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SUMMARY

The first chapter contains a review of compounds with
tin-transition metal bonds, with the eﬁphasis on recent results.

Some insertion reactions of stannous halides with compounds
. containing metal-metal and metal-hélogen bonds have been invest-
igated and found to produce compounds with metal-tin bonds.

Many of the ﬁroducts from these reactions have not been prev-
iously reported.

The low-~frequency infrared and Raman spectra of the tri- -
nuclear compounds [Co(CO)qlasnXZ, [ﬁr-Cp)Fe(CO)é]ZSnxa and
[(‘n’-—Cp)Mo(CO)B]ZSnX2 (X = €1, Br, I) have been obtained and
assigned. The symmetric tin-metal stretching modes wére found
to be intense in the Raman spectra, and the antisymmetric moaes
to be strong in the infrared spectra.

The nature of the species present in an ethanolic solution
of rhodium(III) chloride and stannous chléfide has been invest=-
igated by Raman spectroscopy, and the reactioﬁs of this solution
with a number of unsaturated organic compounds héve been studied.
The reaction of the rhodium(III)-tin(II)-chloride solution with
1,3-butadiene gives a product ;ontaining both co-ordinated
butadiene and a rhodium-tin bond.

The synthesis of tin(II)-metal bonded complexes of



S'\
empirical formula (LnM)an has been attempted, but without

success. The reactions of stanrous chloride with a.variety of
transition metal carbonyl anions have been found to give tin(IV)

conpounds of the type (LnM)25n012 and (LnM)BSnCl.
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CEAPTER 1

A Review of Compounds Containing

Tin - Transition Metal Bonds

The existence of a metal-metal interaction in, for ex-
ample, the mercury(I) halides has been recognised for many
years but it is only within the last two decades that the
general importance of metal-metal bonding in transition metal
chenistry has been established(1)<2)(3). The earlier work in
this field was concerned mainly with bonding between two or

(1) (2) ()

more transition metals s but more recently there has
been renewed interest in bonding between transition metals and
main-group metals(S). In the latter type of compound Group IVB
metals seem to hold a unique position in terms of the number
and variety of known compounds in which they are bonded to

transition metals(6); and,within this Group, tin is the element

which shows the greatest ability to form such bonds.



1.1 Compound Types

The large and ever-increasing nﬁmber of compounds with
tin-transition metal bonds requires that some attempt be ﬁade to
‘"rationalise them by a system of classification into a number of
types of compound. This will clarify the present position and
also serve as a guide for future developments.

The general chenmistry of tin is governed by its ability
to exist with comparable ease in both the Sn(II) and Sn(IV) oxi-
dation states(7), and it is possible to divide the transition
metal complexes of tin into those containing tin in:..a divalent
state and those containing tin in a tetravalent state. Further
subdivision of these¢ two main types is then possible:-

A. Tetravalent Compounds

i) Honosubstituted complexes R3SnlMIn

ii) Disubstituted complexes 'RasnD-ILn]Z
iii) Trisubstituted complexes RSn[MLn}B

iv) Tgtrasubstituted conplexes Sn[MLA]4
( R represents any monovalent group and MLn represents
a co-ordinated transition metal in which L may be more
than one type of ligand.)
B. Divalent Compounds Céntaining SnCl;
i) Anionic complexes
ii) Ca;bonyl and hydride complexes

iii) Complexes with Group V ligands

iv) Olefin complexes



A. Tetravalent Compounds

Simple covalent compounds of tin are well kmown in which
the tin exists in the tetravalent state expected from its

electronic configuration [Kg]4d105525p2. In valence bond terms,

typical SnX4compounds have four equivalent sp3-hybridised co-
valent bonds which give rise to a tetrahedral environment around
the central atom and X-ray structure determinations have shown
that this tetrahedral environment of tin(IV) is retained in its
transition metal complexes, which may therefore be regarded as
normal tetravalent compounds. (See section 1.3.1).

Tetravalent tin is the only Group iV element known to
form stable compounds covering the complete range of compdund
types from RBSnMLn to Sn[HI%Ju. The mono- and di-substituted
compounds are at present more numerous than the tri- and tetra-
substituted ones, but this probably reflects the smaller amount

of work done on the synthesis of the higher substituted compounds

rather than any inherent lack of stabilify of such species.

B, Divalent Compounds

Simple divalent compounds of tin contain the so called
'inert pair'! of valency electrons and the expected influence
of these electrons on the stereochemistry and structure of
tin(II) compounds has been confirmed. Thus.an electron diffraction

study on stannous halides(g) in the gaseous phase has shown



that they have an angular structure which can be described in
terms of sp2 hybridisation. Such a deécription requires the
presence of an‘empty p orvital on the tin atom, and so the form-
ation of compounds of the type SnXZY would be expected, where Y
is a species capable of acting as an electron donor towards the
empty orbital on the tin atom. Addition compounds of tin (II)
. halides are now known(9). Moreover the solubility of tin (II)
compounds in oxygen-containing organic solvents may be attributed
to the formation of solvent adducts.

The steric influence of the npn—bonding electron pair
in tin (II) compounds and the acceptor properties of the tin
atom have been deronstrated in a number of crystal structure

(9)(10) (1)

determinations The basic structural unit in the

solid state is the pyramidal structure:-

3

This may be regarded as a distorted tetraﬁedron(based on sp
hybridisation of tin with the non-bonding electron pair occupying
one directed hybrid orbital, and the donor species, such as
halogen, oxygen or sulphur, providing the eléctron pair for
another such orbdvital.

Halide species of the type SnK3 are known for all



halogens, as salts in the solid state state and as the predominant
species in solutions containing an excess of halide ion. The
retention of the pyramidal configuration in solution has been

- {11 - -
shown by Raman spectroscopy for SnF3 ¢ ), SnCl3 (12), and SnBr3

(12)

The existence of SnXB- species as pyramidal structures with
a directed lone pair of electrons leads to the expectation that
they will exhibit donor proverties and so behave as co-ordinating
ligands with transition metals. It is also feasidle that the
vacant d orbitals of tin will be energetically and sterically
favourable for overlap with transition metal 4 orbitals, resulting
in some dw-dw back-btonding such as is found with tertiary phosphine,v
arsine and stibine ligands. 'These predictioné are realised in

-(13) (14) LY

the behaviour of SnCl3 and SnBr3 as conventional

-

donor ligands towards transition nmetals.

i) Anionic Complexes

The reactions of platinum metal salts with stannous
chloride in hydrochloric acid to give intensely coloured solutions
(15) have been known for many years and have been widely used for
the detection and quantitative determination of the platinum
metals, but only recently has the nature of the species present
in fhese solutions becn established.

Two species are present in the rhodium(III)-tin(II) -

chloride system and the relative proportions depend on the



SnCl.” : C1™ ratio. At low concentrations of SnClB— the binueclear

3
anion [hacla(SnCIB)élq- is precipitated on addition of a suitable

+ (14) (16)

large cation such as Et4N With a large excess of

stannous chloride present, the ion [Rh(5n013)q]3- can be pre=-
cipitated by ¢4As+ (14)
. The composition of the palladium(II)-tin(II)-chloride

system has, until recently, been less certain. A complex has

been isolated(17) and formulated as the palladium(I) species
[PdCl(SnClB)zlzu-, but this has since been shown (18) to be
[PdCl(SnClB)BJE'. Evidence has also been obtained 'S’ for the

existence of [Pd(SnCl3)4]2—.

The platinum(II)-tin(II)=-chloride system has yielded(qu)

cis and trans isomers of [PtCla(SnCls)é]z- as the tetramethyl-
ammonium salts. In solutions where the Sn:Pt ratio is greater
than five, a five co-ordinate species is formed and formulated
as [Pt(snc1y) ]”" (1304

ii) Carbonyl and Hydride Complexes

Sodium chloroiridate(IV) and stannous chloride in alcohol
undergo a reaction involving the solvent, reduction of which
" provides a source of carbon monoxide, with the eventual formation
of [Ir013(anl3)2(Co)]2- (20). Other known complexes of this
type are [RuXZ(SnXB)Z(CO)éIZ' (X = C1, Br) (21) (22) and
2--(14) - c 1 .
ERhCl(SnClB)Z(CO)] . Addition of pyridine to solutions

- 2- . (23)
containing [RuXZ(SnXE)z(CO)é] gives Ru(SnClB)a(CO)a(py)2



whereas addition of diethyl sulphide gives the complex

[?u(SnClB)(CO)Z(Etas)B]Cl and addition of triphenylphosphiﬁe

gives the product RuablB(SnCIB)(Co)(p¢3)3(acetone)2 (22).

Iridium salts in alcohecls have a marked tendency to form
hydride complexes in certain instances(zo); for exampie, with
triphenylphosphine and stannous chloride in ethanol the product
is IrClH(SnClB)(P¢3)3, while in 2-methoxy-ethanol the main prod-
uct is the dihydride IrHZ<Sn013)(P¢5)3.

Several platinum hydride comp;exes containing the SnClB-
ion are known and include [PtH(SnClB)4]3- (19).and tertiary
phosphine compounds such as [PtH(SnCls)a(EtBP)é]‘ (19) _na

cis and trans isomers of PtH(SnClB)(P¢3)2 (25)(26);

iii) Complexes with Group V ILigands

Addition of triphenylphosphine to an ethanolic solution

.solvent)2 gives PtCl(SnClB)(f¢3)2 (14). Two

2
(26)

isomers of this compound have been isolated . The complex

of PtClZ(SnCl

disproportionates reversibly in acetone to give PtClZ(P¢3)2 and
free stannous chloride, thus confirming that tin is present in
the divalent state in such complexes. The reaction is reversed
by addition of excess stannous chloride.

Reflux of ethanolic RhZClz(SnClz.solvent)4 with triphen-

ylphosphine gives Rh(SnCl,)(PA,), (14)

iv) Olefin Complexes

The usual effect of addition of diolefins to ethanolic



Rh2012(SnCla.solvent)4 is formation of the well known dimeric

Rhacla(diqlefin)2 by direct substitution of the tin groups,

but with norbornadiene (NBD) the complex Rh(SnClB)(NBD)2 is

(14)

obtained The divalent nature of the tin is again demon-

strated by the equilibriunm

\g h + -
Rh(SnC1,) (NBD), &= [Ra(ueD), 1"« SnCl,

(1%)

in aqueous solution « The analogous iridium compounds,
Ir(SnClB)(diolefin)Z, are formed with cyclo-octa=1,5-diene
(1) (27)

as well as norbornadiene « In the rhodium compound 6ne
diolefin molecule can be displaced by two nonodentate ligands;
such as triphenylphosphine, or one videntate ligand, such as
bipyridyl, to give the compounds Rh(SnClB)(NBD)(P¢3)2 and
Rh(SnClB)(bipy)(NBD). The cyclo-octadiene‘complex of iridium,
Ir(SnClB)(COD)2 (where COD = ¢yclo=-octa-1,5~diene), behaves
similarly but the norbornadiene complex Ir(SnClB)(NBD)2 is
inert to substitution. The olefin complexes of rhodium will be
discussed more fully in Chapter 5. |

It is of interest to note that in all the compounds
rdiscussed above, and reasonably formulated as containing di-
valent tin, the tin atom, nefertheless, is always four -
co~ordinate and acting as an electron dpnor as expected from the
theéretical considerations given at the beginning of Section 1.1.R

(28) (29}

With one notable and dubious exception , namely



.
]

Sn[Co(CO)4}2 and its substitution product Sn[§0(00)3¢3ék’.there
have been .no reports in the,iiterature>on the exiétence of simple_~
covalent compounds of tin (II) which cﬁuld,at least empiricélly,

be formulated as :Sn[ﬂLgla. This point is considered in greater

detail in Chapter 6.

1.2 Methods of Synthesis of Tin-Transition Metal Bonds

Some indication of the preparation of the complexes con-
taining divalent fin has already becn given in the preceeding
section. Generally speaking thesc species are simply the ones
obtained on mixing solutions of.transition metal salts and
stannous halides, and the derivatives containing Group V ligands
and olefins arise from the addition of suitable ligands to the
resulting solutions. | |

In view of the large and increasing number of covalent
transition metal complexes of tetravalent tin, it is fortunate
that the synthesgés of most of these compounds can be classified
as belonging to one of six ma;n types: =

a) Metathetical reactions iﬁvolving metal carbonyl anions.

b) Metathetical reactions involving anionic tin species.

c) Oxidative-addition reactions.

d) Oxidative-elimination reactions.

e) Reactions Involving elimination of a neutral molecule.

f£) Insertion reactions.
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In the following summary of these types of reactions the
examnples given are taken from recently published work, since
progress in this field up until 1967 has been comprehensively
(3)(5)(6)

documented elsewhere

a) Metathetical reactions involving metal carbonyl anions

This type of reaction is the one that has been most widely
used for the synthesis of tin-transition metal bonds. The most
obvious reasons for this are:-

i) The comparative ease of preparation of a wide range

of suitable anions(30>.
ii) Mild reaction conditions, usually at or below roon
temperature.
iii) Good yields of the required product.
iv) Accurate control of the course of the reaction. to give

the desired product.

The metal carbonyl anion is allowed to react with a suitable
nalide or organometallic halide of tin to give the desired pro-

duct.

€ef. LM o+ RBSnCl —_— RBSnMLn + Cl

Some examples of this type of reaction which have appeared in

the literature in the course of the last two years are collected

>

in Table 1.1 .-



TABLE 1.1,

Recent Syntheses of Tin - Transition

- 11 -

Bonds via Metal Carbonyl Anions

Reactants

MeBSnCl

. CO(CO)4~ + ¢35n01

Co(CO)u— '+

2co(C0),~ + #,8nCl,

2Co<co)4“ + @SnCl

3
Co(CO)4- + (acac)28n612
2= ,
Fe(CO)4 + MeSnCl3

Mn(CO)s— + SnCl,
EV'CPMO(CO)aé(Og)jl- +

Me_SnCl
3 n

fr-Cpio(CO),LY™ + @5SnCl

Major Product

MeBSnCo(CO)ﬁ

¢3SnCo(CO)4
g,snlco(co), 1,
geisalco(c0), ],

(05H702)2

SnCoZ(CO)7
(te snFe(cO), I, +
Meqsthe4(CO)16

D«m(co)5] 4S8

MeBSnMo(CO)Z[P(Oﬁ)é}U-Cp

ﬁBSnMo(CO)ZLﬂLCp

(L = co, P(o¢)3, P(OMe)B, P¢3, Sb¢3).

[Ir(co)3P¢3]' + MéBSnCl

[;r(co)3P¢3]' + Me,SnCl,

[(Rn(C0),(PB5) )" + e SnCl

2— 3 )
Ru(CO)A + EﬂeBSnCl
31r-cpho(c_0)3 + SnCl,
3w-cPMo(co)3‘ + ¢Sn013
3Mn(co)5“ + SnCl,

3Mn(CO)5 + ¢Sn013

MeBSnIr(CO)3P¢3

Me2Sn[;r(co)3P¢3]2_
MeBSnRh(CO)Z(P¢3)2
(r~:e3$n)azm(co)L+
c15n[mo(co)3‘fr-cla]3
gsn[Mo(CO) F-Cp];
¢15n[1n(C0) ]

¢Sn[¥n(00)5]3

Metal

Ref.

(29)
(29)
(29)
(29)
(31)
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b) Metathetical Reactions Involving Anionic Tin Species

A comparatively recent method for the synthesis of tin-

transition metal bonds involves the use of compounds which may

be regarded as containing anionic tin species and are directly

analogous to similar carbon compounds used widely in synthetic

organic chemistry. Typical tin compounds of this type are

R.SnIi and R
3 P

ﬁ%SnLi + giE-Pt012(P¢3)2 o PtCl(SnﬁB)(Pﬁs)a

(u-cP)2M012 + NaSan3 _ CW—Cp)ZMCl(Sn¢5)

(11 = Zr, Hf; TW-Cp =T-cyclopentadienyl).

(W—Cp)aTiCl + Na5n¢3 _ (W—Cp)ZTiSn¢3.THF

(THF = tetrahydrofuran solvent)
(v-Cp)2T1C12 + JaSnﬂ3 o CW—CP)2T1C1(Sn¢3)

(T-Cp),TiCL, + 2Na$n¢3 —_ (W—Cp)ZTi(Sn¢3)2

¢) Oxidative - Addition Reactions

SnlNa, and some recent examples of their use are:=-

(26)

(39

(k0)

(40)

(40)

This ty?e of reaction has been widely used in other fields

of organometallic synthesis and to a lesser extent in the synth-

esis of tin - transition metal bonds. The primary requirement

of the reaction is that the transition metal be capable of incr=-

easing both its oxiddation state and co-ordination number at the

szme time. An example is :=



A

I;‘X(CO)L2 + RBSnH —> IrXH(SnRB)(CO)L2 ' (&1)

(L = P¢3, PP le, PPEt,; X = Cl, Br, I; R =g, Me, Et.)

d) Oxidative - Elimination Reactions

Oxidative - elimination reactions are similar to oxid-
ative - addition reactions in as much-as a suitable tin comp-
ound adds to a transition metal complex and results in an
increase in the oxidation state of the transitioh metal, but
in the.former type of reaction another ligand is removed from
the complex in order to maintain the original co-ordination
number. Xummer and Graham have published a series of recent
papers on the use of oxidative - elimination reactions in the

synthesis of compounds with nmetal-tin bonds:-

T-CpCo(CO), + SnX; —> XBSnCo(Tr-Cp)X(CO) + CO (42)

(X = c1, Br, I.)

Mo(ompy)(go)4 + he§h013 >

L —) MeCl SnMoc11(co)3(bipy) + CO (43)

Fe(CO); + SnX, —> XBSnFeX('CO)L’_ + CO (4h)

5

Reactions similar to the second one above have also been rep-

orted‘elsewhere<45).

