-S bond would
probably be expected with a strong Cu-Cl bond. Also, the

copper-bridging chlorine stretching frequency in

(1,50xclo—octadiene-CuCl)2 may be anomalously low because

of the high Erans—éffect of the di-olefin.

In the spectrum of (MeSCE,CH,SMeCuBr), no peak which
can be assigned to a copper-bridging bromine siretching
vibration is observed, suggesting that it is masked by the.
Cu-S stretch at 2050m.-l. Support for this suggestion
tomes from.the fact that this peak has gained in intensity
CH

SMeCuCl)n to (MeSCH,CH SMeCuBr)n.

2 22

on going from (MeSCH2

Comparison of the spectrum of PhSCH,CH,SPh (Figure 4.5)
"ith that of (PhSCH,CH,SPhCuCl), (Figure 4.16) (good quality

Spec tra of (PhSCHZCstPhCuBr)n were not obtained) suggests
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that the rather weak peak in the latier at 292cm.-1 is
due to a copper—bridging chlorine stretching vibration,
and that the broad complex of pesks around 180cm. may .
be associated with vibrations of the Cu~-SPh moiety. The
two peaks at 206 and 228cm.-l in (PhSCHZCHQSPhCuCl)n may
arise from similar vibrations to those giving the peaks

-1
at 225 and 23%6cn, in the free ligand, altered in position

and intensity on complex formation.

L
All the peaks in the specira of (Cp2T1[§Me]2CuX)2, v,
(x=C1,Br) (Figures 4,17 and 4.18) below 280cm. L can be
equated with those observed in Cp,Ti(Sle),, with the

possible exception of the peak at 197cm. % in /

s

(szTi[SMe]QCuCl)z. Thus, no peaks can be assigned to
éopper-bridginw halogen vibrations. The main differeﬁces
observed when the spectrum of Cp,Ti(SMe), is compared
with those of (szTi[?Mé]2cuX)2 occur above 280cm. .

No peek is observed in (Cp,Ti [SMeLCuX)2 which corresponds
to the peak at 305cm. ~ in szTi(SMe)z, and instead of the
two strong peaks assigned to Ti-S stretching vibrations

at 365 and 592cm.—l in szTi(SMe)z, weaker peaks at 372 and
5780m.-l in (szTi[SMe]zCuCl)z and at 3?2 and 382cm.-1 in

(szTi[SMé]2CuBr)2 are observed.

. -1
The absence of the peak at 305cm. in (Cp2Ti{}Me]QCuX)2

is difficult to rationalise, but i{ should be remembered
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T
that this peak is thought to have moved to lower freguency
(29scm.'1) in CpZTi[§Mé]2W(CO)4, and therefore it is
feasonable to suppose that‘the corresponding peak in
(chmi[§M%]20ux)2 may be masked by the strong peak at

2800m.-l.

The peaks between 370 and 3820111."1 in (CpQTi[éMé]QCuX)z
are thought to be due to Ti-S stiretching vibrations, only
slightly modified from those observed in Cp,Ti(SMe),.

If there had been & drastic modification involving large
contributions from the Cu-S stretching vibrations then the
peaks arising from simul taneous distortions of the Ti-S =
and Cu-S bonds would be expected at much lower frequencies
since the terminal Cu=-S stretching vibrations in
(MeSCH,CH,SHeCuX ), are observed at 205cm.” . Tt is
therefore inferred that the Cu-~S bond is extremely weak

as compared with the Ti-S bond in (0p2mi[§ue]2Cux)2.

Comparison of the spectra of (Cp2Ti[?Ph]2CuX)n
(Pigures 4.19 and 4.20) with those of (PhSCHZCHQSPhCﬁCl)n
and Cp2Ti(SPh)2 shows much greater diversity than is
observed in the methyl complexes., The differences between
the spectra of szTl(SPh)2, (szTl[éPnJQCuCl)n, and
(szTl[%Ph] CuBr), are most marked above 220cm. "l e
peaks at 267 and 304cm. "L in (szTl[éPh 2CuCl)n and at

-1
266 and 296cm. in (szTi[§P§]2CuBr)n can be equated with
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the veaks at 264 and 307 cm.~l in szTi(SPh)2 although there
is considerable dependence on the nature of the halogen
as to the rclative intensities of these peaks. The stroﬁg
peaks at 230 and 240cm. ' in (szTi[SPh] ,CUET), and the
much weaker ones at 224 and 256cm;-1 in (szTi[gPﬂ]20u01)n
are not observed in Cp,Ti(SPh),. Nothing really constructive
can be said about the peaks observed between 340 and z_J,OOcm."l

in the spectra of complexes IV (R=Ph) since the peaks are

too numerous and very weak.

It is, howevern suggested that the presence of peaks
in the region 220-240cm.”l in complexes IV (R=7Ph) which
are not observed in CpZTi(SPh)z may arise from simul taneous
distortions of the Ti-SFh and‘Cu-SPh'bonds,but, since ‘this
suggestion is of an extremely tentative nature, it would
be unwise to comment on the relatiye Ti-S and Cu=-S bond
strengths in IV (R= Ph). Alternatively, the apparent
changes in spectra between the methyl and phenyl complexes
may, yet again, be related to possible steric interactions

imposed on the system by the bulky phenyl groups.

As was shown in Chapter 3%, all of cbmplexes IV contain
a Cu-Ti bond. As the Cu-S bonds in IV (R=Me) appear to
be very weak, it is suggested that the Cu-Ti bond is
predominant, in IV (R=1Me), in holding the two halves of

the complexes together, whereas in IV (R= Ph) there may well
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be contributions from both the Cu-Ti and Cu-~3 bonds in

holding the complexes together.

4) The comvlexes PhQPCHggggpthgg{.sr.Ie oPacl, (M=Pd,Pt).

The peaks observed in the spectra of the complexes
thPCHchZPthM[SMe]2Pd012, VI, (M=Pd,Pt) are listed in
Table 4.1. (Satisfactory spec tra, in the range 200—5000m.~%
were recorded for the complexes in this, and the following

section, using a Grubb Parsons D,M.4 spectrophotometer).

Table 4.1

Complex Observed Peaks (cm.”T)

thPCHZCHzPPhQPdE‘>I:Ie]2PdC12 318 306 290(br.) 227(br.)

Ph,PCH,CHpPPhy Pt [sr.ze]demg 311 292 266(br.)

br. = broad peak.

The two highest energy peaks in the spectira of both
complexes are assigned to symmetric and &symmetric
Pd-Cl( terminal) stretching vibrations. The other bands
are thought to be associated with simul taneous distortions
of the M-S (M =Pd,Pt) and Pda-S bonds. In the homodinuclear
complex (M =Pd), simul tancous distortions of the Pd-S bonds
can still be treated as if the two Pd atoms were not the

same, as there are different substituents attached to each.
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One of the Pd-S stretching frequencies in

Lmescrlgczigsr.fé9d012 has been observed ! at 228.5’cm.'1, bu t
in some recently prepared mul tinuclear complexes with Sr¥a
bridging ligandslo?, the peaks due to the Pd~S stretching
vibrations were not assigned. The spectra of complexes VI
suggest that there has been a certain amount of weakening
of the M-S covalent bonds (M =Pd,Pt) (compare thePd-S and
Pt-S stretching frequencies in Ph2PCH20§2PPh2M(SMe)2
at 307 and 520cm.-l (1 =Pd) and 309 and 524cm.-1 (1 =Pt),
(Table 1.1)) and hence fairly strong S—>Pd donation is

—

postulated, though it is probadbly not as strong as that in

N’eSCH2C 23"ePdC12-

5) The complex Ph2PCE CE,PPh Pd[Cl:l P4cl,

The complex Ph PCH 2PthPd[f—JlszdClT VII, was the
only member of the series Ph,PCH,CE 2PPh2 ]2PdC12
(1= Ni,Pd, Pt) which was obtained in & characterisable form.
(see Chapter 5). This complex shows peaks at 225, 289, 311,
and 528cm.-l. The two hizghest energy peaks are assigned to
symmetric and asymmetric Pd-Cl(terminal) siretching
vibrations. The two at lower energy are thought to be

due to Pd-Cl(bridging) stretching vibrations.

It is interesting to compare the above complex with the

10
complex prepared ’ by the reaction of (PhBP)QNiCI2 with
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(PhCN)thClz. the latter is a white diamagnetic powder
which analyses for (P113P)2Ni<;12“012 The far infra-red
spec trum of this complex is very different from that of
VII, and is consistent with a siructure such as
PhBP\$ /,Cl Pt//Cl
o r\CJL/ - PPhB.
Sharp peaks are observed in the spectrum at 342 and 424cm.
which can be assigned +to terminal Pt-Cl and terminal Wi-Cl
stretching vibrations, respectively37’104. The assignment
of the peak at 424cm.-1 as being due to an Ni-Cl vibration
is not unambiguous as there are peaks associated with the
phosphine (PhBP) in this region. The assignment is also
based on values57 for teitrahedrally co-ordinated nickel,
and, in order to account for the observed diamagnetism of
this complex, it is probable that the nickel atom is in
a square planar environment. The other peaks in the spectirum
at 226, 247, and ?_820131."1 are thought to arise from the

simul taneous distortions of the Ni-Cl and Pt-Cl bonds in

the NiClPtCl ring.

The probable sitructure of the Ni/Pt complex suggests
that if cis complexes of the form
L\l /Cl\)r” _C1

7 Ner” o

are present in a reaction mixture, they may well disomerise
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to the more stable trans form

// \3
W M
cr” Se1r "‘\
In complexes VI (4, above) and VII in which
L2::Ph2PCH2CH2PPh2 the two ends of the ligand are, for
steric reasons, bound to the same metal atom and cannot
isomerise in the above manner, and must, therefore, remain

in the less stable cis form.
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CEAPTER 5

Attenpted Preparations of Other

Mul ti-Heteronuclear Complexes.