-

e) Reactions Involving Elimination of a Neutral Molecule

Most of the recent examples of this type of reaction

~

involve, as one of the reactants, a metal hydride which may

be a transition metal hydride complex or a stannane derivative.
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Examples in which a transition metal hydride is.the'hydride

reactant are :-

Snidfe, —> n;cp(co)BMoSnMe + Me.NH (L6)

3 2

Tr-CpMoH(CO)3 + Me3

trans-PtClH(P¢3)2 + ¢35nNo _—

3
Pt
01(Sn¢3)(?¢3)2 + HNo3 (26)
cls-RuHa(CO)4 + 2¢38n01 S Ru(5n5253)2(co)LF + 2HC1 (%7)
There is one recent example in which the hydride reactant is a
stannane derivative :=-
T:'.(NMeZ)L+ s 4¢35nH _ Ti(Sn¢3)4 + 4Me2NH 48)

There is also an example in which both reactants are hydrides :-

cis-Rull, (CO), + e SaH —> (MeBSn)aRu(co)4 + 28, (47)

f) Insertion Reactions

The synthesis of transition metal - tin bonds by insertion
of stannous halides into metal = metal and metal - halogen bonds

will be discussed in detail in Chapters 2 and 3.

1.3 Structure and Bonding in Tin - Transition Metal Compounds

A variety of physical methods have now been used in the
study of compounds with tin - transition metal bonds and in the

following short review of these techniques the emphasis is,

where possible, on the more recent results.
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1.3.1. Structure Determination by X-Ray Crystallography

A considerable number of compounds containing tin - trans-

ition metal bonds have been the subject of crystal and molecular

(5)(6)

and several such studies have been

(49)-(55)

structure determinations
published during the last two years . Generally speaking
the bonding of a tin moiety to a co-ordinated transition metal
does not leéd to any new or entireiy unexpected stereochenistry
around either the tin atom or the transition metal atom. It is
the distortions of this stereochemistry and the lengths of the
metal -.metal bonds which provide useful information.
Significant -deviations from regular tetrahedral 60-ordin-
ation around the tin atom are usuvally observe@. In many cases
this distortion has becen attributed to the mutual‘repulsion of
the bulky transition metal groups, Sut in other instances it has
been postulated that the tin - transition metal bond has sone
‘multiple bond character (arising from the donation of electron
density‘from filled d orbitals on the transition metal to the
empty 5d orbitals of the tin atom) and such multiple bonding

(51)(56)‘

would explain the observed distortions

The tin - transition metal bond lengths are usually
significantly shorter than the values calculated from suitable
covalent radii and this is taken as further evidence for multiple

bonding. This idea is supported by the results from structure

determinations of the two compounds ¢BSnI-In(CO)5 and ﬂBSnMn(CO)4(P¢3)
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which have tin-manganese bond lengths of 2.674 % 0.004 A and
2.627 ¥ 0,01 E respectively. The obsefved shortening of the
metal - metal bond length can be ascribed to increased dmw-4w
bonding in the compound in which a triphenylphosphine group is

in a position trans to the Sn-in bond because this phosphinevgroup
would be expected fo compete less readily than a carbonyl group
for the d electrons on manganese and so allow an increase in

tin - manganese dW-bonding.

(55)

A very recent paver has described the structures of

W—CpFe(CO)ZSnCl and ﬂLCpFe(CO)zsnBr and there is evidence for

> >
free rotation about the Fe-Sn bond in these compounds. This is
talten as evidence for the Fe-~3n bond being a pure €-bond.

.

1.3.2. Nuclear liagnetic Resonance Spectra

Most of the NIMR work which has yielded results on the
nature of the tin - transition metal bond has been confined to.
nethyl-tin derivatives and‘has'been reviewed(6). The main conc-
lusions may be summarised as follws :=-

a) The methyl resonances shift to lower field as the methyl groups
in tetramethyl-tin are successively replaced by chlorine atoms
because the methyl protons become less shielded as electrons

are drawn towards the elecronegative chlorine atoms. A similar

result is obtained when the methyl groups are successively

replaced by transition metal groups. It is considerad that the
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nagnitude of these shifts does not depend solely on inductive
effects because, in the silicon analogﬁes, the shift is less

when (p+d)w-bonding between silicon and chlorine ié favoured,

as would be expected if back-donation of electrons to the metal
atom led to a greater shielding of_the methyl protons. This idea,
plus the fact that the shifts are less in the transition metal
derivatives of tetramethyl-tin than in the analogous chlorine
derivatives, is regarded as evidence for W-bonding in the tin -
transition metal bond.

vy 319

Sn-lie), the tin-proton coupling constant for the methyl
protons, also decreases on successive replacement of methyl
groups by transition metal groups in tetramethyl-tin. The values
of such coupling constants can be related to the s-character éf
the tin - methyl bonds in that the magnitude of the coupling
constant is increased as the s-character is increaéed. Thus the
lower values observed in the transition metal derivatives imply
that the remaining tin - methyl bonds have less s-character and
consequently the tin - transition metal bonds have more s-charac-
ter than the 25% expected for pure sp3 hybridisation, This conc=-
lusion is supported by the structural determinations discussed

in section 1.3.1., in which deviations from resular tetrahedral
bond angles were observed.

A more recent paper(59) has argued along similar lines to

explain the chemical shifts and coupling constants of the MeBSn-
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group in a series of compounds MeBSnFeLéW-Cp (L2 = 2C0, CO and
. 9
P(o¢)3, CO and P¢3, or f,PCH,CE,PF,). The chemical shift of the

Me.,Sn group protons increases as the W-acceptor ability oi“L2

3
decreases. This is interpreted as being due to an increase in
dr-dT bonding between iron and tin as L2 becomes less able to
accept electron density from the iron atom.. Moreover the tin-
nethyl proton coupling constant decreases as the W-acceptor
ability of Lafdecreases and so it is considered that the increase

in involvement of the d orbitals of tin results in a lowering of

the s-character of the tin orbitals bonding to the methyl groups.

1.3¢%. Infrared and Raman Spectra

Vibrations involving nmetal - metal bonds are expected to
be at low frequencies, usually below ZOO.cm_1. This is partl&
a mass effect and partly due to the low force constants of such
bonds. The low-frequency vibrational svectra of compounds cont-
aining tin - transition metal bonds will be discussed in dgtail
in Chapter 4, with particular emphasis on thg metal - tin
vibrations.

Tin - halogen vibrational frequencies are also important
in understanding the nature of the tin - transition metal bond
and several examples will be given and discussed in various
parts of this work. -Such vibrations are also of relatively low

. -1 . .
frequencies (below 400 cm, ) dut numerous examples!have now been
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reported and interpreted(64) for the SnClB- ligand. AThe essen-

tial conclusion is that "For a ligand'LXn the L-X force constant
will increase upon co-ordination of L to an electron acceptor if

X is significantly more electronegative than L and it will dec-

1
rease for the converse situation. Thus the tin - chlorine
stretching frequencies in transition metal complexes such as

will be higher than the values of 297 and 250 enT' for

o (65)

LnMSnCl3

the free SnClB- i and the shift will be greatest for the
complexes of the transition metal groups with the highest elect-
ron pair affinities.

Routine infrared spéctra at higher frequencies, in the
'sodium chloride region' of 650—4,000.cm71, are now usually
reported as a matter of course for nost new compounds without
any attémpt at rigorous assignment or interpretation. The main
purpose of such spectra is to enable use to be made of the group
frequency concept to identify parfticular ligands and groups
within the complex. However there are many é%ceptions to this
general statement and careful measurements and interpretations
of higher frequency infrared spectra of tin - traﬁsition metal
complexes have been reported, usually in the carbonyl stretching
frequency region(29)<33)(66)-<74), Some of'the earlier work on
the infrared spectra of tin -~ transition metal complexes in the

carbonyl stretching frequency region has been reviewed and

6 . - ) g
discussed( ). The main conclusion reached from these studies
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is confirmation of the idea that appreciable W-bonding is present

in the tin - transition metal bond.

1.3.4a Mass Spectrometry

Little mass spectral data have, as yet, been published
for compounds with tin - trénsition metal bonds. NMass spectra

of the compounds #,5min(C0)g, F:5aFe(CO), M-Cp and

(60)

0125ntke(co)ém0p]2 have been reported but, althoﬁgh the

peaks were identified, no other conclusions were drawn from the

(61)(62)

spectra. Other work has included mass spectra of the
compounds RSn[Co(CO)4]3 (R = ¢, CHiz, CH,=CH, n-Bu) and
XSﬁ[Co(CO)4]5 (X =Cl, Br, I). These spectra have confirmed

the correct formulation to be RSn[_Co(CO)L;]3 and not RSn[_Co(CO)B.]3
(63)

as was originally thought to be the case

1.3.5. lossbauer Spectra

Mossbauer svectroscopy is a comparatively new technique

=4 .
in chemistry(7)) but has already yielded useful results on tin -

(76)(77)(78)
(79)

transition metal complexes The available data have

been added to and interpreted and the results compared with

those from structural determinations and NMR spectra. The main

conclusions are :-

a) that there is enhanced s-character in the tin - transition

metal bond;
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b) that there is dW-dw bonding in the .tin - metal bond but
that this does not predominate over other factors which influence

electron distridution at the tin aton.

1.3.6. Conclusions on the Nature of the Tin - Transition Metal

Bond

The overall physiéal evidence suggests that there is con-
siderable v-bonding.ih the Sn-M bond as a result of overlap of
filled d orbitals on lf with empty d orbitals on Sn, but further
work is needed before any conclusions can be made about the extent
of such bonding.

Two'qlasses of compounds are known with tin - transition
metal bonds. With the platinum metals , stannous chloride forns
SnClB- conplexes which, from chemical evidence, appear to contain
formally divalent tin whereas the mono- and di-substituted com=-
vounds of the other transition metals behave as compounds of
tin(IV). These facts arc explicable in bonding terms byvthe
following hypotheses :-

a) overlap of empty d orbitals of tin with filled & orbitals
of the platinum metals are especially favoured and the resulting
bond is mainly a W-bond wifﬁ the lone-pair of electrons on tin
remaining close to the pérent aton in a very polar ¢-bond;

b) with the other transition netals, d orbital overlap is less

favourable or less 4 electrons are available and a stronger, less
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polar, o-bond is required to draw the atoms closer together to
allow T=bond formation.

It would then be expected that reactions of the metal -
metal bénd would differ in the two cases; in the platinum metal
complexes the tin atom would tend to retain its electron pair
while in the other cases the bond would tend to split homolyt-

ically.



CHAPTER 2
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CHAPTER 2

The Insertion of Stannous Halides

into Metal-iletal Donds

2¢1¢ Introduction

The first insertion reaction of a stannous halide into a

,(80)

metal-metal bond was reported in 196 . Stannous chloride was
found to insert into the iron-iron bond of bis(W-cyclopentadienyl-

dicarbonyliron), in refluxing methanol, according to the reaction :=
[(r-cpIFe(c0) ], + snCl, —> [(F-Cp)Fe(CO),] sn01, (1)

The unbridged metal-ﬁetai bond in decacarbonyldimanganese wvas
shown to be unaffected by stannous chloride under similar condit-
ions, and bis(w-cyclopentadienyltricarbonylmolybdenum) reacted

but the product was trichloro(w-cyclopentadienyltricarbonylmolyb-

denum)tin :-

-

gn=0p)Mo(co)3]2 + 5001, — (T-Cp)ito(C0);5nC1, (41)
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Octacarbonyldicobalt and sonme of its derivatives were
found to undergo a similar insertion reaction with stannous

ne1ides(82)(83)

[00(00)314]2 + SuX, —> [Co(CO)Bszsnxz (iii)

(X =c1, Bry I; L= CO, Ffy, P(n-Bu)B', P(o;a)3 ).

b}

The ease of reaction wi%h stannous chloride varied.with change of
ligand L and decreased in th§ order (n-Bu)3P> ¢3P >(¢O)3P, which
is the reverse order of m-acceptor ability for these ligands.
This was considered to be possible evidence for electrovhilic
attack at the cobalt-cobalt bond by a carbene-like species :SnCla.
The reactioﬁ of octacarbonyldicobalt with stannous halides
was independently reported by other workers(81), who also showed
that bis(M-cyclopentadienyldicarbonyliron) would react with
stannous bromide and stannous iodide in a manner similar to that

given by reaction (i). Bis(W-cyclopentadienylcarbonylnickel)

behaves similarly :=-
[r-comi(co)], + a0, —— [(-0p)ri(c0)] ,snc1, (iv)

The lack of reaction of decacarbonyldimanganese was confirmed and
this, and the anomalous reaction of bis(T-cyclopentadienyltricar-
bonylmolybdenum), were sugzgested to be due to the lack of

bridging carbonyl groups across the metal-metal bond in these

compounds.
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. (84)
It is now known =~ ° that decacarbonyldimanganese will react
with stannous chloride under very vigorous conditions to give the

expected insertion product :=

(v)

_hydrocarbon solvent% [Mn(00)5]23n01

I":nZ(CO)'IO + SaCl, sealed tube, 100°

2

This does not disprove the idea that bridging carbonyls are needed
"to allow insertion_of stannous halides into metal-metal bonds
under mild conditions but it would probably be more realistic

to say that bridging carbonyls will in somne way'aid the insertion
reaction rather than that their absence prevents the reaction.
This view is borne out by the fact that the substituted cobalt
carbonyls, [bo(CO)BLJZ? which contain an unsupported metal-metal

(89)

bond with no.bridging carbonyl groups , have been shown to
react in the normal way<82).

An investigation of the kinetics of the reactions of
stannous chloride and stannous bromide with hexacarbonylbis(tri-
n-butylphosphine)dicobalt has been reported(86). The thermal
reaction at room temperature is very slow but the rate is greatly
increased when fhe réaction nixture is exposed to light. TFor the
thermal reaction with stannous chloride the evidence sugsests that

a reactive intermediate A* is involved :-

SnCl

[Co(co)B(PBuz)] = A2 [00(00)3(133\13)] ,SnCl,  (vi)

For the thermnal reaction with stannous bromide two nechanisms



- 26 =

appear to be operating simultaneously :=
a) a two-stage mechanism, as for the chloride;
b) a bimolecular associative mechanism, which may be a

concerted process and may be represented diagrammatically as

\ 2
Co. = ACo
ARGV ARNS
Sn
/7 \
X X .

This is consistent with the higher polarisability of the bromide
over the chloride.

For the photochemical reaction a two-step mechanisn, .
similer to that for the thermal reaction, seems to be operating
but with a photochemically‘produced reactive intermediate :-

- SnX2
ECo(co)B(PBuB)J_Z—t_:E A*(p) ——= [Co(CO)B(PBuB)JZSnXZ (vii)

The photochemical reactions for the chloride and bromide have

similar mechanisms.
Anionic species containing metal-metal bonds have been

(85)

shown to undergo insertion reactions with stannous iodide
M.(co), 127 + sal.—> e([rﬂ(co)E] snT2% (1 = cr,w)  (viii)
L7227 10- 2 o 2°142) = Cr,

The insertion reactions of octacarbonyldicobalt have been

extended to include reactions with stannous fluoride and stannous

acetafe(68). The product from reaction with stannous fluoride

is unexpected :-
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Co,(CO)g + SaF, —> FSn[Co(Cd)qJB (ix)

The reaction with stannous acetate gives a mixture of two

products :-

002(00)8 + Sn(OAc)2 >

(ac0) snfco(c0),l, + (aco)sn{co(c0), ], (x)

The mono-substituted iron derivative bis(w-cyclopentad-
ienyl)(tricarbonyl)(triphenylphosphite)diiron reacts with stannous
chloride to give the expected insertion product but the reaction
is complex and at 1easf three other minor products are obtained,

(87)

including dichlorobis(T-cyclopentadienyldicarbonyliron)tin

(W_Qp)eFez(CO)BP(Oﬁ)B + SnCl, > ' (xi)

Clzsn[ﬂw-Cp)Fe(CO)zli(w-Cp)Fe(CO)P(O¢)3] + other products

(88)

Very recently T-cyclopentadienyldicarbonylruthenium
dimer has been shown to react with stannous chloride in a

manner similar to that of the énalogous iron compound :-
ltr-cp)ru(co),], + sncl, —> [(r-Cp)Ru(c0),]snc1, (xii)

In this present work the scope of the insertion reaction
as a preparative method has been extended and some unexpected

results have been obtained from some of the reactions discussed

above.
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2.2 Reactions of Bis(w-cyclopentadienyltricarbonylmolybdenun)

with Stannous Halides

2.2.1 At Eigh Temveratures in llon-Polar Solvents

An investigation of the reactions of bis(W-cyclopentadienyl-
tricarbonylmolybdenum) with stannous halides under vigorous
conditions was thought to be desirable because :=~

a) the reaction with stannous chloride under mild conditions
has been reported to give trichloro(w-cyclopentadienyltricarbonyl-
molybdenum)tin as the unexpected product(so);

b) decacarbonyldimanzanese, which is inert to staﬁnous chloride
in refluxing methanol, reépts to give the expected‘insertion
product under more vigorous conditions in hydrocarbon solvents(84).

Consequently, bisCﬁ-cyclopentadienyltricarbonylmoiybdeﬁum)
and stannous chloride, with benzene as solvent, were heated to
200 in a closed stainless steel reaction vessel. Under these
conditions the reaction was found to give the simple insertion
product dichlorobis(ﬂ;cyclopentadienyltricarbonylmolybdenum)tin.