In this chapter attempts will be made to rationalise
—
the results of reactions which, although designed to préduce
mul ti~-heteronuclear complexes, yielded what can best be
described as producis resulting from rearrangements and/or

decompositions of the starting materials and /for reaction

intermediates.
These reactions can be divided ‘into 3 groups:-

a) Reac tions of szTi(SR)2 with transi{ion metal carbonyls,
transition metal carbonyl halides, and other transition
metel halides.

b) Reactions of silanes with one or more transition metal
residues,

¢) Reactions of cobalt carbonyl derivatives with titanium

complexes.
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Reac tions (a) were designed to prerarec complexes

containing titenium and another {ransition metal linked
tqgether by organothio bridzges, as already described in
Chepters 2 and 3. Reactions (b) wvere intended to produce
complexes containing 2 of the‘same or 2 different transition
metals linked oy —SiR, bridges. Using reactions (c) it
was hoped to produce hetero-di and -+trinuclear complexes
containing Co-Ti or Co-Ti-Co skeletons respectively, in
which the 2(3%) metal atoms are joined together by Co-Ti

d-bonds.,

It is easy to say that the desired products were not
obtained because the starting materials or reaction
~intermediates are labile with respect to rearrangement
or decomposition, dbut it is necessary to go a bit deeper
than this, and to postulate reasons why these reactions
failed to procduce the desired products whereas similar
reactions have yielded stable complexes &s described in

the literature, or already discussed in this work,

1) Reactions of CngmiQSR)Q (R=e,Pn),

The experimental evidence suggests that in the reactions
of Cp,Ti(SR), with Mn(CO)SBr, Ru(co)3012T.H.F., and

RuCl,/C0/1e0CH,CH,0Me solution there is transfer of one or

2772

more helogen atoms from the met2l carbonyl halide to
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titenium and transfer of one or more organothio groups
from CpgTi(SR)2 to the other transition metal. The
result of such rearrangzements in tae above reactions is to
give the observed products (Mn(CO)asR)4 and (Ru(CO)BSR)n
together with szTi(SR)Br and Cp,TiCl,, respectively.
(szTi(SR)Br was not observed as such, but its presence
can be inferred (Experimentel Tc¢)). Reactions of this type
have been observed when thi0silaneslo5 and thiostannanes106
are reacted with transition metal halides, especially

Mn(CO)SBr, giving halosilanes or halostannanes together

with the corresponding transition metal organothio complex.

Compared with other transition metals, titaniumIv
seems to ﬁaVe a much stronger affinity for halogens than
for sulphur as it has bveen i‘o'undlo7 that the reaction of
Cp2Ti012 with AgSCF3 gives szTin whereas CpCr(NO>2C1
with AgSCF5 gives CpCr(NO)ZSCFB. The transition metel
carbonyls to the right of Group VI all seem to have a
strong affinity for sulphur judging by the number of sulphur

108
containing complexes of these metals that are known .

The formation of the observed products from the reactions
noted above, can therefore be rationalised on the basis
of the great affinity TiIV has for halogens, and probably,
though toa.leséer extent, the affinity of the other

transition metal for sul phur.



Similar reasoning can be used to explain why the

reaction of szTi(SHe)2 with (PhCN)2Pd012 zives [Pd(SMe)z ]n

and Cp,TiCl,. The complex CpgTi[SPh] PdCl, has, however,

2
10
been claimed 5, which suggests that -SPh groups attached to

titanium are not as labile as the corresponding -Sle groups.

Having mentioned reactions involving (PhCN)de012, it
is interesting to note that although the complex

Ph, PCH,CH,PPh,Pd 01]21><1012, VII, (Chapter 4) was obtained

2
from the reaction of PhZPCHchZPPhZPdCI2 and (PhCN)deClz,
the other members of the series Ph2PCHQCH2PPh2M[§i]2Pd012
(M::Ni,Pt) were not obtained from the corresponding reactions.
The absence of (PhCN)deCl2 from the observed products

by H 1C o )
(Pd012 and Ph,PCH,CH,PPh 1 12? suggests that the desired
products may have a transient existence in solution. If
there had simply been no reaction, (PhCN)deCl2 would have
been expected in the producits. However, (PhCN)deCl2 has

' . ..109,110

been shown to have a trans sitructure in the solid ,
and substitution reactions are thought to go via the

111
dinuclear species

PhCN cl _c1
/
Bpq7 Sy

c1” Sc1r” Swemn

50 that unless the incoming substituent is a good v-donor,
this dinuclear intermediate may decompose to PdCl2 and

liberate PhCY¥ on work up. 4s the halogen atoms in
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thPCHchQPPh2MCl2 (M=Ni,Pt) are probably poor e¢-donors,
the absence of (PhCN)ZPdCl2 from the observed products
may result from decomvosition of the postulated dinucleér
intermediate. On the other hand, the chlorine atoms in
thPCH2CH2PPh2PdCl2 and the sulphur atoms in
Ph,PCHoCHpPPholl(SMe)p (i1= Pd,Pt) would seem to be sirong
enough o-donors to allow formation of the complexes
Ph

PCHZCH PthPd[Cl]deCl2 and Ph,PCH

oPCH ,CH , PPl M [s Me]QPdCl -

2 2

Returning to ligand replacement reactions involving
szTi(SR)z, the great ease of formation of [CpFe(CO)2]2
from iron carbonyls in the presence of a source of
cyclopentadienyl rings, can be invoked to explain its
formetion in the reaction of Cp,Ti(S5Ph), with

maleic anhydride-Fe(CO),. The work required to pull a
4 aq

cyclopentadienyl ring away from titanium, especially one
which is attached by strong covalent bonds, must be

considerable, and illustrates the great stability of
[:CpFe(CO)2]2.

2) Reactions of substituted silanes wifth transiition metal

carbonyl residues.

Over the last few years, many complexes containing

silicon bonded to a transition metal have been prepared.
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Two main routes have been used:-
a) The elimination of hydrogen, by the method of Chalk
112
and Harrod (See Introduction, 2a, p.2).
b) Nucleophilic displacement of a halogen from a

halosilane (See Introduction, la, p.2).

In the vest majority of complexes, each silicon
atom 1s bonded to only one transition metel as, for example,
113 ) 7
5 3/, - Very few

conplexes are known in which the silicon atom forms a

n MeBSiMn(CO) and Fe(CO)4(SiCl
bridge between two or more tramsition metals, as in the
recently reportedll4 (OC)4Co[§iHé]Co(CO)4, and the

unusual complex CHZ:CHSi(Co(CO)4)3115 in which the silicon
atom forms a bridge between 3 cobalt atoms. Complexes
containing other Group IV elementis, notably Ge and Sn, in
which the Group IV element forms & bridge between two

116
transition metals are well known, e.g. I2Ge(Co(CO)4)2 ’

117

4
Ph,Sn(Re(CO) , and (OC)SI.in[SnPhQ]WCp(CO)B .

5)2
The differing properties of Si on the one hand, and
Ge and Sn on the other, in this resvpect, have vproved
impossible to rationalise completely, but in some cases,
may simply arise from the lability or the inactivity of

the reaction intermediates in the silicon series.

The main reactions which were carried out are listed
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in o-d, below, together with the desired products from
these reéactions, (See Experimental, Section lO, for

complete details of these reactions).
it 1 i .
a) zN_aCO(co)4+ C1,Silfe,—> ‘.Ieasl(Co(co)4)2+ 2NaCl.

) 002(00)8+ H,SiMePh — MePhSi(Co(C0),), THy.

(or 2HCo(CO)4 _— 2H2).

+ - ,
c) (OC)4CoSiHeZCl+Na M -——)(OC)4CoSiMe M +NaCl.

2

(M is a metal carbonyl anion).

d) 2CpFe(co)2Sime2H+002(00)8 —_—

QCPFe(co)251(};1e2)00(co)4+32.

There 1s no conclusive evidence -that any of the desired
complexss were present in the mixtures of products obtained
from reactions a-d, and certainly none of the desired

conplexes were obtained in & pure form.

Most of the reactions were carried out at 0°C and
above, and this may consiitute one of the major reasons
why the desired products were not obtained, as HZSi(Co(CO)4)2
has subsequently been obtainedlt4 by the reaction of

NaCo(CO)4 and H,5iI, at -50°C in dimethyl ether.

i
When reaction (a) was carried out in T.H.P. or diethyl

ether a{ roon temperature, the intermediate complex,
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I.Ie28101Co(CO)4, decomposed rapidly to CoCl,. That this
vas, indeed, the complex undergoinzg decomposition was
inferred from the fact that pure z;ze2810100(co)4, prepareci
by the reaction of 002(00)8 and Me,SiHCl, decomposed in
the same manner. Chlorosilanes are, in general, reactive
towards T.H.F., usuelly giving productits resul ting from
ring opening of the cyclic ethex;ls. Thus, unless reaction
(a) is carried out in a more inert solvent or 2% lower

temperatures, it is not applicable to the preparation of

the desired complexes.

119

The complex MeHZSiCo(CO)3 has been prepared by the

‘reaction of 002(00)8 and HESiMe. This sugges+ts that the
replacement of the first hydrogen is easier than the
replacement of the others, so that the 004(00)12 observed

in reaction (b) may simply be a decomvosition product of

the probable intermediate Me2HSiCo(CO)4, as the complexes

1l19a 114
MeHQSiCo(CO)4 9 end I—I5SiCo(CO)4 " readily undergo
cleavage of the Si-Co bond.

The complex MeZSiClCo(CO)4, used in reaction (c), is
less easily hydrolysed than simple chlorosilanes sugges ting
that it is less susceptible to nucleophilic attack. This

seems 1o be the case since no reaction was observed between

Me SiClCo(CO)4 and NaCo(CO)4 in toluene, other than

2

decomposition to Co4(CO)12 at hizh temperatures. Only
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120 v
with the much more nucleonhilic [CpFe(CO); was a
reaction observed at room temperature, but the mixture‘of

produc ts from this reactiion could not be sevarated.

The complex CpFe(CO)ZSiMeZH prepared by the reaction

of NanFe(CO)2 with ¥e,SiHCl wag found to decompose at

2
room temperature, giving [CpFe(CO)2]2 (a recently announced
preparationlzl indicates rather greater stability)

indicating a rather weak Fe-Si bond. Thus, when Co,(CO)g

is reacted with CpFe(CO)zsiﬁezﬁ (reaction d) there may

be cleavage of the Fe-Si bond rather than the Si-H bond
16

leading to the formation of CpFe(co)"_co]zoo(co)3 and

possibly MezﬁSiCo(CO)4 which probably decomposes, as

postulated in reaction (b), to Co4(CO)12.