Stannous bromide and stannous iocdide were found to react

similarly :-

[m-cpho(co),], + sux, Donzene 5 [(w-cp)io(c0) 1 8nX,  (xiii)

Yith stannous bromide, tribrozo(m-cyclopentadienyltricarbonyl-

molybdenum)tin was also isolated as a minor product but no similar
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éide-reactions were detected with either the chloride or the
iodide. This observation is consistent with similar anomalous
reactions of stannous bromide and bis(w-cyclopentadienyldicarbon-
yliron) discussed later in section 2.4. It was also found that
trichloro(W;cyclopentadienyltricarbonylmolybdenﬁm)tin (the rep-
orted product from the reaction in refluxinglmethanol) could not
.be isolated from the reaction under vigorous conditions, even in
the presence of lithium chloride as a source of extra chloride
ion which nmight have assisted the formation of a trichlorotin
species.

It is interesting to note that, even under similarly vigorous
conditions, evidence could not be found for the insertion of
lead (II) chloride into the molybdenum-molybdenum bond. (It has
previously been reported(SO) that lead(II) chloride will not
insert into metal-metal bonds under nild conditions in refluxing
methanol).

Dichlorobis(r-cyclopentadienyltricarbonylmolybdenum)tin

Q
has been briefly mentioned elsewhere(“o>, having been synthesised

by the reaction :-
[(W-Cp)Mo(CO)B]asnga + 2301——>\;(«-0p)1~¢9(co)3]é5n012 + Cgllg (xiv)

The dibromo- and diiodo-compounds have not been previously repor-

ted in the literature:
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2.2¢2 Under Mild Conditions

The reported reaction of bisCﬁ;éyclopentadienyltricarb-
onylmolybdenum) with stannous chloride to give trichloro(fT-cycl-
opentadienyltricarbonylmolybdenum)tin(SO? (reaction (ii) of
section 2.1) is somewhat surprising in view of the fact that
2ll the other reactions of stannous halides with compounds cont-
aining metal-metal bonds have given the simple insertion. product.
This present work has now shown that it is possible to obtain
the insertion product, dichlorobis(mm~cyclopentadienyltricarbon-
ylmolybdenum)tin, even undér the relativel& mild conditions of
reflux of low-boiling solvents.

Thus, the dimeric mol&bdenum compound was found to react
with anhydrous stannous chloride in dry methanol at reflux

temperature to give the insertion product :-

- MeOH ¥, .
- g _.—___—> - 3
B" CP)MO(CO)sz + SnCl, ——== L(ﬂ'Cp)ho(CO)B]ZSnCl2 (zv)

The identical product was obtained with ethanol and acetone as
solvents. EZven a series of similar reactions under conditions
. . . - (80) s

identical to those originally reported , using hydrated
stannous chloride, have been found to give the simple insertion
product as the major rzroduct, but on one occasion trichloro-
(ff=cyclopentadienyltricarbonylmolybdenum)tin was isolated as
the sole vreduct. These results verify that the original report

was a correct one but that it is more usual for the reaction to
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result in a simple inserion of stannous chloride into the
molybdenum-molybdenum bond. It is not, as yet, possible to
expiain this variation in the result under apparently identical
conditions, but it seems that reaction time is not important
since it has been found that the insertion product does not
react further with an excess of stannoﬁs chloride under the

usuval reaction conditions :-

11eOH

[(m-Cp)i0(C0),] 5001, + $nC1, —Z5——% NO REACTION (xvi)

It has been found that froducts could not be isolated
from the reactions of stannous bromide or stannous iodide with
vis(M-cyclopentadienyliricarbonylmolybdenum) in refluxing methanol
or THF. The usual reéult was the formetion of unstable green

solids.

2.3 Raman Spectra of Stannous Chloride in lMethanol

In an attempt to understand the inconsistencies discussed
in the preceding section, the Raman spectra of methanolic solu-
tions of anhydrous and hydrated stannous chloride were invest-
igated. The resulting spectra are reproduced diagramatically
in Figure 2.1.(Page 32).

The essential result is that, at the édncentrations used
during the reactions; the same species are present in solution

for both anhydrous and hydrated stannous chloride. Therefore
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FIGURE 2.1 Raman Spectra of Methanolic Solutions of Anhydrous

Stannous Chloride and Stannous Chloride Dihvdrate

i) Anhydrous SnCl , saturated solution

107.

ii) Anhydrous SnCl*, 0.5 g./ml

A Z93P

) Anhydrous SnCl , 0.1 g./ml

iv) Sncl .211%0, 0.7 c./ml

33k P
247 P

Frequency shifts are given in cm.

P = polarised.



it is not possible to make any conclusions about the inconsist-
encies of the rgaction from these spectra. The main species
present in the more dilute solutions are probadbly of the type
SnClZ~MeOH or SnClZ°H20 and it is then rcasonable to assign the
strong bands at 336 enT! and 297 en”) to the synmetric tin-
chlorine stretching mode and the tin-oxygen stretching ﬁode
respectively because both these bands are polarised.

An interesting-feature of these spectra is the variation
with concentration for the anhydrous compound. The strong band
at about 265 cm:1 observed for the saturated solution shifts to
higher frequency on dilution. This fact has been briefly ment-

(91)

~ ioned elsewhere . A likely explanation is that the chain-
polymer structure of the solid(1o) is retained in saturated
solutions and the spectral change on dilution is due to the
gradual depplymefisation of (SnClZ)n with the eventual formation
of discrete molecules of the form SnClZ'(solvent). This effect
is probably not relevant to the reactions discussed in section

2.2.2 because, at the concentrations used in these rezctions,

the Raman spectra indicate that the devolymerisation process is

complete.

2.4 Reactions of Bis(ff-cycloventadienyldicarbonyliron) with

Stannous Halides

The reaction of bis({r-cycloventadienyldicarbonyliron) with
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stannous chloride in methanol has been found to give the expected

. (80)

insertion product and stannous iodide has been found to react
- . . . (81 .
similarly in TH (as previously reported ) and also in
methanol. However, stannous bromide has been found to behave in
a sonewhat unexpected manner. In THF the expected insertion
product was obfained, but in methanol the sole product was

tribromo(M=cyclopentadienyldicarbonyliron)tin :=

[niagnl
ihg

[(‘H’-Cp)Fe(CO)Z]2 + SnBr, ———> Bﬁ-Cp)Fe(éO)é]zsnBrZ (xvidi)
BH:CP)Fe(co)Zja + SnBrZ-——§39§4> (-rr-clo)Fe(co)ZSnBr3 (xviii)

This result is particularly surprising in view of the fact that
none of the trichloro-compound could be isolated from the reaction
with stannous chloride, even in the presence of hydrochloric acid
when it-is reasonable to suppose tha£ a species such as SnClB—
would be present in high concentration at the start of the

(65)

reaction

The reaction with stannous bromide has also been invest-
igated in ethanol, n-propanol, and n-butanol and it was found
that in n-propanol and n-butanol a mixture of products was

obtained :-

gﬂLCp)Fe(CO)zza +  SuBr, n-BuOH or n-PrCH >

(ﬁ—Cp)Fe(CO)éSan + ﬁv:Cp)Fe(co)2JZSnBr2 (xix)

3



- 35 =

The reaction was also carried out in benzene under vigorous
conditions, similar to those used for the molydbdenum compounds
( section 2.2.1 ), and it was found to give the insertion vrod-
uct in high yield with no evidence for the formation of the

tribromo-compound :-

(xx)

4 ' Benzene — i
u—_ N _—————.—}. 1 e

140f

The results for the reaction of stannous bromide with
bis(r=cycloventadienyldicarbonyliron) are summarised in Table 2.1
(vage 36). This table shows that the proportion of dibromobis-
Cﬁ-éyciopentadienyldicarbonyliron)tin formed in the reaction
increases as the reaction temperature is increased, but it is not
possible to comment on the reasons for this without further
evidence.

It is noteworthy that similar anomalous reactions of
stannous bromide, as compared with the chloride and iodide, have
been observed in the reactions of stannous halides with compounds
containing transition metal-mercury bonds but no explanations

(92)

were proposed

2.5 The Raman Spectra of Stannous Bromide in Various Solvents

The variaticns in the reaction of stannous bromide with
bis(T=cycloventadienyldicarbonyliron) in different solvents might

be explained if it could be shown that different species were



TABLE 2.1 Reactions of Stannous Bromide with

I4

Bis{T-cycloventadienyldicarbonyliron)

in Various Solvents

Solvent Eeactigg Approximate Relative ?ercentages of Products
+CHP. (TT-Cp)Fe(CO)zsnBr3 [(ﬂ’-Cp)Fe(CO)ZJaSnBr2

MeOH 64 ' 100 0

LtoH 78 100 0

n-PrOH 97 80 20

n-BuOH 117 70 ' 30

Benzene 140 0 | | 100




present in the various reaction solvents. Therefore the Raman
spectra of stannous bromide solutions were investigated for a
variety of solvents. These spectra are reﬁroduced diagrammatic-
ally in Figure 2.2 and show that, at room tempcrature, the sane
species are vpresent in solution in the various solvents and so

no further conclusions may be drawn about the observed differences

in reaction.

2.5 The Reactions of Octacarbonyvldicobalt with Stannous Halides

The insertion reactions of stannous halides with octacarb-
onyldicobalt have been repeated and the expected insertion

L(81)(82)(83)

products were obtained in each cas

2.7 Conclusions

The insertion rcactions of stannous halides with compounds
containinrg honmonuclear metal-metal bonds have been extended and,
in somec cases, re-cxamined. The essential result is that in
all cases, under suitable conditions, it is possible to obtain
compounds of the type [LHHJESnXZ ané that the formation of
compounds of the type LnI-ISnX3 is exceptional for these reactions.
The factors which govern the formation of the trihalo-tin
compounds in vpreference to the dihalo-tin compounds in certain

instances are, as yet; undetermined.



FIGURE 2.2 Faman ST>ectra of Stannous Bromide Dihydrate

in Various Solvents

i) In MeOH

2.13P

ii) In Eton

2H R
ISO

iii) In n-FrOH
10P

Frequency shifts are given in cm._1

? = nolarised.
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2.8 Experimental

Raman spectfa were obtained on é Coderg Pd O instrument
with a Ferranti IR 50 helium~neon laser as the exciting source.
Infrared spectra were obtained on a Perkin Elmer 225 instrument
with the samples mounted as Kujol mulls on potassium bromide
(4,000 - 40O enT ) and polythene (400 - 200 cnT ) plates.

Iicroanalyses were carried out by Dr. I. Pascher,
Mikroanalytisches Laboratorium, 53 Bonn, Burchstrasse 54,

W. Germany, and by Rapid Zlemental Analysis, 6, Burkes Parade,
Beaconsfield, Buckinghamshire.

Melting points (designated m.p.) were determined on a
Kofler hot-stage apparatus and are uncorrected.

All reactions, except those at high temperatures in closed
reaction vessels, were carried cut under an inert atmosphere of
dry nitrogen.

Reagent grade and 'Analar' grade solvents were used with-
out further purification with the exception of THF, which was
distilled, in a dry nitrogen atmosphere, from sodium wire and
then from lithium aluminium hydride.

{(‘ﬁ—Cp)Fe(CO)a_j2 and KF-Cp)Mo(CO)é}Z were purchased from
Alfa Inorgahics Inc. and used without further purification.

092(00)8 was prepared according to the published method(93).

N
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A. High Temperature Reactions

i) Synthesis of Dichlorobis(T-cycloventadienyltricarbonylmolyb~
denum)tin |

A mixture of [('ﬂ’--Cp)Mo(CO)BI2 (1.0 g), excess anhydrous
stannous chloride (1.0 g), and benzene (15 ml.) were sealed in
_a stainless steel high-vressure rcaction vessel and heated to
200° for 24 hr. The resulting yellow solution was filtered and
evaéorated to dryness to give a yellow solid. This solid was
recrystallised from benzene-vetroleum spirit to give yellow
crystals of the vroduct (0.91 g., 65%), m.p. 200—2010, (Lit.
value, 9% 200-201°). (Fownd: C, 27.9; H, 1.52; C1, 11.1%.
Calc. for C16H1OC;2M0206Sn: c, 23.3; H, 1.49; C1, 10.4%).

The reaction was repeated under identical conditions
éxcept that lithium chloride (1.0 g.) was added to the reaction
mixture. The yellow product (0.35 g.) was purified as described

above and shown by m.p. 200° and infrared spectrum (400-200 cm?1)

to be I(w-Cp)iio (00)3]25n012.

ii) Synthesis of Dibromobis(T-cycloventadienyltricarbonylmolyb-

denum)tin
. Bﬂ%Cp)Mo(CO)Biz (1.0 g.), excess hydrated stannous bromide
(1.5 5.), and benzene (15 nml.) were sealed in the steel reaction

vessel and heated to 190° for 24 hr. The resulting yellow solu-

tion was evaporated to drynsss at the rotary evaporator and the
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yellow solid so obtained was redissolved in boiling methanol to
give an orange solution. Filtration and cooling gave orange
crystals of ‘}w-Cp)Ho(co)B]ESnBrz (0.69 g., 44%), m.p. 211-212°.
(Found: C, 24.6; H, 1.28; Br, 23.1%. Calc. for 016H10Br2M0206Sn:
C, 25.0; H, 1.32; Br, 20.3%).
Zvaporation of the filtrate to small bulk and cooling gave
°

orange crystals of (’.T'-Cp)Mo(CO)BSnBr3 (0.2 go, 8.2%), m.p. 153 .

(Found: C, 15.9; H, 0.75; Br, 43.9%. Calc. for CSH5Br3M°O3sn:

c, 15.9; H, 0.83; Br, 39.8%).

iii) Synthesis of Diiodobis(m=cycloventadienyltricarbonylmnolyb-

¢enum)tin

QHZCP)HO(CO)EJZ (1.C g.), excess hydrated stannous iodide
(1.5 g.), and benzene (15 ml.) were scaled in the steel reaction
vessel and heated to 175° for 24 hr. The resulting orange-red
solution was cvaporated to dryness at the rotary evaporator and
the orange solid so obtaired was recrystallised from nmethylene
thoride—ﬁethanol té give orange-red crystals of
Bv-Cp)n§(co)3]2SnIZ (0.9 g., 51%), m.p. 201-203°. (Found: C, 21.8;
H, 1.15; I; 28.6%. Calc. for C16H1012M0206Sn: C, 22.3; H, 1.17;

I, 29.5490).
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iv) Attempted Reaction of Bis(w=-cycloventadienyltricarbonylmolyb-

denum) and Lead(II) Chloride
BT"CP)MO(CO)B]Z (1.0 g.), excess lead(II) chloride (1.0 g.)
and benzene (15 ml.) were sealed in the steel recaction vessel and
heated to 180° for 24 ar. Only unchanged starting materials

could be isolated from the reaction mixture.

v) Synthesis of Dibromobis(il-cyclopentadienyldicarbonyliron)tin

EW—CP)Fe(CO)éJZ (1.0 g.), excess hydrated stannous
bromide (1.5 g.), and venzene (15 ml.) were sealed in the steel
reaction vessel and heated to 140° for 24 hr.i The resulting
orange solution was evapprated zt the rotary evaporator and the
orange sollid so obtained was recrystallised from boiling methanol

to sive needle-like orange crystals of [ﬁW-CP)Fe(co)Z]ZSnBrZ

0 0
(0.8 g., 4S%), mep. 186-189° (Lit. values, 168-177 (1) ang

177-179°(92)). (Found: C, 26.6; H, 1.54; Br, 24.8%. Calc. for
014H1OBrZFeZOASn: C, 26.65 HE, 1.6; Br, 25.3%).

B. Reactions in Refluxing Solvents

i) Reaction of Bis(¥W-cyclopentadienyltricarbonylmolybdenun) and

Anhvdrous Stannous Chloride

ETFCP)MO(CO)Ela (0.3 g.), and anhydrous stannous chloride

(1.1 g.) in 'Analar' grade methanol (50 ml.) were refluxed for



three days to give a clear orange solution. Evaporation of this
solution to small bulk gave orange crystals which were recrystal-
lised boiling methanol as orange-yellow, needle-lilie crystals of
[Cﬂ-Cp)Mo(CO)B]ZSnClz (0.2 g., 48%), identified by m.p. 199-205°
and infrared spectrum (400-200 cm:1).

Similar reactions, using acetone and absolute ethanol as

solvents, gave essentially the sane result.

ii) Reaction of Bis(r-cvcloventadienyltricarbonylmolybdenum) and

Iivdrated Stannous Chloride

I

ﬁﬁF—Cp)Mo(CO)B]Z (0.3 g.) and stannous chloride dihydrate
(1.2 g.) in reagent grade methanol were refluxed for three days.
The resulting orange solution was evaporgted to small bulk and
cooled to give an orange solid. This was recrystallised from.
boiling methanol to give orange-yellow crystals of
[CW-CP)MO(CO)BJESnClz (0.13 g., 43%), identified by m.p. 198-199°
and infrared spectrum (400-200 cm?1).

The reaction was repeated twice more to give essentially
the same result, but on another occasion the product was found
to crystallise less readily from the reaction solvent and only'
after standing in the.refriéerator for 15 hr. were yellow
crystals obtained (0.12 g.), These were shown to be the
trichloro-compound ("-T’--Cp)Mo(CO)BSnCl3 by m.p. 161° (dec.)

o
(Lit. value(uo), 164°(dec.)), and infrared spectrum (400-200 cm.q).
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iii) Reaction of Dichlorobis(T-cycloventadienyltricarbonyl-

nolybdenum)tin and Hydrated Stannous Chloride

[(‘IT-Cp)Mo(CO)BEZSnCl2 (0.4 g.) and excess stannous chlor-
ide dihydrate (0.5 g.) in reagent grade methanol (50 ml.) were
refluxed for two days. The hot reaction solution was filtered
and allowed to cool to room temperature to give orange crystals
) £ 3 mma iar [ - vt

of starting material, LGT Cp)“o(CO)B]ZSnCla.

iv) Reactions of Bis(W—cyclonentadienyltricarbonylmolyﬁdenum)

With Stannous Bromide and Stannous Iodide

BW—CP)MO(CO)B]a (0.5 g.) and excess hydrated stannous
bromide (2.0 g.) in reagent grade methanol (40 ml.) were refluxed -
for five days. The hot reaction solutioﬁ was filtered and placed
in the refrigerator. After two hours purple-red crystals had
separated and werelshown, by infrared spectrum, to be the start-
ing material Bﬂle)Mo(CO)BJE. The filtrate was evaporated to
very small bulk and left in the refrigerator for two.days but
other products were.not obtained.