These observations sugzzest that the failure to prepare
complexes containing an M-Si-I' skeleton may be due to the
chemical properties of the intermedictes, H—SiRZCl and
M-SiRzH (1 and M' are transition metal carbonyl residues).

In M—SiR201 the silicon seems to be deactivated towards
nucleophilic attack whereas M-SiR,H seems to be thermally

uns table.

N

The reason(s) why the intermediates in the germanium
and tin series of reactions give the desired complexes

whereas those in the silicon series do not remains

unexplained, but mey be related to the relative amounts of
’ N
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f-bonding between the Group IV metal and the transition
metal. Although this is zn area of intensive research at

122 , ) L.
present y there 1s not yet sufficient data to atienpt
an explanation of the differences between the silicon and

the germanium and tin series of reactions.

3) Reactions of titanium complexes

with cobalt carbonyl derivatives.

Because of the fairly close analogy that runs through
the chenistry of titanium and the chemistry of tin, and
because complexes containing titanium covalently bonded

. A 123 L
to other transition metals are known , reactions were
studied in which titanium might react in a similar manner

to tin, giving complexes containing Ti-Co bonds.

The reactions carried out, together with the desired
products are listed in a-d, below. (For complete details

of the reactions, see BExperimental, Section 11).
a) CpQTi012+‘gzqaCO(co)4->Cp2rfi(00(co)4)2+2Nac1.
II1I IIX
b) ElpzTi Cl:l2+2NaCo(CO)4—->2Cp2Ti Co(CO)4+ o¥aCl.

c

S

Cp,Ti-0- + 2WaCo(C0), —|Cp.Ti-0 + oNaCl .
[ 2ch L C4 2c'a(c0), |2

i i —C i )
a) Cp,Tile,+ 2%0(00)4 p2T1(Co(CO)4)2+20H4
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In each of the above reactions, the only product which
could be characterised was CpCo(CO)z. As CpCo(CO)2 only
appeared when all the T.H.F, (solvent) was removed it wes
thought that the T.H.F. might have some stabilising
influence on the complex formed initially. When the reactions
were carried out in the presence of triphenyl phosgphine
only PhBPc<>(co)3<:o(co)'31:'13115124 was obtained. In these
reac tions, a-d, it is suggested that something approaching
the expected reaction takes place, but the complex formed
is unstable, and breaks down to give the much more stable

¢pCo(CO),.
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CONCLUSIONS

From the observed results, the ligand replacementv
reaction, in which loosely bound ligands on a transition
metal are replaced by & "transition metael containing ligand",
is the most productive route to multi-heteronuclear
complexes. (Chapters 2 and 3). Nucleophilic displacement
and elimination reactions are found (Chapter 5) to suffer
from the disadvantage that the actual preparation of the
heteronuclear species is a 2 step process, and the products
from the first step tend to be either too stable or too
unstable for the second step to take place. Both of these
types of reaction have been used extensively elsewhere
(See Introduction) to prepare heteronuclear complexes, and
therefore the above remarks are confined 1o those reactions
whereby attempts were made to prepare complexes containing

silicon or titanium bonded to iTrensition metals.

The ligand replacement reaction is limited to a certain
extent in that the potential bridging atom in the

"transition metal containing ligand" must have at least one
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lone pair suitable for donation to another +transition me. .. .

Also,some of the ligand replacement reactions lead %o
complexes which rearrange to give more stable homonuclewnr

complexes, 1llustrating

(=]

that the method of preparation i.

always limited by the stability of the desired complex.

The heteronuclear complexes which were prepared fall

into two groups:-

a) Those which contain a metal-metal bond.

b) Those which do not contain a metal-metal bond.

The complexes cng[sa]zM'(co)ZL, I, (R=Me,Ph; M'=Cr,
Mo,W) (Chapter 2), and (szTi[SR]ZCuX)n, 1V, (R= Me,Ph;
X=C1l,Br) (Chapter 3) are members of group (a), whereas
(L-L)M[SR:]QT.{'(CO)4, 11, (L-L=1,2 bi-s-diphenylphosp’nino
ethane, O-phenylene bis-diethylarsine; M =Pd,Pt; R =1Iile,Zh;

2 VT2
(M= Pd,Pt) (Chapter 4), and Pa,PCH,CH,? Ph,Pd E)lJdeClz,

M'= Cr,Mo,%) (Chapter 2), Ph, PCH,CH,_PPh T’I_Me ,Pacl,, VI,

VII, (Chapter 4), come into group (Db).

The metal-metal bond in complexes I and IV is not
necessary to explain their observed diamagnetism as they
would still be diamagnetic if no metal-metal bond were
present. The me%al—metal bonds are of a dative nature and
can be looked upon as the donation of an electron pair

from M' or Cu to Ti in I and IV, respecitively.
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The closeness of approach of the two metal atoms and
hence the sfrength of the metal-metal bond appears to be
restricted by steric interactions between the cyclo-
pentadienyl rings on titanium. There may also bt a further
limitation on the metal-metal bond strength in I and IV
(R="Ph) because of steric interactions between the cyclo-

pentadienyl and phenyl rings.

From far infra-red evidence, it is tentatively>suggested
that the S—1lI' bond in I (R::Me) is strong and that the
S—Cu bond in IV is weak., There is also evidence that
the Cu-Ti bond in IV (R=‘Me) may be more instrumental
in holding the two halves of the complex together than is

the Cu~-Ti bond in IV (R =Ph).

There appears to be evidence for structural differences
between members of I and IV. Complexes I are thought to
exist in two isomeric forms with one isomer predominating
when R= lle, and the other predominating when R =Ph.
Complexes IV are tanought to exist as oligomers, and the
number of monomer uniis, szTi[E%LFuX, present, may well

depend on the nature of R.

The complexes of group (b) are stable as solids, but
they tend to decompose rapidly in solution. It may well

be that it is the inherent stability of the solids, due to
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lattice effects, that leads to the formation of the

complexes.

These complexes, which do not have a metal-metal bond,
must be held together by donation of one of the lone pairs
on sulphur or chlorine (sulphur in complexes II and VI,
chlorine in VII) to the other metal in the complex. There
is, in addition, in conmplexes II, however, a theoretical
possibility of an unsupported f/-bond between the two
metals, formed by donation of an electron pair from M' to I,
but no evidence for the existence of such a bond has been

found,

It seems probable, although there is no proof, that
all the complexes of group (b) are of similar structure,
having a planar MBM'B ring with acute BMB angles and
obtuse MBI' angles because of the repulsive forces between
M and M'. This structure would be in direct contrast to
the acute TiSlo angles and obtuse STiS and SHoS angles observed
2 ) T ar 62 3
in the molecular structure of Cp2T1 Slie 2M0(00)4 which

has an Mo—Ti bond.

Complexes I and IV are probably best looked upon as
true heteronuclear, or small cluster complexes where the
two metals cannot be regarded separately since the

properties of one metal are dependent on, and are reflected
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in, the characteristics of the other. The complexes II,
VI, and VII which do not contain metal-metal bonds are
best looked upon as complexes of Group VI metals (complexes
II) or palladium (complexes VI and VII) in which two of
the co-ordination sites are occupied by a ligand which
contains another transition metal. In this respect, they

9
are similar %o complexes such as Me,Sn|PPh | _Wi(cCO), .
2 2|2 2

As was hoped (See Introduction) it has proved possible
to obtain information about interactions between two metals
using spectroscopic methods to compare one side of the
complex with the other. Although this information is far
from conclusive for many of the complexes prepared, since
their properties do not lend themselves to the full range
of spectroscopic techniques, the postulates made concerning

complexes I have been confirmed by the molecular structure

62
of szTi[éM;]zﬂo(CO)4 .
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EXPERINENTAL

Section 1.
General.

Instrumentation,

Infra-red spec tra (4OOO~4OOcm.-1) Were run on Perkin-
Elmer Grating Spectrophotometers, models 225, 457, and 257.
Carbon monoxide and the 16050m._1 band in polystyrene were
used for calibration., The electronic spectra (10,000~
40,000cm.-l) of both solids and soluiions were recorded
using a Beckman DE-24 spectrophotometer with a lead sulphide
cell as detector at wavenumbers less than l4,0000m.-land
a photomultiplier tube &t higher freguencies. The far
infra-red spectra (400-4Ocm.-1) vere obtained using an
RIIC FS 720 interferometer coupled with an F.T.C.100
analog to digital computer. The resolution of this
ins trument is tSCm."l and the freguency is checked using
an electronic pulse at l560m.'1. Preliminary lHn.m.r.

Spectra were run at 60M.Hz. on a Varian R10 instrument.

More detailed spectira were obtained at 220iHz. on a
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Varian HR-220 spectromet®n Both instruments were fitted
with cold femperature proves. Magnetic susceptibility

neasurencnts were carried out using a Guay balance.

Microanalyses.

Microanalyses were carried out by C.E. O!'Brien
and his colleazgues at Imperial Chemical Industries Limited,

Petrochemical and Polymer Laboratory, Runcorn,

Reaction Conditions.

Reactions were carried out under nitrogen or in vacuo,
where appropriate. The solvents used, mainly
tetrahydrofuran (T.H.F.) and toluene,, were dried (See
below) and purged with niirogen before use. Reaction
vessels were pumped out and opened to nitrogen 3 times
before introduction of the solvent and reactants. The
solvents which were used under vacuum conditions were de-

gassed after purging with nitrogen.
Solvents.

Toluene, with low sulphur content, was dried by standing
it over sodium wire. T.H.F. was distilled directly into

the reaction flask after it had been dried with NaOH pellets
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and sodium wire, and the characteristic blue colour had
been obtained on addition of further sodiunm wire and
benzopnenone. !‘ethylene chloride was dried by running it
down an activated alumina column, All other solvents used

were "AnalaR" and no special drying techniques were employed.

The progress of certain recacitions was followed by changes
in the infra-red spectrum of the reaction mixture. This
technique was used most extensively in reactions involving

metal carbonyls.

Starting materials, unless otherwise stated, were

prepared by the method given in the attached reference.
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Section 2.

Preparation of Some Dichloride Complexes

1T
of Palladiun and PlatinumII.