The reaction was repeated with THF as solvent aﬁd after
refluxing for twelve hours the solution had become deep green in
colour. Removal of the solvent at the rotary evaporator left
.a green solid which imnediately decomposed to a black solid on
exposure to the atmosnhere.

Similar results were obtained when ‘}v%Cp)Mo(CO)BJZ and
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hydrated stannous iodide were refluxed in methanol and THF.

v) Reaction of Bis(T-cvclopentadienyldicarbonyliron) and

Hydrated Stannous Chloride in Héthanol

80
The reaction was carried out as previously desc:z':i_bed(u )

. to give the exvected vroduct E}ﬁ—Cp)Fe(CO)é}ZSnC12 (yield, 63%),
identified by m.p. 165-167°  (Lit. value, 166-168") and infrared

spectrum.

vi) Reaction of Bis(ir-cyclopentadienyldicarbonyliron) and

Hydrated Stannous Chloride in liethanol in the Presence

of Hydrochloric Acid

]:(F—Cp)Fe(CO)ij (1.25 g.), stannous chloride dihydrat‘e"
(2.5 g.), and 2 hydrochloric acid (5 ml.) in reagent grade
methanol (60 ml.) were refluxed for five hours to give a clear
orange solution containing some orange crystals. These crystals
were filtered off, washed quickly with cold methanol, and dried
in air; (yield, 0.21 g.). The filtrate was cooled in ice to
give a second crop of orange crystals which were wasﬁed and
dried similarly; (yield,-1.03 g.). DBoth products were shown by
m.p. 166-167° and infrared spectrum (400-200 cm?1) to be

E_(‘TT-Cp)Fe(CO);[ ,SnC1, (total yield, 65%).
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vii) Reactions of Bis(f-cycloventadienyldicarbonyliron) and

Stannous Bromide in Various Alcohols

a) In MeOH:- @W-Cp)Fe(co>2]2 (C.5 g.) and hydrated stannous

bromide (1.5 g.) in reagent grade methanol (20 ml.) were

refluxed for three hours to give an orange solution. This

solution was filtered while hot and then cooled in ice to give

orange-yellow crystals of ('TT--Cp)Fe(CO)ZSnBr3 (0.52 g., 3:%),
m.?..172° (Lit. value, 170—1710(94)). (Found: C, 15.3; H, 0.96;
Br, 38.5%. Calc. for C7H5Br3Fe02Sn: C, 15.7; 4, 0.93; Br,v44.8%).
v) In EtQH:— Quantities used were as in a) except that absolute
ethanol (25 ml.) was used as solvent. The reaction seemed to be
complete (as estimated from the colour of the solution) in about
90 min. Orange-yellow crystals (0.56 g., 37%) separated from

the solution on cooling in ice and were shown to be
(‘TF-Cp)Fe(CO)a.SnBr3 by m.p. 1710 and infrared svectrum (1000-200
onT )

¢) In n-PrOH:- Quantities used were as in a) except that n-prop-
anol (25 ml.) was used as solvent. The reaction was complete

in 10 min. Evaporation.to small dbulk and cooling of the solution
gave orange crystals (yigld, 0.62 g.). The crystals were shown
by infrared spectrum (1,000-200 cmT1) to be a mixture of
(T-Cp)Fe(CO)ZSnBr and RV—Cp)Fe(CO)Z]ZSnBr and the approximate

3 2

relative proportions of these compounds were estimated from the

intensities of bands in the spectrum.-
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d) In n-BuOH:- Quantities used were as in a) exéept that
n-butanol (25 ml.) was used as solvent. The reaction was compl-
ete in 2-3 minutes. The reaction solution was evaporated to
small bulk and cooled to roonm temperatu:e to give orange crys-
tals (0.59 g.) which were shown by infrared spectrum (1,000-

200 cm?1) to be a mixture of‘(‘TT-Cp)Fe(CO:)ZSnBr3 and

[KW;Cp)Fe(CO)a]ESnBr . The relative proportions of these two

2

products were estimated as in c¢).

viii) Reaction of Bis(m-cyclopentadienyldicarbonyliron) and

Stannous Bromide in THT

The reaction was carried out in a manner similar to the
one reported previously(gq). [ﬁT-Cp)Fe(CO)zlz (1.8 g.) and
hydrated stannous bromide (1.6 g.) in THF (100 ml.) were refl;
uxed for 20 hr. Solvent was removed at the rotary evaporator
and the residue was washed with pentane to remove unchanged

[ﬁW;Cp)Fe(CO)EJZ. The remaining solid was then crystallised

from boiling methanol to give yellow crystals of

-

(-]
]jW-CpFe(CO)ZjasnBrZ (0.9 g., 28%), msp. 170 (dec.), (Lit. value

168-171° 81Dy,

ix) Reaction of Bis(w-cyclopentadienyldicarbonyliron) and

Stannous Iodide in itethanol

RW—CP)Fe(CO)EJZ (1.0 g.) and hydrated stannous iodide
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(4.0 g.) in reagent grade methanol (100 ml.) were refluxed for
2 hr. to give an orange-red solution. This solution was filt-
ered while hot, evaporated to small volume, and cooled in ice

to give red crystals of [Gr=co)Fe(CO) ,],85nI, (1.3 g., 63%),
(81)

m.p. 185 (dec.) (Lit. value "'/, 180° (dec.)). (Found: C, 23.2;

H, 1.34%. Cale. for C,,H 0,5n: C, 23.2; H, 1.40%).

™ T
10° %272

x) Reactions of Octacarbonyldicobalt with Stannous Halides

The previously reported reactions of octacarbonyldicobalt

(81) (32)

with stannous chloride , stannous bromide

(82)

and stannous
iodide were repeated and only the expected products were

isolated. The results are summarised in the following table:=-

Reactants Product
Co,(CO)g (3.0 g.) + SnCl, (1.7 g.) | [00(00)4]28n012 (1.5 go)
C°2(C°)8‘(2'° g.) + SnBr,e2H,0 (1.9 g.) ECo(co)4]2SnBr2 (1.6 g.)
Co,(CO)g (1.9 g.) + SnI,-xH,0 (3.0 g.) [bb(co)4]25n12 (0.73 g.)
Compound Yield M.Doe Lit.value m.pe.
[CO(CO)4125n012 33 S 108° 106 ¢
[c0(c0),1,8nBx, Ll g 112-114" | 115°

’ o © o
[CO(CO)q]ZSnIa 18 86-90 ca. 105




CEHAPTER 3
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CHAPTER 3

The Insertion of Stannous Halides

Into Transition lletal-Halogen Bonds

3.1 Introduction

The first example of an insertion reaction of a stannous
halide into a transition metal-halogen bond was reported in

4(80)

196 , when it was found that chloro(w=cyclopentadienyl)=-

(dicarbonyl)iron would react with stannous chloride to give the

insertion product:-
(WLCp)Fe(CO)ZCl + SnCl2 -—————-)-(ﬂ'—Cp)Fe(CO)ZSnCl3 (i)

More recently, the ruthenium analogue has been shown to react

(38),

similarly
(w;Cp)Ru(CO)zcl +..8001, —> (n--Cp)Ru(co)ZSnu3 (i1)

Xinetic studies of the mechanisms of such reactions have
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not been reported and so the term 'insertion reaction3 haslno
nechanistic implications and is mefely descriptive of the overall
reaction. A preparative approach to the determination of the‘
mechanism has been attempted(95); it was found that stannous
chloride would insert inté the iron-iodine bond of iodo(w-cyclo-
peptadienyl)(dicarbonyl)iron to give a mixed-halide complex, but

that iodo(w-cyclopentadienyl)(tricarbonyl)molybdenum would not

react under the same conditions:-

MeOH

_ Ay

(- Cp)Fe(CO)aI + 8SnCl, — > (- Cp)re(CO)ZSnClal (iii)
v 11eOH - . .

(Tr-Cp)mO(CO)BI + 8nCl, ""rl—eﬁW? NO REACTION - (iv)

From these results it was postﬁlated that the reécfion involved
initial co-ordination of stannous chloride to the central atom
followed by migration of iodine from iron to tinj; the lack of
reactivity of the molybdenum compound could then be ascribed to
the diffi&ulty of formation of the necessary eight-co-ordinate
intermediate.’

It has not been possible to confirm these‘results in this
present work, and a very receﬁt paper has also suggested that a
preparative approach to the determination of the mechanisms of
such reactions is unlikely to be successful(96). Thus it was

found (96) that the only product which could be isolated from

the reaction of iodo(m-cyclopentadienyl)(dicarbonyl)iron and
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stannous chloride was trichlor(ir-cyclopentadienyldicarbonyl-

iron)tin:-

MeOH N
2 reflux

(Wle)Fe(CO)zl + SnCl (ﬂ:cP)Fe(co)asn01 (v)

3

The postulate that the lack of reactivity of the molyb-

denum compound was due to steric effects was also shown to be

.

unsatisfactory by the fact that some fertiary phosphine derivatives

of the compound would react in the normal way(96)(97):-
(ﬁLCp)Mo(co)2L01 + SnCla————a-(W—Cp)Mo(CO)ZLSn013 (vi)
(ﬁ—Cp)Mo(CO)LZCl + SnCle——-—e-(ﬁ—Cp)Mo(CO)LZSnClB (vii)

(L = P(OMe)3 or P(OSZS)3 )

Siﬁilarly, chloropentacarbonylmanganese does not react with

(80)

but, under similar conditions, tertiary

(98)_

stannous chloride

vhosphine derivatives react to give the insertion product

Mnc1(co)3(diphos) + SnClZ-;—f——a- Mn(5n013)(co)3(diphos) (viii)

( diphos = ¢2PCHZCHZP¢2 )

Stannous chloride has been shown to react with several

compounds containing platinum-chlorine bonds:-

. .y (26)
cis PtClZ(P¢3)2 + 8nCl —> Pt(Snc13)01(P¢3)2 (ix)
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(§25)(26)

cis- & trans-PtHCl(P¢3)2 + SnClZ——ﬁ>PF(SnC13)H(P¢3)2

trans-PYHOL(PEt,), + SnCl,— trans-Pt(Sn0l,)H(PEty), (i) (99

trans-PtC1R(PEt. ), + SnCl,—>trans-Pt(SnCl,)R(PEt.) (xii)(99)
—_— . 372 2 —_— 3 372
( R = meta- and para-fluorophenyl groups )

)(25)

'PtCl(OH)(P¢3)2 + SnClZ-———e-Pt(SnCl3)(OH)(P¢3)2 (xiii

The insertion of stannous chloride into iridium-chlorine

bonds is also well established:-

IrHZCl(P¢3)3 + 8nCl, —— IrHZ(Sn013)<P¢3)3 (xiv)(zo)

IrH201(CO)(P¢3)2 + Sn<:12-———:>IrH2(Sn013)(co)(P¢3)2 (xv)(ao)

(xvi)(qu)

IrC1(CO)L, + $n01,—>[{x]-%° >1r (5nC15) (CO) 4L,

2
(L= P¢5 or P(n-Eu)B; [X] = intermediate )

An interesting feature of the final product of reaction (xvi)

is that it contains five-co-ordinate iridium(I) rather than the
more usual square-planar geometry of metal ions with the d8
configuration. An unexpected co-ordination number is also found
for g£old(I) in the product from the reaction of chloro(triphenyl-

phosphine)gold(I) with stannous chloride<101);-

AuCl(PﬁB) + SnCl, + 2¢3P.__—>.Au(Sn013)(P¢3)3 (xvii)

This, together with other evidence(99)(19), indicates that the
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- trichlorostannate ligand is able to stabilise co-ordination
numbers greater than those usually found for a particular ﬁetal
in a given oxidation state. This may be due to the weak o-donor
and strong lr-acceptor properties of the ligand, which thus
prevent excessive build-up of electron density'at the central
metal atom in the compounds with higher co-ordination numbers.
Such an explanation is reasonable in the case of the trichloro-
stannate ligand; but it should be noted that five-co-ordinate
iridium(I) complexes are known(Bs) with ligands such as hydride,
‘iodide and acetyl groups for which a similar hypothesis is
untenable.

An unusual example of the insertion .of stannous chloride
into a metal-chlorine bond has been reported for the reaction
with chloro(W-cyclopentadienyl) (triphenylphosphine)nickel(II)

in THF(102):—

(W-Cp)N101(P¢3) + SnCl, ——> («r-cp)Ni(Sn013)(P¢3)2 (xviii)

The product was obtained in only 30 ¢ yield, but addition of
one equivalent of triphenylphosphine to the reaction solution
increased this yield to 80%. The compound was shown to be ioniec

and was formulated as ‘K“‘CP)Ni(P¢3>2]+[Sn013j~' The same reac=-

tion was reinvestigated with acetone as solvent(103) and it was

~

found that the major procduct was a molecular complex containing

a nickel-tin bond:-
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(r-Cp)NiCL(PF,) + SuCl, —> (W-CP_)Ni(Sncus)(P%) (xix)

Aﬁ ionic complex,'identical to the one previously described,

was also obtained as a ninor product from the reaction in acétone
and the yield of this ionic compound was again found to increase
on addition of one equivalent of triphenylphosphine to the
}eaction rixture.

In the following sections of this chapter some new work
on the insertion reactions of stannous halides with compounds
containing transition metal-khalogen bonds is described. The
products from these reactions include new compounds, and known

compounds which have been prepared by other reactions.

3.2 The Reaction of Todo(TW-cyclopentadienyl)(dicarbonyl)iron -

with Stannous Chloride

(95)

The earlier work on this reaction has already been men-
tioned in the preceeding section. It was stated that the
reaction was carried out in methanol with a ten-fold excess of
stannous chloride,.but other experimental details were not given.
In this present work it was found that heating the reaction
mixture under reflux resulted in rapid deconposition to give a
brown, insoluble solid; if the reaction mixture was left at room

temperature for several days, an orange-coloured solution was

obtained but subsequent work-up yielded only orange oils and a
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pure product could not be isolated. Thus it has not been possible
to repeat the original reaction and this is in agreement with a

later report(96)which was published after the completion of this

present work.

3.3 The Reaction of Chloro(w=-cycloventadienyl) (tricarbonyl)-

nolybdenum with Stannous Chloride

It has been'reported that iodoCW—cyclopentadien&l)(tri-
carbonyl)molybdenum does not react with stannous chloride in
refluxing methanol<95) and, in agreement with this, it has néw
beep found that chloro(w=-cyclopentadienyl) (tricarbonyl)molybdenum
is similarly inert under these conditions.

In view.of the successful insertion of stannous halides‘
‘into metal-metal bonds under vigorous conditions (as described
in Chapter 2), it was considered to be worthwhile to investigate
the reaction of chloro(M-cycloventadienyl) (tricarbonyl)molybdenum
with stannous chloride under similarly vigorous conditions.
Consequently the reactants, with benzene aé solvent; were heated
to 150° in a closed reaction vessel for several hours, after
which time it was found that the desired insertion reaction had

‘

taken place to give trichloro(W-cyclopentadienyltricarbonylmolyb-

denum)tin: -

. . benzene :
(TT'-Cp)Iuo(CO)BCl + SnCl, —=53 > (T\"-Cp)I-O(CO)BSnClB (xx)
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3.4 The Insertion of Stannous Chloride into the Rhodium-Chlorine

Bond of Compounds of the Type RhC1L(NBD)

Bis(ﬂ-chloronorbornadienerhodium(I)) will undergo a bridge-

(104) ,

splitting reaction with a variety of ligands

[Rac1(weD)], + 2L ——> 2RHCIL(NED) (xxi.)

-( NBD = bicyclo-2,2,1-hepta-2,5-diene; L = p-toluidine, ¢3P’

¢2MeP, ¢3As, ¢35b e

It has now beeﬁ found that the products from such reacfions will
react with stannous chloride at room temperature in the presence
of one equivalent of L, with insertion of stannous chloride into
the rhodium-chlorine bond and formation of a five-co-ordinate

complex of rhodium(I):-

RhCIL(NBD) + L + SnClZ-—————;Rh(SnClB)LZ(NBD) (xxii)

(L = ¢39, ¢3As, ﬁBSb, (n-Bu)BP, ¢2Mep & Et5As )e

The products with L = (n-Bu)BP, ﬂZMeP and EtjAs are new compounds,

but the ones with L ¢3P, ﬁBAs and ¢35b have been prepared

previously by reaction of the appropriate ligand with trichloro-

stannatobis(norbornadiene)fhodium(l)(14):-
Rh(SnClB)(NBD)Z + 2L —> Rh(SnClB)La(NBD) + NBD  (xxiii)

The ability of the trichlorostannate ligand to stabilise high

co-ordination numbers is again shown in compounds of this type.
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Evidence for the formatibn of four-co-ordinate compounds of the
type Rh(SnClB)L(NBD) could not be obtained, even when the react-
ions were carried out without the one equivalent excess of ligand
in the reaction mixture.

The reaction with triphenylphosphite as ligand, L, did
not give the. expected product and only orange oils could be
isolated -from the reaction mixture. This result is probably
reléted to the fact that triphenylphosphite will displace the
di-olefin from bis(ﬁ-chlorocycloocta—1,5-dienerhodium) rather
than react to split the halogen bridge.

The results describeq in this section are'the first .
examples éf the simple insertion of stannous chloride into a

rhodium-chlorine bond.

3.5 The Reaction of Bis(u-chloronorbornadienerhodium).with

Carbon Monoxide and Reaction of the Product with

Stannous Chloride

The reaction of bis(Prchloronorbornadienerhodium)-with a
variety of Group V donor ligands was mentioned in the previous
section (reaction xxi), but such a reaction with carbon monoxide
as the ligand has not been reported. An insertion reaction with
stannous chloride, similar to that given by reactions (xxi) and
(xxii), was therefore attempted with carbon nenoxide as the

ligand, L. The surprising result was that two compounds were
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obtained, namely (trichlorostannato)bis(norbornadiene)rhodium(I)
and the tris(trichlorostannato)(carbonyl)rhodium di-anion which
was isolated as its tetraethylammonium salt. The overall reac-

tion may be written as:-

RhC1(NED) + CO + SnCl : >
do 2

(NBD) ,RhSnCl, + ﬁgh(5n013)3(co)]2‘ (xxvi)

>

The notable feature of this réaction is the transfer of a norbor-
nadiene ligand between two rhodium atoms.

In view of the unexpected nature of this reaction it was
considered to be worthwhile to investigate the reaction of
bis(ﬁ-chloronorbornadienerhodium(I)) with carbon monoxide alone.
The infréred svectrun of the crude product obtained by bubbling
carbon monoxide through a solution of the dimer showed the
presence of a mixture of the starting material and a small
amount of a carbonyl-containing species with two »(CO) frequencies
at ca.2095 et and ca.2050 emT . Although it was possible to
separate the starting material from this mixture, a pure sample
of the carbonyl compound could not be isolated. The two carbonyl
frequencies might be due to a species such as (CO)ZRh01ZRh(NBD),.
which could be readily envisaged as react;ng with stannous
chloride and the free norbornadiene to give trichlorostannato-

bis(norbornadiene)rhodium{(I) and the dichlorodicarbonylrhrodium(I)

_ di-anion., This di-anion would then react readily with excess
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stannous chloride to give [Rh(SnClB)B(CO)]Z- (113).

The ease with which carbon monoxide will displace
norbornadienelfrom its complexes with rhodium was demonstratéd
by the reaction of carbon monoxide with chloro(triphenylphos~
phine) (norbornadiene)rhnodium(I) in the presence of one equiv=-
alent of triphenylphosphine to give trans-chloro(carbonyl)bis-

(triphenylphosphine)rhodium(I):-

RhCl(PﬁB)(NBD) + ¢3P + CO-—%>trans-RhCl(CO)(Pﬂé)

+ NBD (xxvii)

This reaction provides some evidence for the feasibility of a

reaction mechanism such as the one tentatively postulated above

to explain reaction (xxvi).

3.6 The Insertion of Stannous Chloride into the Rhodium~Chlorine

Bond of Compounds of the Tyve RhCl(CO)L2

trans-chloro(carbonyl)bis (triphenylphosphine)rhodium(I)
has been found to be inert to stannous chloride in solvents such
as THF and methylene chloride and the starting materials could
be recovered in quantitative yields from such mixtures. It has
been briefly mentioned elsewhere(106>‘that a reversible'reaction
occurs vetween Ezggg-chloro(carbonyi)bis(triphenylphosphine)-

rhodium(I) and stannous chloride, but the product was not

characterised and details of the reaction conditions were not



given.

The triphenylstibine analogue of Ezggg-chloro(carbonyl)-
bis(triphenylphosphine)rhodium(I) has been prepared but its*
correct formulation is still in some doubt. It was originally
reported(1o7) that triphenylstibine would react with bis(cﬁloro-
dicarbonylrﬂodium(l)), in a manner similar to that for triphenyl-
- phosphine and triphenylarsine, to give Ezggg-chloro(carbonyl)bis—

triphenylstibine)rhodiun(I):-

Eah01(co)2]2 + 2¢38b —_— trans-RhCl(CO)(Sb¢3)2 (xxiv)

(108) have suggested that the product from this:

Other results
reaction is the tris(triphenylstibine) compound, RhCl(CO)(SbﬁB)B,
and later work(1o9) has indicated that both the previously
reported products of the reaction should, in fact, have been
formulated as the tetrakis(triphenylstibine) compound,
RhCl(CO)(SBﬂa)#. An apparently similar compound has been prep-
ared from the reaction of heptaldehyde with chlorotris(triphenyl-
)(110)’

stibine)rhodium(I but a formulation was not given for the

product because analytical results were unsatisfactory.

In this present work the reaction of triphenylstibine with
bis(chlorodicarbonylrhodium) was repeated as originally desc-
ribed(107), and a conpound was obtained with the same colour

(107)

and melting point as the reported product . The analytical

results were inconclusive but favoured formulation as
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RhCl(CO)(Sb¢3)2 rather»thaﬁ as the tri- or tetralkis-triphenyl-
stibine compound. The far~-infrared spebtrﬁm, on the other hand,
provides evidence for a co-ordination number greater than four;
the spectrum shows a strong band at 272 cm.-1 with shoulders at
267 cm.-1 and 263 cm.—1 and it is reasonable to assign one of
these bands to the rhodium-chlorine stretching frequency because
.these are the only bands in the region where »(Rh-Cl) is expected
to occur for compounds of rhodium(I)(111). Whichever of these
bands is due to P(Rh-Cl) it is at an appreciably lower frequency
than those due to ¥»(Rh-Cl) in RhCl(CO)(P,@}')2 and RhCl(CO)(AsﬂB)a,
which are at 309 cm.-1 and 300 cm.-1 respectively(111). This
lowering of the rhodium-chlorine stretching frequency may be due
td an increased co-ordination number about rhodium in the tri-
phenylstibine compound, since it is recognised that, in the
‘absence of other effects, an increase in co-ofdination number
will result in a lowering 6f>a given metal-chlorine stretching
frequency(112).

The exact formulation of the triphenylstibine compound is
still, therefore, uncertain but its reaction with stannous
chloride in the presence of one equivalent of free triphenyl—‘.
stibine hés been found to give the five-co-ordinate compound,

(trichlorostannato) (carbonyl)tris(triphenylstibine)rhodium(I):-

-

Rhcn.(c<‘>)(st>¢3)x + ;2535b + Sn(312——>Rh(SnCJ.3)(CO)(Sb¢3)3 (xxv)
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Excellent analytical data have been obtained for this product
and there is no reason to doubt that the given formulation is

a correct one.

3.7 The Insertion of Stannous Chloride into the Iridium-Chlorine

Bond of Chloro(1,5=cyclooctadiene)(triphenylvhosphine)=-

iridium(I)
From the successful insertion reactions of stannous chlo-
ride into rhodium-chlorine bonds (as described in section 3.4)
it follows that a similar reaction with an iridium complex would
be worthy of investigation. Such a recaction is of interest

because it has been found(EO)

that reactions of stanpous chloride

with certain compounds containing iridium-chlorine bonds have

resulted in the formation of iridium hydride complexes. |
Thus chhlo?o(1,5-cyclooctadiene)iridium(I) dimer was

treated with triphenylphosphine to give chloro(1,5-cyclooctadiene)-

(triphenylphosphine)iridium(I), and this was found to react

readily with stannous chloride in the presence of one equivalent

of free triphenylphosphine to give the insertion product, (tri-

chlorostannato)(1,5-cyclooctadiene)bis(triphenylphosphine)iridium:-

[1rci(cop)], + 2#,p —— 2Irc1(COD) (PF;) (xxviii)

( COD = 1,5-cyclooctadiene )

>

IrCl(COD)(PﬂB) + 553? + SnCl—> Ir(SnClB)(COD)(P¢3)2 (xxix)
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There was no infrared spectral evidence for the formation of an
iridium hydride species.
The product from reaction (xxix) has been made previously
by the reaction of triphenylphosphine with (trichlorostannato)bis-

(1,5-cyclooctadiene)iridium(I)(14)-

%.8 The Insertion of Stannous Chloride into .the Palladium-

Chlorine Bond of Compounds of the Type PACl(w-allyl)L
(52) (114)

Until very recently neutral compounds containing

a palladium~tin bond were unknown. Therefore the reaction of

stannogs'chloride with chloro(m-allyl) (triphenylphosphine)-
palladium(II) was investigéted in the expectation that the
stannous chloride would insert into the‘palladium-bhlorine bond
and form a palladiumftin bond. The reaction was found to take
place readily at room temperature in methanol solvent and the
crude product could be readily recrystallised from benzene-
petroleun spirit to give a yellow crystalline material., A
nuclear magnetic resonance (INIR) spectrum of this compound
indicated the presence of benzene as solvent of crystallisation,
and this was confirmed by elemental analysis results. A further
recrystallisation of the compound from toluene~petroleum spirit
gave a product which did not contain solvent of crystallisation
and excellent analytical data enabled the compound to be form-

ulated as Pd(SnClB)(ﬂzczﬁs)(Pﬂs). Therefore the expected
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insertion reaction had taken place and may be written as:-
PaCL(w-CH_) (P SnC -
( 3 5>( ¢3) + 5nCl, —> Pd(SnClB)CW CBHB)(P¢3) (x3xx)

The room-temperature NMR spectrum of this product strongly
suggests that the allylic ligand is symmetrically W-bonded and
tentative assignments are given in Table 3.1 (page 65). The
observed chemical shifts are very similar to those found for
[PdClCW—CBH5)]2<115) but the doublets due to the terminal protons
in the dimeric compound have become broad singlets in the tin-
containing compound. Later work(52) has shown that these signals
remain broad at -400, and this suggests that the broadening is
due to coupling with ofher nuclei rather than to an exchange
phenomenon such as is observed in PdClCW-CBHB)(P¢3)(116)(117).

Since the completion of this present work, the symmetrical
nature of the M-bonded allylic iigand has been confirmed by an
X~-ray structure determination(BZ) and such symmetry implies
that the Egggg-dirgcting effects of the trichlorostannate and
tripheﬁylphosphine ligands are very similar.‘

Chloro(w=allyl) (triphenylarsine)palladium(II) has been

found to react readily with stannous chloride in a similar

. manner to the triphenylphosphine analogue:-

PdCl(ﬂ203H5)(As¢3) i SnCla —_— Pd(5n013)(ﬂ;0335)(As¢3) (xexi)

The product was again readily recrystallised from benzene-
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TABLE 3.1 Room Temperature NMR Spectra of
Pac1 (w-cng_)J_Z and PA(SnC1.) (’r'C:EsE
Compound ‘ 2’5 T’l,# ?:2,3
[pac1(r—c,u,)], " k.57 5.93(d) 6.91(a)
(JL*‘,S = 609) (J3’5 = 12.0)
Pd(SnClB)(ﬂ-CBH5)(P¢3) L.b7(qui) | 5.4(s,b) 6.6(s,b)
Pd(SnC1,) (7-C,E) (Asf,) ca.lr.5(m) | 5.4(s,b) 6.5(s,b)

Jd =

Spectrum measured at 60 lic/sec. in CDCl3 as solvent.

coupling constant in cycles/sec.

Chemical shifts (t)‘are relative to Me4si as internal standard.

S =
b = broad. Protons are numbered as follows:=-
i
C—H
s 3
Be O™~ Pd
(‘3“1{2
H

singlet, d = doublet, qui = quintet, m = unresolved multiplet,
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petroleun spirit and was fo;nd to contain solvent of crystall-
isation. FElemental analysis indicated the correct formulation
to be Pd(SnCl3)(W-CBHS)(AS¢3)'%CGH6 and recrystallisation from
toluene-petroleum spirit gave a similar compound containing
toluene as solvent of crystallisation. The NMR spectrum of this
product was similar to that of the triphenylphosphine compound
.discussed above, (see Table 3.1) |

A related product could not be isolated from the reaction
of stannous éhloride with the triphenylstibine analogue,

PdCl(ﬂLC3H5)(Sb¢3).

3;9 The Reaction of Stannous Chloride with Chloro(ff-allyl)bis-

(triphenylphosphine)platinum(II)

A ﬁlatinum analogue of chloro(M-allyl)(triphenylphosphine)-
palladium(II) is not known, but chloro(-allyl)bis(triphenyl-
phosphine)piatinum(II) has been synthesised(118)(119).‘ This
platinum complex has a conductivity in nitromethane which is
typical of a 1:1 electrolyte énd so may be formulated as -

(120)

[Pt(WFCBHs)(P¢3)2]+Cl-,'but other evidence suggests that

the compound is five-co-ordinate iﬁ the solid state and in

chloroform solution.
Chloro(V;allyl)bis(triphenylphosphine)piatinum(II) was

found to react readily with stannous chloride in methylene‘

chloride-methanol solution to give two products. The major

product (I) was recrystallised from benzene-petroleum spirit as



- 67 -

yellow crystals and identified by elemental analysis, NMR spectrum
(Table 3.2, page 68), and infrared spectrum as (trichlorostannato)-
(fr-2llyl)bis(triphenylphosphine)platinum(II), .

Pt(SnCl )(ﬂZC H (P¢ 5+ A minor product (II), isolated as orange
crystals from methylene chloride-methanol, was identified by
elementai analysis and infrarea spectrum as (trichlorostannato)-

" (r-allyl) (triphenylphosphine)platinum(II), Pt(SnCl )Cn:c )(P¢ )e

" An NMR spectrgm of (II) could not be obtained, presumably because
the signals were broad and of low intensity.

The overall reaction may be written as:-

pt01ﬁr-03n5)(P¢3)2 + SnCl, - >
Pt(Snc13)(ﬁLc335>(P¢3)2 + Pt(SnCI ) (r=C Hs)(P¢ ) (xxxii)

This reaction is clearly very similar to the one between stannous
chloride and chloroGﬂlcyclopentadienyl)(triphenylphosphine)nickel-
whiéh was discussed in section 3.1 (reactions xviii and xix).

The far-infrared spectrum of (I) has two bands at 293 cm.
and 259 cm'.-1 which may be assigned to the tin-chlorine stretch-
ing frequencies of a virtually unco-ordinated SnClB- group

(c.f. P,AsSnCl; with D(SnCl;) at 289 cm.” 1 and 252 em.”! and

with P(SnCl3) at 297 cn.” ) and 256 cm.
(121)

free SnCl3-
Moreover, the NMR spectra of (I) and @wcﬁ-0355)(P¢3)2]01
are almost identical {see Table 3.2, page 63) and so it is

recasonable to formulate (I) as [?t(ﬁ-CBHB)(P¢3)2]+sn015-.



TABLE 3.2 Room Temperature NMR Svectra of

tpt(w-c3n5)(9¢312]x (X = C1 & SnCl3l

Compound i
P ‘ tg ‘Z1’2’3,4

(Ptcn-c335)(P¢3)2]c1a 4.31(qui) 6.58 (4 bands)

| 1,2,3,8)-5 = 175
I(1,2,3,4)-199pt = 22).
Pt (T-C,H.) (PF,) 1snCl, | ca.4.32(m) | 6.56 (4 bands)
: N ¢ = 11;
(1,2,3,4)-5
I(1,2,3,4)-19%pg = 22

J = coupling constant in cycles/sec.
Speétrum measured at 60Mc./sec. in CDCl3 as solvent.
Chemical shifts (%) are relative to Me,Si as internal standard.

qui: = quintet, m = unresolved multiplet. a = see refs. (118)(121)

Protons numbered as 'in Table 3.1.
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The far-infrared spectrum of (II), on the other hand, has tin-

chlorine strétching frequencies at 354 6m.-1'and 325 cm.-1 vhich

(99)

are typical of an SnCl3 group co-ordinated to platinum

Far-infrared spectra thus provide an excellent means for the

differentiation of compounds of these two types.

-3.10 Infrared Spectra of Compounds Containing the

Trichlorostannato Ligand

The trichlorostannato ligand in a metal complex may be
considered as haviﬂg local C3v symmetry. Using this approxim-
ation, theory predicts two infrared-active tin-chlorine stretch-
ing vibrations (A1 + E), which correspond to the totally symmetric

vibration (i) and the doubly degenerate antisymmetric vibration

(i) :-
(1) ;? ( ') «3
i ‘ n ii n
. /// \;\\\ ;(/ \:\\\
cl - Cl
Cl c1 ~ Cl c1 - Y
4 : .
\Y Y

It has been suggested(99) that a doublet at 330 cm."1 in
the infrared spectrum is typical of complexes containing the

5n013‘ ligand and this doublet may be assigned to the tin-chlorine
(64)

stretching vibrations. Later work has included a more syst-

ematic study of the far-infrared spectra of such compounds and

-

some useful correlations have been nade.

-

3

Thus the SnCl, ion, as its tetraphenylarsonium salt, has
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bands at 289 cm.” ! and 252 e¢m.”? which can be assigned to the
symmetric and antisymmetric tin-chlorine stretching frequencies
respectively, while in MeSnCl3 the corresvonding bands ére at

-1 -1 . . . .
384 em.”  and 366 cm. . The tin-chlorine stretching frequencies
in transition metal complexes of SnClB- would then be expected
to fall between these two extremes, with the highest such
frequencies in complexes of metals of the greatest electron-pair

affinity, since co-ordination of SnCl would result in an

3

increase in fhe positive charge on tin and so increase the
sn®*-c1®- restoring force. It has been found thaf the lowest
tin-chlorine stretching frequencies occur in free SnClB-, with
higher frequencies in complexes of metals in the +1 oxidation
state and still higher frequencies in complexes of metals in
the +2 oxidation state.