The complexes have the generai formula (L-L)MCl,,
where L-L=1,2 bis-diphenylphosphino ethane, 1,2 bis-
dimethyl phosphino ethane, bis-diphenylphosphino methane,
‘Q-phenylene bis-diethylarsine, 1,5 dithiahexane, 1,2 di-

thiophenyl ethane; M= Pd,Pt.

a) Preparation of Chelatins Ligands.

1,5 dithiahexane was obtained commercially, O-phenylene
bis~-diethylarsine was a gift from Mr.B. Dobbs, Imperial

Chemical Industries Limited, 1,2 bis-diphenylphosphino

1 . 12 .
ethane 25, bis-diphenylphosphino methane 5, and 1,2 di-
126 -
thiophenyl ethane ° were prepared according to the

literature.

Preparation of 1,2 bis-dimethylohosphino ethane,

le2PCU2CT2_ 5.

60gms . (0.%1 moles) of I\erP(S)P(S)Mele? vere heated
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with 100zms. of iron powder in a vacuum distillation
apparatus until all the Me,P(8)2(S)le, nad melted (250 C).
On heating more sironsly (with a Bunsen burner), itetra-
methyl diphosphine, MezPPMe2, distilled off. MeQPPHe2
(24gms., 0.2moles) was cleaved by stirring for 12 hours
with Li (3%zgms.) in 200mls. T.H.F. conteining a catalytic
amount of naphthalene. 9.9gms. (0O.lmole) of 1,2 dichloro-
ethane, in 30mls., T.Z.F., were added dropwise to the
solution of LiPMez, the reaction mixture bveing kept at
-40°C. When addition was complete, the solution was
stirred at room temperature for a further 2 hours.
Distillation of the crﬁde reaction mixture yielded the
desired product (B.Pt. 50-65°C, lOmm.Hg). The product
(18.8gms. ; %1% based on MezP(S)P(S)Mez) vas sealed in

ampoules and used without further purification.

b) Preparation of (L-L)NCl,.

Complexes of the type (L-L)I:‘ECl2 are normally prepared

by the reaction of a solution containing the chelating
ligand with an agueous solution of NaZMC 4 °F K2M014

(M= Pd,Pt) and subse@uent decomposition, by HC1l or
dimethylformamide, of the intermediate salt formed55’128.
A better method of preparing these complexes was to treat

129
a toluens solution of (PhCI-T)ZI.ZClz (11=Pd,Pt) with an



104
equimolar amount of the chelating ligand. After initial
preparations by the former reaction, the latter was used

exclusively.

Preparation of Ph PCH20H2_Pn2PdCl2

2,0gms. (0.05moles) of Ph,PCE,CH,PPh, were dissolved
in 100mls. of toluene, and added to a solution of 1l.9gms.
(0.05moles) of (PhCN),PdCl, in 50mls. of toluene. The
reac tion ﬁixture was stirred at 70°C for 2 hours and a
white precipitate separated out, The solid was removed by
filtration, washed several times with foluene, and
crystallised from hot dimethylformamide. (Yield= 2.5gms.,
80%). The product was found, from its analysis and melting
point, to be identical with 2 sample prepared by the

35

reaction of Ph PCH2 hz_Ph2 with NazPaCl4
The following complexes were prepared in a similar

35 ‘ 128
manners- thPCHZCHzPthPtCl2 ,’MezPCH th”edeCl ’
] 128 130

131

PhSCHzCH2SPthCl2

and C6H4(AsEt2)2PtClz. The last 3 of these complexes

y Ph,PCH,PPhoPdCly, C6H4(A5Et2)2PdClz,

have not been reported previously.

Ph,PCH,PPh,PdCl,, white needles; does not melt below 300°C;
(Found: €,5%.1; H,3.9. Cp5HppCLl,PyPd Tequires: C,53.5;
Hy4.0%).

The diarsine complexes were characierised by their far
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infra-red spectra, but not by analysis. However, their

mercaptide derivatives were fully characterised (Section 3a).

1,5 ggxadgggg-PtClz was prepared by the reaction152

of 1,5 hexadiene with an aqueous solution of K2Pt014.



Section 3.

Preparation of Transition Metal IMercaptide Complexes.

. - 11 I1
a) Mercaptide complexes of Pd and Pt .

The complexes have the general formula (L—L)I:E(SR)2
(L~-L=1,2 bis-diphenylphosphino ethane, Ophenylene bis-

diethyl arsine; M= Pd,Pt; R=Me,Ph). .

Complexes of the type L2M(SR)2 (L =tri-alkyl/-aryl

133

phosphines; M =¥i,Pd: R=Et,Ph) have been prepared by

treating L, MCl, with an ethanolic solution of NaSR (R=Et,Ph).

Sodium methyl mercaptide, NaSMe, and sodium phenyl
mercaptide were prepared by the reaction of sodium shot
with the corresponding thiol, (Low temperature proceedures,
similaz to those required for the preparation of (L-L)(SMe),
as described below, were necessary for the preparation‘of
NaSMe). The white solids were filtered off from the solvent
(diethyl ether), washed with ether, and stored under nitrogen
until required: HaSMe was also prepared by cleaving
dimethyl disulphide, MNeS-Sle, with ¥a/ liquid ammonia, and

. ' oo . =0
vashing the product with liguid ammonia at -50 C.
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The yields of the palladium and platinum mercaptide
complexes, (L-L)M(SR)z, obtained by the literature method155
for the preparation of the palladium complexes, were low
due to the concurrent formation of an uncharacterised
water soluble complex. A better method of preparation of
(L-L)M(SR)Z, vas to react a large excess of the thiol
(MeSH or PhSH) with (L-L)m012 in the presence of tri-
ethylamine, NEt;. Although both methods vere used, the

latter was used much more extensively.

Preparation of PthCH2g§2PPh2Pd(SMe)2;

A suspension of 2.0gms. (3.5m.moles) of
Ph2PCH20H2PPh2PdClZ in 150mls. of toluene, in a250ml.
flask fitted with a dry-ice condensor, was cooled to —78°C
in a bath of solid CO,/acetone. l.4mls. (lgm.; 1Om.moles)
of triethylanine and 1lml. (0.8gms.; 17m.moles) of
methane-thiol were added and the reaction mixture was
allowed to heat up to room temperature with the dry-ice
condensor still in position. The suspension was stirred
for 8 hours, and the colour changed from white to yellow.
The dry-ice condensor was then removed and excess MeSH
(B.Pt. 6°C) was allowed to evaporate off. The reaction
mixture was filﬁered, the residue was washed with water,
then cold ethanol, and crystallised from hot ethanol as

yellow crystals.
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0w
gggPuh

cif, Brh ?d(SHaLZ, .Pt. 1972-7°C; (Found: €,56.4: H,5.1

2 2
P,10.2; 5,10.2. 028H5OP2Pd82 requires: C,56.2;'H,5.2:

P,10.%; S,10.6%0).

In the analogous preparations where thiophenol was
used instead of methane;thiol, there was no need for initial
cooling or for the use of & dry-ice condensor, otherwise
the reaction conditions and purification of the producits

were the same.
Similarly prepared were:-

ggzPCHZQEQPPhQPt(SKe)Z, vellow crystals; M.Pt. 240-2°C;

(Found: C,48.9; H,4.4; P,8.6; 5,9.1. CZSHBOPQPtS2 requires:

€,48.9; H,4.4; P,9.0;5 S,9.3%).

Ph,PCH,CHpPPhoPt(SPh)y, yellow rods; M. Pt. 222-5°C

(Found: C,56.4; H,4.2. 058H2AP2PtS requires: C,56.2; H,4.2%

2

g6§4iﬁsEj2lde§SHe}2, (recrystallised from toluene);
orange crystals; I.Pt. 151~3°C; (Found: C,35.4; H,5.8.

C1gHz0hs ,PdS, reguires: C,35.2; H,5.6%).

g6§4(AsEt222Pt(SMe)2, (recrystallised from toluene);
pale yellow crystals; M.Pt. 150-2C; (Found: C,31.0;

Hy4.7. CygHsohs,PtS, requires: C,31.0; H,4.7%).

.
4
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g6g4(AsEt212Pd(SPh)2, (recrystallised from toluene);
red/orange crystals; 1l.Pt. 165—8°C; (Found: C,46.9; H,5.3.

The above, air stable complexes were obtained in yields

of over 80%. A sample of Ph,PCH CH PPhQPd(SPh)g prevared

2
by the above route had the same melting vpoint and infra-red
. 1
spec trum as that obtained by the literature 33proceedure.

Attempts to prepare Me,PCE,CH, HeZM(SR)2 were unsuccessful -
in that the reactions gave 100% yields of a yellow/orange

water soluble species of unknown identity.

The reaction of PhSCH2CH28PthCl with MeSH and HEt3
under the above conditions liberated PhSCHchQSPh, and
yielded & solid which was extremely insoluble in all solvents
tried. The anzlytical figures for this solid, although
showing a rather wide variation over several reactions,
approximate to those regquired for I}d(SKe)é]nzé. A similar
insoluble product and the corresponding chelating ligand
were obtained from attempted preparations of
MeSCHpCHpSMePA(SPh),, thPCHzPthPd(SHe)z, and 1,5-hexa-

dienePtCl,, (The presence of the free ligand was

established by the infra-red spectrum of the filtrate after
the [E(SR);]H had been removed, and the filtrate had been

concentrated).
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The reactions outlined in the previous paragraph can
be compared with some preliminary attempts to prepare
complexes of the type (L-L)Pt(ERQ)Z. The reaction of NaPlie
with PhyPCH,CH,PPhoPtCly in ether, liberated the chelating
diphosphine, thPCHQCHQPth. Also, in the reaction of
Pt(PPh3)4l48 with le,PPMe,, 21l the triphenyl phosphine

was liberated.

b) Mercapto Complexes of Titeniums ',

Two methods were used for the preparation. of the
complexes szTi(SR)z (R=1Me,Ph):-
i) The reaction of Cp,Ticl, with the corresponding
. 48 '
sodium salt, HaSR .
ii) The reaction of Cp2T1012 with the appropriate thiol

(1eSH or PhSH) in the presence of triethylanmine,

80
NE .

¥

Method (i) has the disadvantage that the sodium salts,

NaSR, have to be completely free from metallic sodium
II

otherwise reduction to Ti takes place. Subsequent re-
oxidation by atmospheric oxygen during work up leads to
complexes containing Ti-0~Ti linkages59. Even the use
of very pure salts (as prepared by the Na/NH3 me thod

outlined in Section %a, above) leads to similar products.

Method (ii), which does not have this disadvantage, was

2
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used exclusively after preliminary reactions had shown

the difficulties which arose using method (i).

Preparation of CpgTi(SPh)z_._

4.0gms. (16m.moles) of CpoTiCly were refluxed for
3 hours in benzene containing 5.6mls. (4gms., 40m.moles)

of NEt, and 4.5mls. (4.5gms., 44m.moles) of PhSH, The

3
mix ture was allowed to cool, and then eluted, with benzene,
down a short silica column., The purple solution was ™
concentrated until crystals sevarated. These crystals

were recrystallised from toluene/hexane mixtures.
Concentration of the original mother ligquor afforded a

further crop of crystals.

(Overall yield:- 4.9gms. . 76%).
J

Cpyri(Skie); was prepared in a similar manner, though
initial cooling of the reaction mixiure, before
introduction of the methane-thiol, and the use of a dry-ice
condensor throughout were required to stop evaporation of

MeSH. (Yield= 64%).

The complexes were characterised by analysis and
. . . 1
comparison of their mel ting voints and Hn.m.r. specira

8
with the literature data4 .

Reactions (i) and (ii) failed to give (ﬁ~MeCSH4)2Ti(SMe)2,




1i2
sz_Ti(SCHQCHzS), and CpTi(SMev)B. (CpTiClB, which was used

in the preparation of C»Ti(Sle)_, was obiained from the

]
PY
- 7

4 .
}). Black tars were obtained

1
reac tion of Cp2TiCl2 with 012
from the first two attempted preparations, and an

intrac table yellow powder was obtained from the third.

The complex szTi(OPh)2 was prepared by the method of
AndralBB, and was characterised by its melting point and

1Hn.m.r. s pec trum,
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Section 4,

Attempts to Prepare Some Other

Titanium and Nickel Complexes.

Although szTi(CECPh)2, prepared by the reaction of
- Cos . 136,137
NaC=CPh with Cp2T1012, has been reported y attempts
to repeat the reaction almost always gave products
contaminated with oxygen (See Section 3b). A complex
with analytical figures very close to those required for
Cpp,Ti(Cl)C=CPh was obiained in one of the preparations.

(Found: €,67.2: H,5.0; C1,14.3. ClaH15ClTi requires:

€,68.7; Hy,4.3: C1,11.%%).

When equimolar amounts of Hg(CECPh)2 and Cp2Ti012 weTe
heated together in toluene at temperatures ranging from
20-110°C no reaction was observed and only starting
materials were recovered. Similarly, when MeBSiCECPh
and Cp2Ti012 were heated together, in the absence of solvent,
under vacuum, no exchange reaction took place. (Hg(CECPh)2
and MQBSiCECPh were prepared vy the reaction of NaC=CPh

with HgCl2 and HeBSiCl, respectively. They were



charac terised by comparison of their melting point and
. . . _ 138,139
boiling woint, respectively, with the literature values .

&

R . , . 1
Me551C:CPh wags @lso cheracterised by its "Hn.m.r. spectrum).

The complex Cp2TiMe2 is reportedl4o to decompose to
szTiII at temveratures above 90‘0, but when szTiMe2 or
Cp2TiPh214l was stirred with phenyl acetylene, HC=CPh,
in toluene, at 50°C or below, no reaction was observed.
Heating to higher temperatures yielded an intractable red
ter., It was found that when HC=CPh itself was heated in

toluene above 50°C, a similar intractable red tar wes

observed.
133
The complex Ph,.PCH,CH,PPh Ni(SPh), has been revorted
277222 2 142

as a red solid, prepared by t:eating'thPCEZCHzPPthiCl2
with NaSPh in ethanol., When this reaction was repeated,
and when a similar reaction with NaSle was carried out,
the products were found to decompose to brown powders on
attempted recrystallisations from ethanol. The same type
of decomposition was observed when PhZPCH2CH2PPh2NiC12 was
reacted with thiols (1feSH and PhSH) in toluene, in the

Presence of NEt..

3

. 1
The use of bipyridyl nickel dibromide (G, HglN,)NiBr, 43

instead of Ph2PCHQCH2PPh2)IiCl2 did not lead to the
desired products, (ClOHSHZ)Hi(SR)Q, by reactions analogous

to those mentioned above.
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Attempts to premnare biryridyl nickel bis-
(phenylacetylide), (CqgHgl,)Hi(C=CPh),. by the reaction
of NaC=CPh with (CIOHBN2)1\TiBr2 in ether and liquid ammonia
were unsuccessful, as was the reaction of free bipyridyl with

1
trans-(PPhB)ZNi(CECPh)z 44 in toluene.
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Section 5.

Preparation of Chelating Disulpnide Grouwn VI Tetracarbonyls.

The complexes have the general formula RSCH20H2SRM'(CO)4

(R= Me,Ph; M'=Cr,Mo,7). The complexes MeSCH20H2SMeM‘(CO)4
70

were prepared, as in the literature’ , by the reaction of
2,5 dithiahexane with the Group VI hexacarbonyls, in the

absence of solvent.,

Preparation of PhSCHQCstPhMo(CO)4

0.25gms. (lm.mole) of PhSCH2CH28Ph and O.3%gms. (lm.mole)

of norbornadieneﬂo(co)4 were stirred together in 25mls. of

toluene at 50°C for 3% hours. The dark solution was

filtered through a Kieselguhr pad and & clear yellow solution
was obtained. The toluene was removed &t reduced pressure,
and the solid obtained was recrystallised from chloroform.

(Yield:- 0.25gms., 555 (based on norbornadiene—ﬂo(00)4)).

The analogdus tungsten complex was prepared in an exactly

similar menner. (Yield:- 0% (based on norbornadiene—W(CO)4)).
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PhSCH,CH,5Ph10(C0) s, yellow crystals; M.Pt. 120°C(Decomp.);

(Found: C,47.7; HI,3.0. 018H14M00482 requires: C,47.7:

H,3.1%).

PhSCH29§2§PhW§COl4, vellow crystals; M.Pt. 146°C(Decomp.);
(Found: €,39.8; H,2.5. 018Hl4o4s2w reguires: C€,40.0;
H,2¢6%)0

The complexes norhornadiene—H'(CO)4 (4'= Cr,Mo,W) were
145,146 147
prepared by King's method via (CH3CN)M'(CO)3 .

The latter complexes were not purified, but after removal

of excess acetonitrile, they were used in situ.
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Section 6.

Preparation of CopperI Halide Comvplexes.

. - ) I
a) Preparation of l,5cyclo-octadiene copper halides.

The title complexes, which have the general formula

(1,50yclo-octadiene—CuX)g (X= C1,Br), were prepared by

Todd's methodas. Crystals of‘the coﬁplexes were fil tered
from the solution of P(OPh)B, 1,5cyclo-octadiene, and
methanol, and washed rapidly with 10mls. of a cold (0%), 5%
solution of 1,5cyclo-octadiene in methanol., The crystals
were not dried before they were reacted with RSCH,CH,SR
(section 6b) and Cp,Ti(SR), (Section 7b), as it was found
that successive washings and drying of the complexes, by

pumping in vacuo, removed some of the co-ordinated 1,5cyclo-

octadiene.
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b) DPreporation of chclatinz disulphide complexes of

copporI halides,

These complexes have the general formula (RSCH20H2SRCuK)
n

(R= Me,Ph; X =Cl,Br).

Preparation of (MeSCH,CH,SMeCuCl) .

1.7gms. (lOm.moles) of CuCl,.2H,0 were dissolved in
30nls. methanol. 3,lgns, (10m.moles) of P(OPh)5 were added
followed immediately by 3mls. of 2,5 dithiahexane, and the
flask was shaken to mix the reactants. The solution,
initially dark brown, was almost colourless after standing
atroom temperature for 12 hours. On addition of a small
volume of pentane (Smls.) vhite crystals began to separate.
After standing for a further 24 hours, the crystals were
filtered off under nitrogen, washed with pentane, and dried
at room temperature in vacuo. Although the crystals seemed
stable when precipitating from the 2,5 dithiahexane rich

mother liquor, they decomposed in air, when dry.

The corresponding bromide complex was prepared in a

similar manner.

LEGSCHQCHQSMeCuclzn’ white crystals; I Pt. 148-150°C;
(Pound:C,20.6; H,4.65 €1,16.8. (C,H;40uCls,), requires:

€,21.9; H,4.6; C1,16.1%).
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(MeSCH,CHpBSlieCuBr)y, white crystals; M.Pt.161-2°C;

(Found: €,17.0; ¥,3.5; Br,3l.1. (C4HlOBrCu82)n requires:

€c,13.0; ¥,3.8; Br,30,0%).

o

Preparation of (PhSCH, CH, SPhCuCl) .

L) -

3

2

1.7gms. (1lOm.moles) of CuCl,.2H,0 were dissolved in
30mls. methanol and 1Omls. T,H.F.,. 3.lgns. (1Om.moles) of
P(OPh)5 were added followed by 2.4gms. (lOm.moles) of
PhSCHZCHZSPh dissolved in 10mls, T.H.PF.. The mixtiure was
shaken and allowed to stand for 12 hours. The solution
gradually became much lighter in colour, and white crystals
began to separate out. The crystals were filtered off,
washed with toluene and pentane, and dried in vacuo at
room temperature. Compared with the'methyl derivatives,
this complex was found to be very air stable. The bromide
complex was similarly prepared aad was also found to be

air stable.

(PhSCH,.CH,SPhCuCl) ., white crystels; M.Pt. 108°C; (Found:
2222 n

€,49.65 H,4.1; C1l,11,1, ClCuSQ)ﬁ requires: C,48.8;

(C14714
H,4.1; C1,10.35).