The infrared spectra (from 400-200 cm.-1) of éll fhe
complexes mentioned in this chapter are giVen in Table 3.3
:(pagé ?71), and it is found that, in general, the expected
correlationé are observed. Thus for complexes of rnietals in the
+2 oxidation state the symmetric tin-chlorine stretching ffeq-
uencies lie in the range 354-327 cﬁ.-1 with the antisymmetric
frequencies in the range 325-316 cm.—1, while for metals in thé
+1 oxidation state the corresponding ranges are 321-302 cm.-1
and 300-273 cm.-1 respectively. The platinum complex formul-

~ - -1
ated as LPt(v-CBHS)(P¢3)é]+SnCl3 has bands at 293 cn. and
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Far Infrared Spectra (400-200 cm.”!) of

TABLE 3.3
Trichlorostannato-Transition lMetal Complexes
Compound ')D(Sn-Cl)sy ‘9(Sn-01)as Other bands
ClBSnMo(CO)BCW-CP) 337(s) 320(s) 382 (w)
370(w)
C1,5nPd (T-C,H,) (BF,) 335 (m) 325(s) 297(vs)*
' 320(sh)*
C1,SnPd (T-C,H, ) (Asfl) 335(m) 325(s) 297 (vs)*
RO ‘ 317(s)* 342 (m)
c133npt¢v-03ﬁs)(P¢3) 354 (m) 325(s,br) -
ClBSn Pt (‘Tr—CBHs) (P¢3)2 293 (m) 259(s) -
ClBSnRh(NBD)z 314(s) 299(s) -
281(s)*
C1,8aIr(COD), 316(s) 299(s) 265 (w) .
290(s)* 255 (w)
246 (m)
0133n1r(00D)(P¢3)2 308(s) 290 (m) -
279(sh)
c135n9h(NBD)(P¢3)2 305(s) 280(s) -
C1_SnRh(NED) (Asp ). 307(s) 284 (s) 331(m)
3 3 323 (sh)
C1,SnRh(NED) (S, ), | 311(s) 296(s) 277 (m)
3 5 267 (m)
261(sh)
254 (w)
.CIBSnRh(NBD)(P@-Bq%)Z 302(s) 278(s) -

-

Continuedeecese




TABLE 3.3

(Continued)
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Conmpound

)7(Sn-01>5y

))(Sn-Cl)as

Other Bands

0135nnh(NBD)(PMe¢2)2

: ClBSnRh(NBD)(AsEtB)a

ClBSnRh(CO)(SbjD})3

(Et4N)2ERh(SnClB)3(CQﬂ
Tasg,,] *[snc 13}"

306(s)

305(s)

321(s)

312(s)
289(ms)

237(s)
273(m)*

295(5):
276(s)

300(s)

&

297 (sh)

. 252(s)

279(s)
269(s)
" 264 (sh)

348 (m)

sy = symmetric,

as = antisymmetric.

s = strong, m = medium, w = weak, br = broad, sh = shoulder.

* = see text.
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259 cm._1 which are very near to those observed.in (As¢4)+5n013-.

It should be noted that several of the assignments given
in Table 3.3 are somewhaf tentative. The spectra of the compou-
nds Pd(SnClB)CW-CBHS)(P¢3) and Pd(SnClB)@T-03H5)(As¢3) are
particularly difficult to assign; fhe assignments given in the
table arise from a comparison with related compounds but the
spectra of both compounds have a very strong band at 297 cm.-1,
the intensity of which would suggest that it is also due to a '
tip-chlorine stretéhing mode. The crystal structure determination

of the triphenylphosphine compound(sa)

‘did not provide an explan-
ation for the surfeit of bands in the tin-chlorine stfetching
frequency region. Several of the other compounds listed in-
Table 3.3 are sho;n as having two bands assignable to the
antisymmetric stretqhing vibration. It is reasonéble to assume
that, in such cases,&the degeneracy of this vibrational mode

might be lifted by the influence of the site symmetry in the

crystal.
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3¢11 Experimental

Elemental analyses, infrared spectra, and melting points
were obtained as described in Chapter 2. Proton NMR spectra
were obtained in deuterochloroform solvent, with tetramethyl-
silane as internal standard, on a Varian Associates A60 spectro-

meter operating at 60Mc/sec.

The following compounds were prepared by literature

methods :- iOdOCW—cyclopentadienyl)(dicarbonyl)iron(qaa),

chloro(ﬂ=cyclopentadienyl)(tricarbonyl)molybdenum(123), bis-

(p-chloronorbornadienerhodium)(124), chloro(carbonyl)bis(tri-

phenylphosphine)rhodium(125)

)(136)

' bis(ﬂ-chlorocycloocta-1,5-diene-

’ tetrakis(triphenylphOSphine)platinum(127)’

(128)

iridium
‘bis(V-chloro(Tlallyl)palladium) , and chloro(if-allyl) (ligand)-
palladium(116) (where ligand is triphenyl-phosphine, -arsine ahd
-stibine).

A1l the reactions described below were carried out under

an atmosphere of dry nitrogen.

i) Reaction of Todo(f-=cyclopentadienyl) (dicarbonyl)iron with

Stannous Chloride

Cﬁle)Fe(CO)aI (0.3 g.) and a ten-fold excess of stannous
chloride (1.9 g.) in methanol (30 ml.) were heated under reflux e

After 30 min. a brown-insoluble solid had formed and was filtered

off, washed with methanol and dried in air. This product was
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insoluble in all common solvents and its far infrared cspectrum
-did not showrany bands assignable to a tin-chlorine stretching
vibration. |

The reaction was repeated with similar quantities of rea-
ctants and the reaction mixture waé left to stand at room temp-
erature for three days to give ; clear, orange-coloured solution.
) Work-up of this solution gave only orange-yellow oils which

could not be identified.

ii) Reaction of Chloro(W-cyclopventadienyl) (tricarbonyl)molybdenum

with Stannous Chloride

a) Under ref}ux:- (ﬂZCp)Mo(CO)301 (0.3 g.) and excess stannous
chloride (0.5 é.) in methanol (30 ml.) were refluxed for eight
da&s without any obvious signs of reaction. The starting |
ﬁaterial was recovered in somewhat less than quantitati&e yield
but other products could not be isolated.

b) At high temperature:- (ﬂZCp)Mo(CO)BCl (0.2 g.), excess
stannous chloride (0.5 g.) and benzene (20 ml.) were heated to
150° in a sealed, stainless steel reaction vessel for twenty
hours. The resulting solution was filtered to give a clear
vellow solution to which was added petroleum spirit (boiling
range 100-1200), and rotary evaporation of the mixture gave
yéllow crystals of (ﬂ;Cp)Mo(CO)BSnCl3 (0.15 g., 45%),

(80)y .

m.p. 160-163 (lit. value, 164° The compound was further



- 76 -
)

characterised by comparison of its infrared spectrum (400-200 cm.-1)

with that of a genuine sample prepared by the rcaction of

Hg[KW-Cp)Mo(CO)3]2 and stannous chloride(92).

iii) Reaction of Stannous Chloride with Compounds of the

Tvoe RhC1L(NBD)

The reaction was attempted with L = Péa, As¢3, Sb¢3,
P(n-Bu)3, PMeﬁZ, AsEt3 and P(O¢)3. The same method was used in
each case and, as an example, the one with L = P¢3 is described.
Thus [BhCl(NBD)]2 (0.23 g.) and four equivalents of triphenyl-
phosphine (0.5 g.) were dissolved in 20 ml. of a solvent
consisting of equal volumes of methylene chloride and methanol
to give a clear,orangé solution. To this solution was added
excess stannous chloride (0.4 g.) and after shaking for a few
minutes orange crystals of the product separgted. The crystals
were filtered off, washed with methancl and dried in vacuo.

Some of the other products were more soluble than the one with
L = P¢3 and it was necessary to evaporate the solvent to small
volume to induce crystallisation in these cases.

The yields, analytical data and melting points of all the-

compounds prepared by this reaction are given in Table 3.k4.
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TABLE 3.4  Yields, Melting Points and Analytical Data

For the Compounds CljsnRh(NBD)LZ‘
o~

o Found. Required

L % Yield |m.p. c%  H%  C1% C% He4 c1%
P, 82 145147 [5h.4 3,84 12.2 | S5h.7 4.0 11.3
asp; | 70 178-180%{50.6 3.78 9.7 50.0 3.7 10.3
sw3 72 ca.200? |45.1 3.40 9.k 45,8  3.40 9.5
P(o¢)3* 0 - - - - - - -
P(n-Bu), | 76 140-142 [45.1 7.25 12.3 | 45.2  7.58 12.9
PHeg,, 72 163-165 [47.9 4.31 13.9 | 48.3  4.17 13.0
“AsEt, 68 | bk 30.8 5.17 14.3 | 30.7 5.15 14,3
a

= with decomposition

* It was not possible to isolate a crystalline product from

the reaction with L = P(O¢)3.
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iv) Recaction of Bis(u-chloronorbornadienerhodium) with Carbon

Monoxide and Reaction of the Producf with Stannous Chloride

[RhC1(NBD)] , (0.4 g.) was dissolved in methylene chloride-
methanol to give a clear orange solution. Carbon monoxide was
bubbled into this solution for fifteen minutes and then excess
stannous chloride (0.8 g.) in methylene chloride-methanol solvent
. \
was added to give a deep red solution. Carbon monoxide was
bubbled into the solution for a further 2-3 hours and, as thg
methylene chloride was driven off, yellow crystals formed in the
solution. These were filtered off, washed with methanol and :
dried in vacuo to give yellow crystals of ClBSnRh(NBD)Z,

m.p. 170 (dec.) (lit value, 170-177°dec.(14)). (Found: C, 33.2;
H, 3.01; Cl, 20.8%. Calc. for C14H16013Rh5n: C, 32.9; H, 3.1k4;
Ccl, 20.8%).

Tetraethylammonium chloride (0.5 g.) in methanol was
added to the deep red filtrate to give an immediate orange
pre:ﬁsifate of (thN)Z[Rh(SﬁClB)E(COi] (Found: C, 20.0; H, 4,0k;

ci, 2’fq; N, 2.73%. - Calc. for C17H40C19N20Rh8n: C, 19.3; H, 3.79;

Cl, 29.9; N, 2.63%).

v) Reaction of Bisgu-chloronorbornadienerhodium) with

Carbon Monoxide

[RhCl(NBD)]2 (0.3 g.) was dissolved in methylene chloride-

methanol and carbon monoxide was bubbled through this solution
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for 1% hr. A slight colour change (from orange to §range-yellow)
was observed. Rotary evaporation of the solution to very smail
volume gave an orange solid. An infrared spectrum of this crude
product showed it to consist mainly of unchanged [RhCl(NBD)]2
together with a smail amount of a carbonyl'compound. The crude
product dissolved in hot petroleum spirit (boiling range 60-80 )
‘and crystals of pure [RhCl(NBD)]2 separated from this solution
on cooling to room temperatufe. The crystals were filtered off

but other products could not be isolated from the filtrate.

vi) Reaction of Bis(u-chloronorbornadienerhodium) with
1]

Triphenylphosphine and Carbon lMonoxide

[Rhc:L(N:BD)]2 (0.2 g.) and triphenylphosphine (0.3 g.)
wefe dissolved in methylene chloride-methanol (20 ml.) to give.
a solution of RhCl(NBD)(PﬁB). Carbon monoxide was bubbled through
this solution and after a few minutes pale yellow crystals were
deposited from the solution. These crystals were filtered off,
washed with methanol, dried in wvacuo and shown by infrared

spectrum and m.p. 195-2000 to be identical to a genuine sample

of trans-RhCl(CO)(P¢3)2.

. vii) Attempted Reaction of trans-chloro(carbonyl)bis(triphenyl-

phosphine)rhodium with Stannous Chloride

trans-RhCl(CO)(P¢3)2 (0.69 g.) and triphénylphosphine
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(0.26 g.) were dissolved in warm THF (BO ml.) and to the result=~
ing pale yellow solution was added excess stannous chloride (0.5 g.)
in a minimum amount of the same solvent. The mixture was
refluxed for 3 hr. without any apparent change in coloﬁr. Rotary
evaporation of the solution to dryness and washing of the crude
s0lid with ethanol gave pure Egggi—RhCl(CO)(P¢3)2 in quantitative
&ield. |

A similar procedure with methylene chloride-methanol aé

solvent gave the same negative result,

viii) Preparation of RhCl(CO)(Sbﬂle

Excess triphenylstibine (1.8 g.) was added to a solution
of [RnC1(cO),], (0.3 g.) in benzene (25 ml.). The initially
orange solution immediately became deep red and gas was evolved.
After one houf the solution was evaporated to small bulk on the °
rotary evaporator and addition of ethanol gave a red precipitate.
This precipitate was filtered off, washed with ethanol and re=-
crystallised from methylene chloride-methanol as deep red crys-
tals (0.8 g.), m.p. 156-158 dec. (1it value, 151-153 dec. 197)),
(Found: C, 51.8; H, 2.87; €1, 7.71%. Calc. for 037H30010Rh5b2:

C, 50.9; H, 3.46; C1l, 4.07%).
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ix) Reaction of RhCl(CO)(SbﬁB)L with Stannous Chloride

. RhC1(CO) (sbg;)_ (0.4h g.) and triphenylstibine (0.18 g.)
were dissolved in methylene chloride-methanol (25 ml.) to give
a deep red solution., To this solution was added an excess of
stannous chloride (0.3 g.) in a ninimum amount of the same solvent
with an immediate reaction to give a clear orange solutién.
Hethanol (25 ml.) was added and, on standing, orange crystais
separated from the reaction solution. These crystals were
filtered off, washed with methanol and dried in vacuo to give
pure (trichlorostannato) (carbonyl)tris(triphenylstibine)rhodium,
Rh(SnClB)(CO)(Sb¢3)3, (0.48 g.), m.p..186odec.‘ (Found: C, k6.2;
H, 3.19; C1, 7.90%. Calc. for 055H450130Rh3b333: c, 46.7;

H, 3.22; Cl, 7.53%).

x) Reaction of Chloro(éycloocta=-1,5-diehe)(triphenylphosphine)=-

iridium with Stannous Chloride

[Ircl(con)]2 (40 mg.) and triphenylphosphine (70 mg.) were
dissolved in methylene chloride-methanol (15 ml.) to give a deep
red solution, Addition of a solution of excess stannous chloride
>'(O.2 g.) in methanol produced an immediate orange colouration

and addition of methanol and rotary evaporation to small volume

gave orange crystals of Ir(SnClB)(COD)(P¢3)2 (0.1 g., 30%),
)y,

MeDeo 164-166" dec. (1it. value, 127-130° dec. The product

was identified by comparison of its infrared spectrum with that
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of an authentic sample prepared by the literature method(14).
The melting point of this authentic sample was found to be

163-167  dec.

xi) Reaction of Chloro(w-allyl)(triphenylphosphine)palladium

with Stannous Chloride

A methanolic solution of excess stannous chloride (1.0 g.)

was added to a solution of PAC1(mT-C H5)(P¢3) (1.0 g.) in warm

3
methanol (25 ml.) to give a dark coloured precipitate. This
precipitate was filtered off and treated with hot benzene to

give a yellow solution and leave a small quantity of a purple
oil. Addition of petroleum spirit (boiling range 100=120") to
the filtered benzene solﬁtion and evapération to small volunme
gave pale yellow crystals of Pd(SHCIB)CF'CBHE)(P¢3)'C6H6 (0.9 g.,
56%), mep. 134=135" dec. (Found: C, 44.8; H, 3.57; Cl, 12.8%.
PPaSn: C, 45.5; H, 3.67; CL, 14.9%%).

Calc. for C H26Cl

27 3
Recrystallisation of this product from toluene-petroleunm
spirit gave very pale yellow crystals of Pd(SnCl3)OT-CBH5)(P¢3)
°
m.p. 138-140 dec. (Found: C, %40,2; H, 3.25; Cl, 16.7%. Calc.

for C,,H,C1,PPdSn: C, 39.7; H, 3.18; C1, 16.8%).
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xii) Reaction of Chloro(ir-allyl) (triphenylarsine)palladium

with Stannous Chloride

To a solution of PACL(T-C,H,)(Asp,) (0.5 g.) in methylene
chloride~methanol (15 ml.) was added an excess of stannous chlo-
ride (0:5 g.) in a minimum amount of the same solvent to produce
an immediate purple-red colouration. After 30 min. the solution
was evaporated to small volume to give an impure solid. This
solid redissolved in hot benzene to give a pale yellow solution,
The solution was;filtered and addition of petroleum spirit foll-
owed by evaporation to small volume gave pale yellow crystals.

A furtﬁer recrystallisation from benzene-petroleum spirit gave
off-white crystals of Pd(SnClB)Cﬂ;05H5)(As¢3)'%C6H6;(0.5 g., 68%),
m.p. 142-144° dec. (Found: C, 40.0; H, 3.19; Cl, 15.5%. Calc.

for C AsCl,Pdsn: C, 40.2; H, 3.22; Cl, 14.8%).

2ipzAsCls

Recrystallisation of this product from toluene-petroleun
spirit gave pale yellow crystals of Pd(SnClB)(ﬂECBHS)(ASQB)'%C7H8
m.p. 145-147° dec. (Found: c, 40.3; H, 3.23; Cl, 15.8%. Calc.

for 024;5H24A5C13Pd8n: c, 4b0.65 H, 3.34; C1, 14.7%).