(PhSCH CH,SPhCuBr) .» white crysials; M.Pt. 140°C; (Found:
€,4%.0; 4,3.7; Br,19.9. (Cl4ﬁl4BrCu82)n requires: C,43.2;

1,3.6; Br,20.6%).
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The complexes (RSCH2CH2330uX)n were found to be insoluble
in all solvénts tried, after the complexes had been filtered
of f e2nd dried. Recrystallisation was therefore noi possible
and, although the crystals were well formed, this probably
accounts for the rather inaccurate data given on the previous
pages. Insolubility also precluded the determination of
molecular weights, but this insolubility iiself probably
indicates aggregation in the solid state, i.e. nz2, in the

above formulation,

Attempts to prepare (RSCHQCHQSRCuX)n by the reaction

of the chelating disulphide with (1,5cyclo-octadiene-Cu¥X),

(section 6a) proved unsuccessful, giving products which
were contaminated with cuprous or cupric halides, as could
bé inferred from the analytical figures for the products

obtained,
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Section 7.

Reac tions of CpQT'iQSR),, i th

Transition Metal Complexes,

a) Reactions of Cp,Ti(SR), (R=1e,Ph) with

norbornadiene-If' (00)4 gi'= Cr,¥o,7).

These reactions were carried out in toluene at room
temperature. For a given Group VI metal, reactions were

much faster when R= lle than when R="Ph.

Preparation of Cp,Ti [SI.Ze-]zMofco)AL_._

lzm. (3.6m.moles) of szTi(SHe)z were stirred in 50mls.

toluene with lgzgmn. (B.Bm.moles) of norbornadiene-Mo(CO)4.

The solution turned from purple to deep blue after 3Omins.,
but the reaction mixture was stirred for a further 6 hours,
The reaction mixture was filtered. The residue was washed
with & 10mls. portion of toluene, and several times with
h-hexane. The dark blue solid was crystallised rapidly by
dissolving in methylene chloride, filtering, adding

methylcyclohexane, &nd removing the methylene chloride at
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room temperature,under reduced pressure. The small, dark
blue crystals were washed with n-hexane and dried in vacuo
et room temperature. Somewhat larger crystals were
obtained by recrystallisation fron benzene, in which the
product was found to be slightly soluble. Great care was
required to exclude all air from the benzene solutions
while & much slower precipitation, than that mentioned
above, proceeded. A certain emount of decomposition always
occurred however, and the larger crystals had to be removed
manually from the decomposition products, after filtration.
(Yield (after recrystallisation from methylene chloride/

methylcyclohexane):~ 1l.3gms., 60% (based on norbornadiene-

Mo(CO)4)).

EBQEE[SHe]ZEo co 4 blue crystals; does not decompose below
300°c; (Found: C,39.7; H,3.3; S,12.9; Ti,9.2; Mo,20.4.
016H16M00452Ti requires: C,40.0; H;3.4; S,13.4; Ti,9.9;
¥0,19.9%).

The analogous chromium and tungsten complexes were
similarly prepared, but the reaction proceeded much more
slowly., Stirring was continued for 36 and 27 hours for the
Cr and W complexes, respectively. The complexes were again
recrystallised from methylene chloride/methylcyclohexane

mix tures, but the Cr complex was too unstable in solution

to carry out a slow recrystallisation from benzene.
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(Yields:- Cr= %0%, T=T2% (based on norbornadiene—M'(CO)4)

92223[}H91292L9914’ dark zreen crystals; does noi decompose

- O Al -
below 300 C; (Fouad: C,43.9; H,3.8; $,14.3%; T, 11.3; Cr,12.0.
Cl6Hl6cro482Ti requires: C,43.9; H,3.7; S,14.7; Ti,11.0;

Cr,12.1%).

gg2ggl;Me]2W§COE4, blue crystals; does not decompose below
500°C; (Found: C,34.0; H,2.9; S,11.6; Ti,7.9. C16Hy 604, T4
requires: C,33.8; H,2.8; S,11.2; Ti,8.4%).

Similar preparations yielded Cp2Ti[§Ph]2Mo(co)4 (20%
after %0 hours) and Cp2Ti[§Ph]2w(co)4 (25% after 90hours)
but none of the corresponding chromium complex was obtained
after 7 days under the same conditions, On heating the last
nentioned reaction mixture, only black decomposition

products were observed.

23223[§Ph]2H0§C024, blue crystals; does not decompose below
300°C; (Found: C,51.0; H,3.3; §,10.0; Ti,7.5; Mo,16.0.
[¢

MoO Ti requires: C,51.4; H,3.6; $,10.3; Ti,7.9;

2o 50Me0, 55
Mo,15.8%).

nggii%Ph]22§CO}4, blue crystals; does not decompose below
300°C; (Found: €,45.0; H,3.0; S,9.4; Ti,6.9.

022H200452Tiw requires: C,45.2; H,2.93 S,9.3; Ti,6.2%).

The complexes prepared were stable long enough in

solution to obtain their solution infra-red and visible/u.v.
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spectra in chlorineted alkyl solvents such as chloroform

and methylehe chloride. The longer time reguired to run
variable temperature 1Hn.m.r. spectra necessitated the

use of chlorobenzene as solvent, in which the ccmplexes were

found to be stable for much longer periods.

Ebullioscopic molecular weighf determinations of fhe
complexes, in acetone, indicated that the complexes were
monomeric in solution, although Teproducible resuits (to
within 10%) were not obtained because of initial

insolubility and subsequent decomposition of the complexes.

b) Reactions of CQZTi(SR)ZWith (1,50yclo-octadiene-CuX),.

These reactions were carried out at room temperature,
in toluene. The reactions were azain found to be much
faster for R= Me than for R =Ph, but seemed inderpendent of
whether X =C1 or X=2RBr, Quantitative yields of the

produc ts were obtained.

Preparation of (Qﬁzzil}:b]29u01)n4

0.9gms. (3.2m.moles) of Cp2Ti(SMe)2 were dissolved in
50mls. toluene. #hen dissolution was complete, O.7gms.

(1.5m.moles) of (1,5cyclo-octadieneCuCl), (Section 62)

were added. Stirring at room temperature was continued

for 4 hours. The black solid which separated out was
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‘filtered off, washed with toluene and pentane, and dried

in vacuo at room temperature.

The product was found to be insoluble in all solvents
tried, hence, it could not be crystallised, and its

molecular weight could not be determined.

(022g;[§ue]20u01 4 black powder; M.Pt. 170°C(Decomp.);
(Pound: C,39.5; H,4.6; €1,9.5; $,17.0; Ti,11.9; Cu,17.7.
(C1,H14C1CuSpTi)y requires: €,38.9; E,4.43 C1,9.65 5,17.3;

Ti,12.9; Cu,1l7.1%).

The following complexes were prepared in a similar

manner, (7here R=Ph, the reaction time was 18 hours):-

Qsz_’I_‘i‘L_[}I.!e:lzCuBgln, black powder; decomposes slowly above
186°C; (Found: C,33.7; H,3.8; Br,20.4; Cu,14.8; S,15.3;

Ti,11l.3, (012H16BrCuS Ti)n requires: C,34.7; H,3.9;

2
Br,19.2; Cu,15.3%; S,15.4; Ti,11.4%).

QCP2_Egi_ESPh:|2_QuCI)n, brown powder; decomposes slowly above
135°C; (Found: C,52.4; H,3.93 Cu,12.0; §,13%.7; Ti,10.3;
C1,7.4. (022 5oC1Cus, Ti)  requires: C,53.4; H,4.0; Cu,12.9;

$,13.03 Ti,9.7; Cl,7.2%).

(Cpag‘i [SPhJQCuBr}n, brown powder; decomposes slowly above
174°C; (Found: C,47.5; H,3.6; Cu,11.7; Br,15.3; 5,11.6

Ti,9.0. (C BrCus,Ti) requires: C,48.9; H,3.7; Cu,11.8;

22 20 2
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Br,14.8; S,11.9; Ti,8.9%).

The direct reaction of szmi(sa)2 with CuX, and P(0OPh)
in methanol, gave, instead of {he desired products, an
almost quantitative yield of CpyTiX, which precipitated

from the reaction mixture, and was filtered off.

A1l of the complexes (szTi[%RJQCuX)n were found to
react rapidly with P(Q-C4H9)3 in benzene to liberate
Cp2Ti(SR)2, which was characterised by its lHn.m.r. spec trum,
after extraction of the complex from the reaction mixture,
with benzene, as well as a tarry residue which was not

charac terised.

¢) Miscellanecous Reactions of szTi(SR)zL

i) Reaction of CpgTi(SMe)z 7ith (PhCN)deCl

2.1

0.8gms. (2.9m.moles) of szTi(SMe)2 were stirred in
40mls. toluene with 1.0gm. (2.6m.moles) (PhC¥),PdCls,.
After l‘hour, a precipitate was observed, but stirring at
room temperature was continued for a further 2 houré.
The solid was filtered off, dried, and extracted with
methylene chloride. On removal of the methylene cthride,
szTiCl was ob%ained. The part insoluble in methylene

2

chloride was found to be insoluble in all solvents tried,

and, although consistent (to within 5%) analytical figures
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for carbon and sul phur, were not obiained from several

different reactions, the complex is thought to be [?d(SMe)QJn.

Cp,Ti(S¥te), did not react with (PhCN)th012 or

149
(PPh3)2Ni012 under similar conditions.

ii) Reaction of anmi(sﬁe)z with Mn(CO)sBr.

0.8gms. (3.2m.moles) of Mn(CO)BBr and lgm. (3.7m.moles)
of Cp,Ti(SMe), were stirred in refluxing ethanol for
2% hours. (There was no reaction in either toluene or cold
ethanol). The solution became much lighter and a pale yellow
solid separated. The mixture was filtered hot. The residue
had an ianfre-red spectrum (4000-6000m.-l) almost identical
with that of the complex(s) obtained when szTi(Cl)SMe48
is refluxed in ethanol, The solvent was removed from the
filtirate, and the infra-red spectrum of the solid thus
obtained was the same as thet of (Mn(CO)BSMe)4106b. An
analytically pure sample of this complex was not obtained:
‘all samples, even after recrystallisation from ethanol,

contained small percentages of titanium.

150
iii) Reaction of szTi(SPh)z with Ru(CQ)5Q12T.H.F. .