%xiii) Reaction of Chloro(T-zllyl) (trivhenylstibine)valladium

with Stannous Chloride

PdClOT-CBHs)(Sb¢3) (0.5 g.) in methylene chloride-methanol

was treated with excess stannous chloride (0.5 g.) in the same

solvent to give a deep red solution but subsequent work-up
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failed to give any crystalline products.

xiv) Synthesis of Chloro(mr-allyl)bis(triphenylphosphine)platinum

This method is a nodification of the one given in the
literature(119).v Ailyl chloride (1 ml.) was added to a stirred
solution of Pt(P¢3)4 (4,0 g.) in benzene (60 ml.) to give a
) pale yellow solution. Stirring was continued for a few minutes
and the solution was then left to stand. After 2-3 hr. white
crystals had formed and the supernatant liquid was a deeper
yellow colour. .The crystals were filtered off and washed with
benzene and methanol to leave white crystals of the required
product.CPt(ﬁLCBHS)(P¢3)é]Cl (2.7 g.) mep. 194-198" dec., (lit.
value 195-200° dec. 119y, (Found: ¢, 59.5; H, 4.40; c1, L.h5%.

Calc. for C C1P,Pt: C, 58.8; H, 4.43; C1, 4.45%).

H
39 35 |
The yellow filtrate was evaporated to dryness and the
residue crystallised from methylene chloride-methanol to give
white crystals of cis-PtClZ(P¢3)2, MmeDe ca.265°»dec. (Found:
'C, 54,23 H, 3.82; C1, 9.32%. Calc. for 036H30012P2Pt: C, 5k4.7;

H, 3-82; Cl, 900?5).

xv) Reaction of Chloro(M-2llyl)bis{triphenylphosphine)platinum

with Stannous Chloride

&ﬁ(ﬂ-C3H5)(P¢3)2]Cl (0.9 g.) was dissolved in methylene

chloride-methanol to give an alrmost colourless solution. To
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this stirred solution was added excess stanﬁoué chloride (1.2 g.)
in methgnol with the immediate fofmatioh of an orange colour.
Stirring was continued for'30 min, without any further change
taking place. The solution was then evaporated to small volume
at the rotary evapofator to give an orange solid. This solid was
filtered off and washed with methanol. Treatment of the crude
iproduct with cold benzene gave a pale yellow solution and left
a small amount of an insoluble orange solid. Addition of
petroleum spirit (boiling range 100-120°) to the benzene solution
and rotary evaporation to small volume gave yellow crystals of
[Pt(Tr-CBHS)(P¢3)2]SnCJ.3,rm.p. 165° dec. (Found: C, 48.0; H, 3.61;
Cl, 11.7%. dalc. for 039H35013P2Pt5n: c, 47.6, H, 3.58; Cc1, 10.8%).
Recrystallisation of the orange solid from methylene
chloride-methanol gave a small yield of orange micro-crystalsi
of Pt($nCl;)(T-C,H,) (PF,), m.p. 155-165  dec. (Found: C, 35.7;
H, 2.86; C1, 13.7%. Calc. for 021H20013PPtSn: C, 35.0; H, 2.830;"

Cl, 14.7%).
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CHAPTER &4

Low-Frequency Vibrational Spectra of Compounds

Containing Tin-Transition Metal Bonds

4,1 Introduction

Vibrational modes which lead to a change in dipole moment
in a molecule are expected to be infrared active, while vibrat-
ional modes.which lead to a change in polarisability in a molec=-
ule are expected to be Raman active. From these selection rules

(130) that Raman spectoscopy would be part-

it has been suggested
icularly useful for the detection of metal-metal stretching
modes, Y(M=M), because of the large change in polarisability
when a covalent bond between two atoms of high atomic number is
deformed, and it was found that high Raman intensity is charac-
teristic of P(M-M). On the other hand it was thought that
»(M-1) might prove difficult to detect by infrared spectroscopy,

especially in binuclear M-M systems when the metal-netal stret-
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ching vibration would not lead to a change-in dipole moment.
Later work(131) has shown that binucleér Sn-M systems can be
usefully studied by far-infrared spectroscoéy and that Y(Sn-M)
is often of medium or strong intensity in the infrared.

The increasing availability of far-infrared and Raman
instruments has resulted; in recent years, in a number of reports
of Y(M-M) frequencies(qag). Many such frequencies are known in
which tin is one of the metals and these fesults are collected -
in Table 4.1 (page 88). An inspection of this table leads to
two main conclusions:- - '

a) almost all the reported Y(Sn-M) frequencies have been
for binuclear compounds with a single Sn-M bond;

b) the overall shift of Y(Sn-M) in such compounds is
rélatively small and falls in the range 165-235 cm.” T,

In this present work the low-~frequency infrared and Raman
spectra have been obtained and assigned for three series of tri-
nuclear coﬁpounds containing the M,SnX, group M = (W-Cp)Fe(CO)Z,
Co(CO), and (T-Cp)Ho(CO)55 X = C1, Br, I). These spectra con-

tain the first reported examples of Y(Sn-li) for trinuclear com-

pounds of the type (LnM)ZSnx2 .

L,2 The M.SnX., Skeleton
o (=4

The MZSnX2 skéleton has C2v "local' symmetry and the

Zn = 6 = 9 vibrational modes span the representation
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TABLE 4.1 Tin-Transition Metal Stretching Freouencies

1.

Compound Y (Sn-M) cm.” Reference
Raman i.r.
Sn_Me, | 190 - (130)

’ Sn2¢6 \;08 - "’
Sn(Sn¢3)4 207 - | "
¢35m4n(co)5» | 174 ) - | "
5253SnSnE'c3 ; - 208 (131)
EtBSnSnBu3 - 199 1
ﬂBSns.nlvxe3 : - 194 "

‘ MeBSnGeﬁ3 - 225 o
Ei_:BSnGeﬂ3 - 230 | "
ﬁBSnGeBuB - 235 "
VMeBSnMn(CO)s 179 182 : "
$5sulin(CO)g | ' 174 174 "
Me3SnMo(QO)3(W-Cp) - 172 : "
¢35n1~Io(co)3(1r_cp) ' | - 169 "
Me ,SnFe (CO) , (T-Cp) - 135 "
g4SnFe(CO), (W-Cp) - 174 . "
Me3SnCo<co) 4 - 176 ¢ n
1-1e35nx-m(co)5 | - 182 (132)
MezclSnI-In(CO)5 > - 197 "

ContinuedcooootoootoOO



-89 -

TABLE 4;1 (Continued)

Y (sn) cm.” |
Compound Raman i.r. Reference
MeC1,5nln (CO) 5 , - 201 " (132)
Cl3SnMn(CO)5 ' - . 201 | , "
#5Smlin(C0) - 75 . "

) MeBSnMo(CO)B(N—Cp) - | , 172 "
I~'IeZClSnMo (CO)3 (F’-Cp) - . 186 1
MeClZSnMo(CO)B(ﬂ;Cp) - 195 T
0138111{0 (CO)3 (r-Cp) - 190 | "
¢BSnMo(CO)3(ﬂ—Cp) - - 169 "
MeBSnW(CO)3 (T-Cp) - 169 | "
MeaclSnw(CO)B(ﬂLCp) - - - 175 "
MeZBrS§Mﬁ(CO)5 o - 191 "
MeZISnMn(CO})S’ 'i | - 178 0
Mez(CFB)SnMn(CO)B , - ' 189 ' "
MeBSnFe(CO)Z(ﬂ'-Cp) - 208 or 186 "
¢35nFe(co)2(1r-Cp) . - 209 or 174 "
Me.anCo(CO)L+ ' - 176 "
MeBSnCo(CO)Ll_ 172 - | (133)
c135nco (00)4 204 - 204 : (134)

Continued...Q'.C.........



TABLE 4.1 (Continued)

Compound -

Br,SnFe (C0),, (T=Cp) '

4 -
013sm 0(00)3( Cp)
cl SnIr(COD)Z

3
cl snRh(NBD)2

(Ei 10, [RR,C1, (s0C1,) ]
(Et,, 1)), [Rh,Br, (SnBr,), ]
(B¢, 1) 5 [Pt (S0C15) 5]
(Bt,N) ; [Pt (snBr,) g |

D (sn-M) em.”

Raman

198
190
165
165

1

TeXe

198

190

209
217

210

207, 193

Reference

(135)

11
1t
(139)

1"
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5 + 2B, + 2B,. Two modes (A1 + B2) which are approximately

described as Y(Sn-X) vibrations are both infrared and Raman

4A1 + A

active and,. similarly, two modes (A1 + B1)_which approximate to
Y(Sn-M) vibrations are to be expected in both the infrared and
- Raman spectra. Clearly, there will be some interaction between

symmetry species (see below).

these modes in the A1

4.3 The Compounds X,Sn[Co(C0), 1,

" The solid-state vibrational spectra, and their assignments,
for the. compounds x'ZSn['Co(co)LJ2 (x = €1,Br,I) and Hg[co(c0),],
are given in Table:4.2 (page 92). Bands arising from the Co(CO)4
"moiety in the compounds xasn[po(co)4]2 are readily identified |
by>comparisoh with Hg[go(CO)q]z and ?(Sn-X) modes can be easily
assigned as they shift progressively to lower frequency in the
expected order X = C1>X = Br>X = I. Metal carbonyl residues
do not absorb in the region 300-150 cm.-1, with Y(M=-CO) and

-1 (112)

8(1CO) above 300 cm.-1 and &(CMC) below 150 cm. and

these facts further simplify the task of assignment of these
spectra,

For the compound with X = Cl the bands near 200 cm.”) can
be confidently assigned to nmetal-metal bond stretching modes.
The symmetric SnCo2 stretch is found to be intense in the Raman

spectrum and the antisymmetric stretch is similarly prominent

in the infrared spectrum. One of the Y(Sn-X) modes and one of
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v

Vibrational Frequencies (cm.-1) of the Solid

Compounds X[Co(CO)hlh (X = Hge, CIESn, BrESn, I.Sn)
X = Hg X = C1,8n X = Br,Sn iX = Isn
I.r. Raman [I.r. Raman |I.r. Raman |[I.r. Assignments
545s 537vs Sh2vw | 536vs 540vs §(coC0)
531s 50Qm 504m 504m "
Loom L88m 483m 492sh "
475m L4E1s L62s Lggs "
blbw B18vs | 406w 412w .404w 410w |4O5w-m »(Co=CO)
368w 364w. | 365w-m 364vw | 361w-m 372w-m "
196vs 213s  21b4w-m| 210m-s* 190sh* 1KMC02)asym
165w 16h4vs |172w  174vs 168vs* v(MCoa)sym '
Slvw 82vw 8(ccoC)
332s 332w | 234m-s 234w  |178vs* v(SnXZ)
322s  320w-m| 222s ' "
138vw 183wm* Others
108vs

% See text.

2 This compound failed to

yield a Raman spectrum.
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the P(Sn-Co) modes are of the same symmetry (A1) and so theré iﬁ
the possibility of interaction between them. This is found to

be the case for BrZSn[Co(CO)u]2 in which the Y(Sn-Br) modes fall
near the imperturbed (gs estimated from the chloride)“f(Sn-Co)
mddés and causes the observed shift to iowef frequency. There
also seems to be some sharing of intensity in these bands. 'The
.Raman spectra of these compounds dp not show nearly as many lines
as are predictéd-by‘theory. This is pérticularly obvious‘in the
§(MCO) region where there are several lines in the infraréd (of
a characteristically high intensity expected from the large

dipole changes associated with such deformations) but with relat-

ively few bands in the Raman spectra in this region.

4.4 The Compounds X,Sn[(m-Cp)Fe(CO),],

The solid-state vibrational spectra of the compounds
X,Sn [(1r--<':p)1«*e(co)2]2 (X = C1, Br, I), together with their assign-
Aments, are given in Table 4.3 (page 94). This series of compounds
ﬂyielded better Raman -spectra than the cobalt series discussed in
section 4.3, The infrared and Raman spectra of some simpler,
related compounds have also been obtained (Table L4.4) and used
as an aid to the assignments of the spectra of the trinuclear
compounds.

Bands in the ?(M-C)/S(1CO) region of (T-Cp)Fe (co)aI have

been assigned previously(136) and similar assignments for this



T
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Vibrational Frequencies (cm.-1) and Assignments

TABLE 4.3
* for X.Sn[(w-Cp)Fe (00)212 in ’;:he Solid State
X =Cl X = Br X =1
I.r. Raman I.r. - Raman I.r. Raman Assignment
627vs 626w 62k4s N.i. 626vs N.i. &(FeCO)
596m 599w-m " 596m " "
584vw 574vs " 574vs " "
S504s = 506w sokm . S08w 505s .v(Fe-CO)
456m L5hw Lsow 453w L5hm L52w "
393vs  393w-m | 387m 390m »(Fe-Cp)
370s 371m 372m 374n 370m 371m n '
286vs  287w-m 182sh 177w-n | D(SnX,)asyn.
167s 167m Y(SnXZ) sym;
233s = 234w 235s 23hw-m 232s 233m Y(SnFe 2) asynm.
196vs 201s 197vs 196m 198s v(SnFea) syn
155m®  155s% 149w 143y Others
1235hb 121vs n
114m° "
106vs 109s "

a 3(snC1 2) v

b SnCl o twist and wage

N.i. = not investigated in this region.
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TABLE 4.4 Vibrational Frequencies (cm.-1) and Assignments

for (W-Qp)Fe(CO)EX in the Solid State

X = c12 X = 12 X = SnBr,
I.r. I.r. I.r. Raman Assignment
_600s 605s 611s ' §(FeCO)
- 565s 56ks 577s "
5308 542g 560s _ "
478wm L86w 501m Y(Fe-CO)
b37w . L36w Lihm - o ' on
350w 358w 377wm  379s Y(Fe-Cp)
302s : 137m 198s 198vs Y(Fe-X)
162m 153w © 161wm Ring tilt
248s 246w ‘v(SnBrB)
2298 227w n
93s ' §(sndry)
118wn 137wnm - Others
103wn

2 These compounds failed to yield Raman spectra.

-
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groﬁp of bandé are given here. Similar Bands are to be found
in all compounds df this fype. The Fe-(ﬂLCp) stretching modes
may be readily assigned as in tables 4.3 and 4.4 since many
other monocyclopentadienyl compounds are known to have such a
vibratiSn in the same regiqn(112).

The Fe=Sn stretching modes are assigned to the intense
Raman lines at about 200 cm.”! and to the strong infrared bands
in the‘same region. There is an intense Raman iine at about
110 cm.-1 in the spectra of the trinuclear compounds and it
might be argued that this is the Y(Fe-Sn) mode with the bands
around 200 cm.-1 being due to the ring tilt vibration (a tilt
of the cyclopentadienyl ring with respect to the rest of the
molecular framework). However, it is considered that the feature
at 110 cm.-1 is pr§bably due to a skeletal deformation such as
S(CreC) (which is often strong in the Raman effect) or possibly
due to &(FeSnFe). The shift to 120 em.”! in the iodide may be
due to interaction with Sn-l deformation modes, which will

undoubtedly be below 80 L

The Raman spectra of the three trinuclear compounds'have
also been examined in acetone and méthylene chloride solutions
(Table 4.5, page 97). These solution spectra were of relatively
poor quality when compared with those obtained‘from the solid
compounds and several of the weaker bands in the solid-state

spectra could not be observed in the solution spectra. This was
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TABLE 4.5 Raman Frequencies (cm.-1) and Assignments for -

X80 [(m-Cp)Fe(€0) 1, in Solution

% = c1* x = c1® X = Br® . AssSignment
.512w 513w Y(Fe=CO)

1*351” 432w - oon

378s(P) 374s (P) 3735 (P) »(Fe-Cp)

301m(P) S 213w  (snX,)

291w S . oon

230w ' 231w v(SnFea)asym.

201vs(P) 200vs(P) 189vs(P) v(SnFea)sym.

2 In acetone solvent. ©° In methylene chloride solvent.
S = obscured by solvent bands.

(P) = polarised

The compound with X = I failed to yield a spectrum.

.
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- more noticeable in_the~broﬁide than the chloride and the iodide
fai;ed to give a solution spectrum. Nevertheless, the intense
band near 200 cm.-1, assigned to »(SnFea)sym., was readily
observed in the solution spectra of the chloride and bromide and

found to be polarised, as would be expected for an A1 mode.,

L,5 The Compounds X.SnMo(CO). (7r=-Cp)
. - Py R

The solid~state infrared and Raman spectra of the comp=-
ounds XBSnMo(CO)BCW-Cp) (X = C1, Br) are assigned in Table 4.6
(page 99). The bands due to 3(MoCO), ?(Mo-C) and »(Mo-Cp) occur

(112)

‘in the expected regions of the spectra and'the'v(SﬁXB) modes

are readily identified by their shifts on going from X = Cl to
X = Br. The bands due to the Y(Sn-Mo) mode are found to be very
intense in the Raman spectra and of medium to strong intensity

in the infrared spectra.