0.8 gms. (2.4m.moles) of Ru(CO)5ClZT.H.F. and l.2gms.
(3.5m.moles) of szTi(SPh)z were stirred in 50mls. toluene

for 24 hours at room temperature. A red precipitate was
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observed and the mixture was filtered. The precipitate

was found to be Cp2Ti012. The volume of the filtrate was

reduced and more Cp2T1012 precipiteated out. On complete
removal of the solvent, a red o0il was obtained. This oil
contained carbonyl groups, but the complexes could not be
separated. The infra-red spectirum of the oil did, however,
indicate the presence of ch)3RuSP§]nl5l. (From & similer
reaction between Fe5(00)12 and Cp2Ti(SPh)2 , the complex
Eoc)ipeSPﬂ]2 nas been obtained ’2).

Reactions of Cp2Ti(SR)2 with 2-methoxyethanol /CO/RuCl..
~

. 15
3H20 solutions >3 (at room temperature znd at reflux temp.)
also gave CppTiCl, and intractable red tars with infra-red

spectra similar to that noted above.-

1.2gns. (4.5m.moles) of H2O Fe(CO)4 and 0.8gns.

¢ -

4 3

(2m.moles) of Cp,Ti(SPh), were stirred at room temperature
2 2

in toluene and no reaction was observed. The mixture weas

-

then heated to reflux temperature for 3 hours, cooled,
filtered, and the toluene was removed from the filitrate
leaving [%eCp(CO)z]z, which was characterised by its infra-red

. 154
spec trum &and mel ting point .
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Section 8.

Reactions of (L-L)M(SR), With
(4

Transition metal comvlexes.

All the reactiions of (L-L)M(SR)2 (L-L=1,2 bis-
diphenylphosphino ethane, O-phenylene bis-diethylarsine;
M="Pd,Pt; R::Me,Ph) were carried out at room temperature
in toluene. Reaction times were adjusted to give
quantitative ylelds of the desired products, since their
insolubility led to problems of separation from the rather

insoluble (L-L)M(SR)Z.

a) Reactions of (L-L)M(SR)2 7ith norbornadiene—m‘ico)4;

Preperation of Ph,PCH,CH,PPh, P4 [“ 3;:e‘|23-.«zog C o_)_4L

0.68gms. (lm.mole) of thPCH2C§2P9b2Pt(SMe)2 and

0.30zms. (;m.mole) of norbornadiene—ﬁo(CO)4 were stirred
a2t room temperature in 50mls. toluene for 50 hours.

The reaction mixture was filtered, washed with toluene
and pentane, and carefully dried at room temperature, in

vacuo.
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The product was found t0o be insoluble in a2ll but the
most polar solvents, and in these, decomposition was rapid.
The product was therefore charecterised without furthef
purificeation, This preparation, and those of the related
COmplexes, listed below, were repeated until consistent

analytical figures were obtained.

Ph PC"209 Pthgj[%Me]2Mo§COz4, yellow powder; decomposes
without melting at 160°C; (Found: C,43.5; H,3.635 S,6.33
Py6.9%).

The following complexes were prepared in a similar

manner; reaction times are given in parentheses:-

Fh PCP P Dd[}" ]2Cr(COlA, (120 hours); yellow powder;

2
decomposes without melting at 190°C; (Found: €,50.2; H,4.1:

S,7.3: P,9.2. 032H50CTO4P2P(}.82 I‘equiI‘eS: 0,50.5: H,4.0:

S,8.45 P,9.2%).

»2Ph, Pd[}Me]2M0§CO)4, (30 hours); brown powder;

M.Pt. 190-3°C (Decomp.); (Found: C,47.5; H,4.1.

thPCHZCTI

Y 4 i H C . H H %OB(;, .
032H30M004P2Pd32 requires 47 .6 y3.8%)

thPCﬂ CH2

M.Pt., 161-4°C; (Found: C,42.7: H,3.8: S,7.0; P,6.4.

PPh,Pd DLe]z SCO 4° (50 hours); brown powder;

32 20 4P2PdS W requires: C,42.9, H,3.4; S,7.2; P,6.9%).
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222293222222222£[§H%]293&00)4’ (130 hours); yellow powder;
decomposes without melting above 120°C; (Pound: €,45.9;
H,%.95 S,7T.43 P,7.9. 032HBOCIO4P2Pt52 requires: C,45.1;

Hy3.5: S,7.5: Py7.3%).

PhoPCE,CH PPh gjl}EkJZELCO)4, (60 hours); yellow powder;
M.Pt. 170-4°C (Decomp.); (Found: ¢,39.2; H,2.9; S,6.1.

C o500, PpPES,T Tequizes: C,39.25 H,3.1: S,6.5%).

g6g4§AsEt222gg[?Mé]2Mo§Cgl4, (2 hours); brown powder;
colour change abOVelsoaC, does not melt below 25000;
(FPound: C,31.4; H,3.9. CpoUsohs o0, PdS, requires: C,32.2;

H,4.0%).

g6§4§AsEt222£§[§Ph]2Eog00)4, (4 nours); brown powder;
M.Pt. 117-120°C (Deconp.) (Found: C,41.0; H,3.9.

\ P i : C .0; H,3.9%).
CBOH34A32LOO4 d82 requires 242.0; H,3.,9%)

The much fasier rate of reaction in reactions involving
the chelating diarsine complexes is probably due to their

greater solubility in toluene.

The complexes Ph2P0H20H2P9h2Pd[é?#]2Mo(CO)4 and |
thPCHZCHzPPhQPt[}P@]2M0(00)4 were not obtained analytically
pure, but were characterised by the similarity of their

infra-red spectra with other members of the series.



The complexes Ph,PCH,CH,PPh, ‘[ }] (l”=Pd Pt
M'=Cr,7) and Cgl 4(As~t2) Pd[;.]z co) (R::Me,?h; M=2Cr,7)
were not obtained because of extremely long reaction times

and/or instability of the desired products.

b) Reactions of Ph,PCHCH,PPh,1(SR)» with (PhCN)2MC12

(1= Pd,Pt; R=1e,Ph),

Preparation of Ph2DC‘-T2(3U PPthg[E%]de012;

0.175gms. (0.04m.mbles) of (PaCN),PdCl, were added to
a suspension of 0.316gms. (0.04m.moles) of
thPCHZCH PPh Pt(SHe)2 in toluene. The mixture was stirred
until the supernatent liguid became colourless (48 hours).
The solid was filtered off, washed with toluene and pentane,
and dried in vacuo. The quantitative yield of product

obtained could not be crystallised because of its

insolubility.

Ph PCF2

M. Pt. 226-230°C; (Found: €,39.8: H,3.5: 5,6.8; P,6.7;

CI PPh Dtlf é] PdCl2, oranze/brown powder;

01,708. ClZP PdPtS I‘equires: 0,3809; H,B.S; 8,7043

CogBsolt2"2 2

P,?-Z; 01,8.8"{)).

A similar reaction gave:-

EQQPCHngZPPhQEQ[%Hé]zggglz, brown powder; M.Pt. 194-97C;
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(Found: C,44.3: H,4.35 P,7.9. C g 50l PpPd,S, requires:

C,4%.%; H,3.9; P,8.0%).

Ho reaction was observed between PhZPCHzCHQPthli(SPh)Q
(M=7Pda,Pt) and (PhCN)?_PdClZ, or between
Ph2P01120H2PPh2M(SMe)2 (1 =Pd,Pt) and (PhCN),PtCl,. The
reaction between PhoPCH,CH,PPhyPd(SMe)p and
l,5hexadiene-PtCl,, gave complexes which could not be

charac terised.
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Section 9.

Reac tions of HMetal Dichloride Complexes as Lizands,

The metal dichloride complexes which were used as

potential ligands were Ph,PCE,CH,PPh,MCl, (M=1i,Pd,Pt).

Preparation of Ph2PCHQQ§2PPh22g[él]QPdClz;

i . 3 . P CH CH Pacl
A suspension of O.3gms. of h2P 2C 2PPh2 ac 5 and
excess (O.5gms.) of (PhCN)deClZ were stirred in 40Omls.
toluene at room temperature for T2 hours. The solid was

fil tered off, washed with toluene and pentane, and dried in

vacuo.

Ph,PCH,CE,PPa,Pd |C1|,PdC1,, 1ight brown powder; M. Pt. 201-6C
(Deconp.); (Found: C,41.7; H,3.2; C1,18.3, C26H24014P2Pd2
requires: C,41.5; H,3.2; €1,19.0%).

The reactions of Ph,PCH,CH,PPh,MC1, (M =Ni,Pt) with
(PhCN)QPdCIZ gave PACl, and PhPCIH,CH,PPh,MCL,. (Pacl, was
left as 2 residue after all the Ph2PCH2C52PPh2MC12 had been

extracted from the reaction mixture with dimethylformamidé).

The reactions of Ph,PCH,CH,PPh,MCLl, (M=Ni,Pd,Pt) with

(PhCN)thCl2, under similar conditions, yielded only

starting materials.
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Section 10,

Attempted Preparations of Some

Transition Metal-Silicon Complexes.

These reactions were carried out in an attempt to

prepare silicon bridged transition metal complexes.

The salts NaCo(CO)4, NanFe(CO)z, and NaMn(CO)5 were
prepared by reduction of the corresponding dinuclear
metal carbonyl complex with a Na/Hg amalgam, as described

156 i
by King 2 . Solutions of chlorosilanes were made up in

a drybox to avoid hydrolysis.

a) Reaction of WaCo(CO0), with Me,SiCl,.

A solution of 0.58gms. (3m.moles) of NaCo(CO)4 in
20mls. T.H.P, was added dropwvise to a stirred solution of
2m.moles Me28i012 in %0Omls. T.H.F. at room temperature,.
After stirring for a few minutes, the solution became
blue/green and a green solid was observed. The solvent
was removed under reduced pressure, and a green tar renmained.
Sublimation, under reduced pressure (O-OOlmm.Hg) 2t roon

temperature, zave & very small amount of an orange solid



137

which was characterised, by its infra-red spectrum, as
. 157 . _ .

Hg(Co(VO)A)2 . Continued sublimation did not yield any
further products, and the infra-red spectrum of the tar,
in the carbonyl region, showed only weak peaks which could
be assigned to Hg(Co(CO)4)2. On addition of water to a
sunall amount of the green tar, a pink aqueous layer was

observed, indicative of the presence of cobaltous chloride

hexahydrate, C0012.6H20.

A small amount of T.E,F. was added to the green tar,
and gave @ blue solution (again, indicative of the presence
of 00012). This blue solution was decanted off and the
7,H,F. was removed. The sticky blue solid obtained was
pumped on, under vacuum, for several days, but analytically
pure00012 was not obtained, &although the low carbon and
high chlorine and cobalt values suggested that CoCl2 was

present,

The presence of Si—CH3 groups in the residual green tar
was indicated by the characieristic bands at 1500cm. T

158
(approximately) in its infra-red spectrum = .

b) Reaction of PhleSill, with Co,(C0) 4.

PhMeSiH2 was prepared by the reaction of LiA1H4 on

1
PhlteSiCl, 59. 1.39zms. (4.lm.moles) of Coy(CO)g and lgm.

(8.2m.moles) or PhHeSin wvere stirred together without



solvent, and rapid evolution of gas took place. After

15 minutes, gas evolution had ceased, and the infrared
carbonyl specirum of the reaction nixture differed froﬁ
that of 002(00)8. Attempts to purify the products, by
chromatography and extraction with various solvents, were
unsuccessful. Then the mixture was sublimed in vacuo
(0.001lmm.Hg) at room temperature, small amounts of Con(CO)g
and larger amounts of Co4(CO)12 were obtained., A large
amount of tarry residue was léeft after sublimation, and

al though its infra-red spectrum showed strong peaks due

to carbonyl groups, no further products could be extracted.

A siailer reaction was carried out by sllowing HCo(CO)4
to distill onto PhMeSin in & vacuunm line, but again,
002(00)8 and Co4(CO)12 were the only products which could
be extracted. (300(00)4 was prepared by treating 002(00)8

] 150
with pyridine followed by H2S0, )

¢) Preparation of Clle,5iCo(C0),.

lgm. of 002(00)8 and excess (lml.) of Ne,SiHCL were
mixed together without solvent at room temperature. Rapid
evolution of gas took place, and a light brown solid
was observed., After the gas evolution had ceased, the
solid was dissolved in pentane and cooled to -78°C.
A white crystalline solid separated out, and was removed

by filtration of the cold solution. The product was further
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purified by sublimation in yacuo (0.0lmm.Hg) at roon

temperature,

01ne25100(co)4, 1, Pt. 45°C, shows JCZD at 2098, 2040,
2015, and 2002¢m. ™t in an intensity ratio which is consistent
with approximate C3V syminetry where the E band is split
since only 2 of the substituents at silicon are the samelél-
Its lHn.m.r. spectrum shows a singlet at 9.27% (relative to
internal T,M.S. at 10.0%) with small side bands due +0

2
9Si-H coupling. (a29 = 3.2Hz).

Si-H

When ClMe2SiCo(CO)4 was added to dry, freshly distilled
T.H,F. or diethyl ether, it decomposed to CoCl, (Section 10z),
very rapidly. Since T.H.P. and diethyl ether are virtually
the only solvents that can be used for the preparation of
the sodium salts of the metal carvoanyls, the decomposition
of ClMe2SiCo(CO)4 in these solvents presented experimental
difficulties, as it was intended to react ClMe,SiCo(CO0),

with the metal carbonyl anions, Co(CO)4- etc..

In the following reactions, (d) and (e), NaCo(CO)4,
NaMn(CO)5, and NanFe(CO)2 were prepared in T.H.F. which
was then removed, and toluene was added to the dry salts,
Great care has to be taken to exclude air from the dry

salts as they are extremely pyrophoric.
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4

d) Reaction of ClHeQSiCo(CO)4 with NeCo(C0)

4=

0.9zms. (3.4m.moles) of ClI.IezsiCo(CO)4 were added to
a suspencion of lgm. (3.4m.moles) of NaCo(CO)4 in 20mls;
toluene. After stirring for 1 hour at room temperature, no
change was observed in the number or positions of the
carbonyl peaks in the infra-red spectrum of the solution,
The temperature was increased to 60°C and a gradual
darkening of the solution followed. After 2 hours at this
temperature, the solid obtained, afiter removal of the T.H.F.,
was transferred, in 2 drybox flushed with nitrogen, to a
sublimation apperatus. The products obtained by fractional
sublimation were identified by their infra-red spectra as
Co,(CO)g, Co4(CO)12, and 01M925100(co)4. An infra-red
spectrum of a T.H,F., solution of the residual material
indicated the presence of uanreacted NaCo(CO)4. Heating
the reaction mixture for longer periods and at higher
temperatures yielded only larger amouﬁts of 002(00)8 and

004(00)12 together with a silicon containing tar.

A similar reaction between NaHn(CO)5 and 01Me25100(co)4
at room temperature gave only an(CO)lo and unreacted

starting materials.
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e) Reaction of NaCpFe(CO)

0), ciith ClMeQSiCo(CO)4;

0.54gns. (2m,moles) of ClMeQSiCo(CO)4 were added %o a
suspension of 0.5gms. (2.§m.moles) of #aCpFe(CO), in 1Omls.
toluene, and the mixture was stirred at room temperature.
After 30 minutes the carbonyl stretching regiop of the
solution infra-red spectrum had changed noticeably. The
toluene was removed at reduced pressure, and a small amount
of unreac ted ClMezsiCo(CO)2 was fecovéred by sublimation.
The residue was extracted with toluene and, on removal of
the toluene, a thick yellow o0il was obtained. The large
nunber of peaks observed in the carbonyl sitretching region
of the infra-red spectrum of this oil, indicated the presence
of a mixture of products. Si-CH3 groups were also present .
in this o0il which could not be separated, by chromatography

on a silica column, into its pure Ccomponents.

f) Reaction of Me,SiHCl with NaCnFe(CO0)s

A solution of lgn. of NanFe(CO)2 in %*0Omls. of T.H.F.
was cooled to 0°C and lgm. of MezsiHCl (excess) was added,
Immediate precipitation of a white solid was observed.
The reaction was allowed to continue for 3%0 minutes, then
the T.H.F. was removed under reduced pressure, leaving a
brown oil and a small cmount of white solid (NaCl).
Fractional distillation of the brown oil under vacuun,
vyielded a yellow oil which was characterised, by its infra-red

spectrum os HSiMe2CpFe(CO>2. (The infra-red spectrum is in
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complete agreement with that recently published for this
121y

complex ).

Then HSille,CpPe(00), wes heated to room temperature

or above, it decomposed to yield [CpFe(CO)é]Z.

Similar reactions with NaCo(CO), and NaMn(co)5 ins tead

. : o o ; .
of NanFe(CO)Q, yielded only Co (00)12 and an(CO)lO, and

4

there is no evidence that any Co/Si or Mn/Si complexes

were formed.

g) Reaction of CpFe(C0),SilMeod with Co,(CO0)g.

Since CpFe(CO)QSiMeQH was found to be rather thermally
unstable, it was prepared in situ. O.6zgms. (3m.moles) of
HanFe(CO)2 inHSOmls. T.E.F. were added to 0.29gms. (3m.moles)
of Me2SiHCl in 10mls. T.H.F. at OOC. After 30 minutes the
mixture was filtered and the T.H,F. was removed from the

filtrate at 0°

C. 5Smls. of pentane were added to the brown
0il obiained. On addition of 0.5lgms. (l.5m.moles) of
Coo(CO)g to this solution, gas was evolved. After 3 hours,
the mixture was cooled to -78°C and a red/brown solid
precipitated out., This solid was filtered off and dried.
It showed a very complex infra-red carbonyl stretching
frequency pattern, similar to that of the yellow oil from

the reaction of NanFe(CO)2 with ClHezsiCo(CO)4(Section 10e).

Agein, atteapts to separate this solid into its components,
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by chromatography and sublimation, were unsuccessful.

The mess sbectrum (probe temperature =22°C) of a sample

of this crude product cshoved [;pFe(CO)Q]Z, CpyFe, and
CpFe(CO) 00]200(00)3 as the only transition metal
containing species present. At higher probe temperature
(160°C) the mass spectrum showed only [gpFe(CO)é]z, Cp,Fe,

and C04(CO)12
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Section 11.

Attempted Preparations of Cobalt-Titenium Complexes.

a) Reaciion of HaCo(co)4 with Cp,TiCl,.

0.6gms, (2.4m.moles) of Cp,TiCl, were added to a
solution of lgm. (5m.moles) of NaCo(CO)4 in 50mls., T.H,F..
No reaction took place 2%t room temperafure, but on heating
the reaction mixture to 5000, the solution became lighter
in colour. Stirring at this temperature was continued for
3 hours, then the mixture was filtered. The solution showed
a complicated infra-red carbonyl sireiching frequency
pattern. On removal of the T,H.F., a2 sticky solid was
obtained, which showed only 2 carbonyl peaks. Toluene
(Smls.) was added and the mixture was shaken and fil tered.
The residue was a light brown titanium containing powder
which contained no carbonyl groups. Hhen the toluene was
removed from the fil trate, an oil was obtained which was

1
charac terised, by its infra-red spectrum, as CpCo(CO)2 54b.

This reaction was repeated in the presence of varying
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amounts of P?hB’ but the products in these reactions were
ph5PCo(co)5CO(co)5PPh3 (characterised by its infra-red

124
spec trum ) and an intractable yellow powder.

Similar reactions of Cpzfl‘iCl—O—ClTiCp259 and

JIII 39
[%p Ti c;]z with NaCo(co)4 in ?.H.F. were found to

give CpCo(CO)2 as the only carbonyl cdntaining produc te.

b) Reaction of HCo(co)4 with Cp Tille,.

HCo(CO)4160 was distilled under vacuum onto O.lgms
of szTiMe2 in 20mls., T.H,P,. The solution was allowed to
heat up to room temperature and the reaction mixture was
stirred for 12 hours at this temperature. Stirring was
carried out in the dark, as Cp2TiMe2 is light sensitive.
The solution was then cooled to ~7850 and an infra-red
spectrum of the volatile productits indicated the presence of

methane and carbon monoxide.

The T.H.F. was removed, and on extraction of the yellow
powder, with toluene, CpCo(CO)2 was observed. When the
reac tion was repeated at 0°C and below, the same products

were observed.
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