4,6 The Compounds X,Sn[(n-Qp)Mo(CO)Bla

The solid-state'ﬁibrational spéctra of the compounds
XZSn{}w-Cp)Mo(CO)s]Z (X = C1, Br, I) were recorded and are
assigned in Table 4.7 (page 100). Comparison of these spectra
with those of the compounds XBSnMo(CO)3(W-Cp) (section 4.5)
allows assignments to be made for the 8(MoCO), Y(Mo-C) and

v(Mo-Cp) vibrational modes. The halogen-sensitive‘V(Snxa) modes

are again readily identified, at least for the chloride and
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~ TABLE 4.6 Vibrational Freguencies (cm.-1) and Assignments

for X SnMo(CO). (r-Cp) in the Solid State
. o oy

X =Cl X = Br
I.r. Raman I.r. Raman Assignment
56kvs 565w 56k4vs Nei. 3(MoCO)
543vs 543w 5h2vs . " "
473vs 468w-m L7ks " »(Mo-C)
bshs Lshs " n
382w 383sh 378w | »(Mo=Cp)
370w 370s 373w 375m "
368w . 364s "

337vs 339s 239vs 235m-s ”(SDXB)
220vs 321m - 22hvs 223nm "
190vs  190vs 171 168vs Y(Sn-Mo)
142vs S(Sn013)
133sh 124vw : : "
103w 107w Others
89w ' ‘ ' 1"
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" TABLE 4.7 Vibrational Trequencies (cm.-1)vand Assignments
for X,sn((r-Cp)to(C0),1, in the Solid State -
X =Cl X = Br X =1
I.r. Raman I.r. Raman I.r. Raman Assignment
576vs 576vs 574s 8§(MoCO)
|563s  S62m 563s  562m 562s  56m L
553vs 552vs 552vs ' "
490s 492s 498s »(Mo-CO)
459m L62om - L459m-s L459m Léhs - L461m "
Lhowem L451w Llom. LLos Lu4ogs LLi5mes "
420m L4L19m L16m "
410m "
374m 266m Y(Mo-Cp)
2363s 261s 350s "
2350vs 348ys 339m - "
29hs 290m 239m-s 171s 171s v(s‘nxz)
279m-s 276w-m | 223m-s ’ "
"205s 204m "
195s.  193m 190s 188m - 189s 183m V(SnMo,)asym.
166w-m  161s 162w-m  158vs v(SnMoZ) sym.
132w-m 11w Others
114w-m 117w 1018 "
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‘brémide, and for these two compounds the bands near 190 em.” "

ané¢ 160 cm.-1 may be reasonadbly assigﬁed to the antisymmetric
an¢ symmetric Y(Sn-=Mo) modes respectively. The assignments for
the iodide in this region are more tentative as there seens t&
be some mixing, and sharing of intensities,_of the v(SnIa) and
(snMo,) modes. The very intense Raman band at about 160 em.” 7,
which might otherwise be expected for the symmetric P(Sn-Mo) mode,
~waes not observed in the iodide.

The Raman spectra of acetone solutions of the three
trinuclear compounds were also examined , with the results recor-
ded in Table 4.8 (page 102). The iodide did not give a satis=
* factory spectrum, probably because it underwent some decomposite
ion in the laser beam and so caused the solution to become cloudy.
An acetone solution of the bromide appeared to fluoresce and é
spectrum above 180 cm.'1 could not be recorded. Nevertheless,

a relatively intense band at 163 cm.-1 was observed and shown to
be polarised, thus supporting the assignment of the corresponding
band in the solid-state spectrum to the symmetric »(Sn-}Mo) mode.
A better spectrum was obtained for the chloride, and thisrspectrum
showed a very intense band at 161 cm.-1 which was again found to
be polarised, as would be expected for a bgnd assignable to the

. symmetric »(Sn-Mo) vibration.

>
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TABLE 4.8 Raman Frequencies (cm.-1) for XanEGW—Cp)Mo(CO)Ble

in Acetone Solution

X =Cl X = Br‘ Assignment
563w-m(P) 8(2oC0)

L61w »(Mo=CO0)
432m N

361sh - »(Mo-Cp)
351s(P) "

3L40sh . "

300m v(SnXZ)

285m n

196w 'v(SnMoa)asym.
161vs(P) 163s(P) v(SnMoa)sym.

-

* Fluoresces above 180 cm.—1

The compound with X = I failed to give a. spectrum.
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" 4,7 Discussion

There is a significant diffe:enée in Y(Sn-M) and »(Sn-Cl)
>frequencies between the cobalt and iron complexes, with Y(Sn-Fe)
at appreciably higher frequency than Y(Sn-Co) thle Y(Sn-Cl) is
at lower frequency in the iron compound than in the cobalt
compound. This is consistent with‘X-ray work on the compound
‘ Clasn{kv-Cf)Fe(CO)2]2(137) in which it was found that the Fe-Sn
bond isl"shorter than any previously reported tin to tranmnsition
mefal atom bond", while the Sn-Cl bond is longer than.in such
compounds as MeESnCla. That the differenge between Y(Sn-Fe) and
v(Sn-Co) is not simply a mass effect is demonstrated by writing
the complexes as ClZSnM2 and noting that the masses of the M

groups in the two cases are almost the same, i.e. Co(CO)4 = 171

" and CsHsFe(CO)2 = 177. | -

( It is reasonable to suppose that, due to the presence of
the T=cyclopentadienyl ring, the iron atom will have more elect-
ron density associated with it than will the cobalt atom, and this
is confirmed by the ¥(C0O) frequencies for the two compounds

- (Table 4.9, page 104)., The V(CO) frequencies are considerably
higher in the cobalt compound fhan'the iron compound, thus sugg-
esting that there is more TT-type back-bonding from the metal to
the carbonyl groups in the iron compound, as would be expected

for higher electron density at the central metal atom. Therefore

the iron atom can reduce its electronegativity by donating more
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TABLE 4.9 Carbonyl Sﬁretchihg;?requencies (cm.-1) in the

- " Infrared Spectra of the Compounds [Co(CO)h]ﬂSnClz,
T (=4 -

[(W-Cn)Fe(CO)zlESnCl: and [(\T-Cp)Mo(CO)3128n012

.[bo(co)4]23n012a' [(r-cp)Fe(c0),] snc1, [(m-cp)to (c0)] 8n01,°

2114w 2026vs - 2030s

2097s 2000 2008m

2056ms 1975s 1959s

2052sh 1956m 1938

2040s 1914w

2023m
20168h

2 In cyclohexane solution, ref. (29).

b1 cyclohexane solution, ref. (138).

c . .
In benzene solution, this work.
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charge towardé the tin étom, thus streﬁgtheniﬁg the Fe-Sn bond
and weakening the Sn-Ci bond. A similar effect would be éxpected
to operate in the corresponding molybdenum compound and fhis

seems to be the case. Thus the Y(CO) frequencies fof the molyb-
denum compound have similar values to those of the iron compounds
(Table 4.9, page 104) and the v(Sn;Cl) frequencies are appreciabl&
- lower in the mnolybdenum compound than in the cobalt compound.

On the other hand, Y(Mo-Sn) is at lower frequency than Y(Co-Sn)
but this can be attributed to a mass effect, with Co(CO)4 = 171

and (Tf'-Gp)Mo(CO)3 = 245,

4,8 Conclusion

From this study it may be concluded that, for compounds
of the type (LﬁM)2SnX2, the symmetric stretching frequencies of
the tin-transition metal bond are intense in the Raman spectra,
while the antisymmetric modes are strong in the infrared and may
also be detected in the Raman spectra. For the compounds
studied the symmetric tin-metal bond stretching frequencies lie
in the range 201-158 cm.-1, while the corresponding antisymmetric

stretching frequencies lie in the range 235-183 em. ™7,
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4,9 Experimental

The cdmpounds were prepared by the methods described in
Chapter 2 and Chapter 3. Solid-state Raman spectra were 6btaiﬁed
with a Cary 81 laser (6328 A) Raman instrument using powdered
specimens and solution spectra were obtained’with a Coderg
_PH O laser (6328 1) Raman instrumenf. Solid~state infrared

spectra (Nujol mulls) were obtaiﬂed with RIIC FS-520, RIIC FS-620

and Perkin-Elmer 225 infrared spectrometers.
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CHAPTER 5

Some Reactions of Unsaturated Organic Compounds with

the Ethanolic Rhodium(III)=-Tin(II)-Chloride Solution

5.1 Introduction

Although an ethanolic solution of rhodium(III) chloride
and tin(II) chloride will react with diolefins such as cyclo=-
octa-1,5-diene, 4-vinylcyclohexene and dicyclopentadiene to
form dimeric compounds of the general type RhZCla(diolefin)z,
with norbornadiene as the diolefin the only product is the five-
- co-ordinate complex"Rh(SnCIB)(NBD)2(14); this compound contains
a rhodium-tin bond. In this present work the reactions of the
ethanolic rhodium(III)-tin(II)-chloride solution with some simple
‘unsaturated organic compounds have been further investigated and,
in at least one case, it has been possible to isolate a rhodium
complex containing both co-ordinated double bonds and a rhodium-

tin bond.
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5.2 The Nature of the Rhodium(III)-Tin(II)-Chloride Solution

Treatment of a solution of rhodium(III) chloride in dilute

hydrochloric acid with stannous chloride gives a deep red solu-

(14)

tion and it has been suggested that the complex anion présent

in this solution may be formulated as a rhodium(I) compléx:-

r1 Sn . cl\\ snc1,
/ /\

(o}
133n SnCl3

—-4_

A similar species is thought to be preseﬁt in the ethanolic
solution of rhodium(III) chloride and tin(II) chloride, but with
the SnClB- group replaced by solvated SnCl2 groups to givé a
neutral species. Treatment of both the aqueous and ethanolic
solutions with tetramethylammonium chloride results in the
precipitation of tMe4N)#[Bh2012(SnClB)4]; the far-infrared
spectrum of this solid has been reported(139) and is given in
Table 5.1 (page 109). This spectrum is entirely consistent with
the dimeric hdlogenébridged structure. The Raman spectrum of
the s0lid has now been examined (Table 5.1) and confirms the
assignments made for the infrared spectrum. This Raman spectrum
has a strong band at 168 cm.-1; assigned to the symmetric

Y(Rh-Sn) mode, which had not been observed in the infrared

spectrum although its existence had been predicted(139). In this

present work the Raman spectrum of the actual rhodium(III)-tin(II)-
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Vibrational Frequencies (cm.-1) of the Complex Anion

TABLE 5.1
Derived from Rhodium(III) éhloride and Tin(II) Chloride
Me, N salt|Et,N* salt|Me,N" salt|Et,N" salt|RhCl,/SnCl,|Assignment
(s01id)® | (so1id)?® | (s01id)® | (s01id)® |[in Etom®
I.re I.r. Raman Raman Raman
363 361 360m 360m 368s(P) sKSn013)
336 334 33 2wem 33 w-m | 347sh "
314sh 310sh 309w
288 288 287w 287w Y(Rh-C1)
267 272 26kvw (bridge)
240w 2h1w 245w
250 209 209m 210m- 209w Y(Rh-Sn)
asym.
168s 169s 172s(P) 2Rh-Sn)
sym.
146w 146w ~ &(sn-C1)

2 Reference (139).

c

This work.

b

D.M. Adams, unpublished work.

(P) = polarised.
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chloride solution has been recorded and is assigned in Table 5.1.
This spectrum ié very similar to the oﬂes_obtained for the tetra-
alkylammonium salts and so suggests that a spécies such as |
[RhZClz(SnClB)u]q- is the dominant one in solution. There is

a small difference between the values of »(Sn-Cl) fqr the solids
and solution, with the ones in the latter being at slightly
’higher frequencieé. This may be ,due to the fact that the species
present in ethanolic solution is a neutral one, as previously
suggested<14), with the SnClB- groups replacgd by solvated SnCl2

groups.

5.3 Reaction of Ethanolic Rhodium(III)-Tin(II)-Chloride with

1,3=butadiene

Using standard vacuum-line techniques, efhanolic rhodium
(I1I)-tin(II)-chloride solution and 1,3-butadiene were allowed
to react in a sealed glass tube at room teﬁperature. The init-
ially deep red solution became orange in colour and pale-coloured
crystals were formed, isolafed as buff-coloured 6rystals and
shown by elemental analysis to have the formula Rh(anlf)(04H6)2°
The infrared spectrum of this product is given in Table 5.2 (page

(140)

111) and compared with that of free 1,3-butadiene The

far-infrared spectrum (400-200 cm.'1) confirms the presence of
“the Rh-SnCl3 group, wtth v(Sn013) at 328 cm.”) and 303 cm.” and

a band at 209 cm.-1 which has been tentatively assigned to the
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PABLE 5.2 Vibrational Frequencies (cm.-1) of Free 1,3-butadiene

and Infrared Spectrum of Rh(SnCli)(ChH622
/ N 13

N a -
1,3=butadiene Rh(SnClB) (c 4}16) 5 Assignment
Raman I.r. I.r. C
1 3101 -~ 3100 . 3076sh v(CH)
3060 3059m "
3014 3000 3050sh "
3004w "
1643, 1599 . »(C=C)
1442 1484 1478m CH2 deformation
1425s Y(C=C) co-ord.
1302 1379 1377ms CH rocking
1279 1290 1226w ' CH, rocking
1205 ‘ . 1209w »(c-C)
1014 1187wm CH wagging
211 909 : 910m , CH2 wagging
890 . . 775n CH wagging
686 520 485m CH, torsion
. . | 43hm (Rh-C)
2 Reference (140) 376m "
* 328s v(Snc13)
3035 1"
209m D(Rh=-Sh)
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Y(Rh-Sn) mode. The values for‘V(SnCIB) are typical of those for

SnCl,” co-ordinated to rhodium(I) (see Chapter 3, section 3.10).

3

Vibrational frequencies due to the co-ordinated butadiene
molecules are aésigned and, although some of these assiénments
are uncértain, it is clear tﬂat the band near 1600 cm.-1 due to
Y(C=C) in free butadiene has shiftea ;o lover frequency upon
co~ordination., Such a resuit is expected and has been reported
for many metal-olefin complexes(112). The absence of a>band near
1600 cm.-1 confirms that both double bonds of the buta@iene mol-
ecule are co-ordinated to rhodium.

The infrared spectrum of the complex in the regién 1500-

1350 cm.-1 is very similaf to that reported for chlorqbis(buta-

)(141)

diene)rhodium(I and it is reasonable to assume that the two

compounds will have similar structures. The structure of
RhCl(C#H6)2 has been determined by X-ray methods(142) and so it
is likely that trichlorostannatobis(butadiene)rhodium(I) has the

related structure:-

SnCl

-
~

-, R
- . .
2. N
-

CHcy’ “CHxsgg

l 3
CH - oot $Ea. .
| 2 PRI

Such a structure requires that eaéh butadiene molecule contri=-

butes four electrons to rhodium in the complex and so rhodium
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attains the rare~-gas configuration}
Chlorobis(butadiene)rhodium(i) is sensitive to.air and
only stable under nitrogen below 40°, The trichlorostannato
~complex, on the other hand, can be kept in air for several months
without apparent change and only undergoes thermal decomposition
above 1500, This marked difference in the stabilities of the
two compounds may be related to the w=acceptor properties of the
SnCl,” ligand, whereby excessive ele?tron density can be removed

3

from the rhodium atom.

5.4 Reaction of Trichlorostannatobis(butadiene)rhodium(I) with

Norbornadiene

Trichlorostannatobis(butadiene)rhodium(I) was. found to
react rapidly with excess norbornadiene to give a quantitative

yield of trichlorostannatobis (norbornadiene)rhodium(I) :-
Bh(SnClB)(CL*H6)2 + 2NBD' —> Rh(SnClB)(NBD)Z + 2C,Hg (1)

Such a reaction, in which co-ordinated butadiene is displaced by
another diolefin to give a known product, serves to confirm that
the formulation given in section 5.3 for the butadiene complex

is a correct one.
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5.5 Reaction of Trichlorostannatobis(butadiene)rhodium(I) with

Cycloocta-1,5=-diene

In view of the success of the reaction of trichlorostann-
atobis(butadiene)rhodium(I) with norbornadiene (section 5.4), it
was thought that a similar reaction with cycloocta-1,5-diene
might result in the formation of the new compound trichloro-
stannatobis(cycloocta=1,5-diene)rhodium(I). (The reaction of
the rhodium(III)-tin(II)-chloride solution with cycloocta-1,5-diene
gives Rhach(COD)2(14)). However, it was found that the butadiene
complex reacted with cycloocta=-1,5-diene to éive RhZCla(COD)2 as

the only producﬁ $-

2Rh(Snc13)(04H6)2 + 2COD >
BhZCla(COD?Z + ZSnC12 + EC4H6 (11)
There is not an obvious route to the synthesis of the
‘compound Rh(SnClB)(COD)2 because the preferential formation of
the very stable dimer, RhZClz(COD)Z, seems to be the dominant

factor.

5.6 Reaction of Ethanolic Rhodium(III)-Tin(II)-Chloride with

Ethxlene

Ethylene was found to react with ethanolic rhodium(III)-
tin(II)-chloride solution, under conditions similar to those

used for the butadiene reaction (section 5.3), but the only
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product was the well-known, halogen-bridged dimer,

(143)

[RhC1(02H4)2]2 , which was isolated in high yield. This

reaction is, in fact, a useful method of preparation of
[RhCl(CZHLF)é]2 since it has been found to give a higher yield
(143) (144)

of the product than previously reported syntheses from

rhodium(III) chloride alone.,

5.7 Reaction of Ethanolic Rhodium(III)-Tin(II)=Chloride with

Cycloéctene

Ethanolic rhodium(III)-tin(II)-chloride solution reacts

with cyclooctene very slowly at room temperature and orange
: |
crystals separate in very small yield after about four weeks.

Melting point and analysis of this product indicate that it is

the known compound [RhCl(cgnw)a]Z“M).

5.8 Reaction of Ethanolic Rhodium(III)-Tin(II)-Chloride with

Acrylonitrile

Ethanolic rhodium(III)-tin(II)-chloride solﬁtion reacts
readily with acrylonitrile at room temperature and a yellow
pdwder separates from the reaction mixture. This product is
completely insoluble in all common solvents and so could not be
purified by recrystallisation. Therefore the elemental analysis
results must be interpreted with caution but do, in fact,

correspond to the empirical formula Rh(SnClB)(C3H3N)2.4. The
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(1#5) are

infrared spectra of the complex and free acrylonitrile
given in Table 5.3 (page 117). In the.spéctrgm of the complex
there is a band at 1610 qm.-1 which indicates that the C=C double
bond is not co-ordinated to rhodium, and also a band at 2262 cm._1
which shows that acrylonitrile is probably‘bonded to the metal
through the nitrogen atom(146). These facts are consistent with

fhe presence of a grouping such as CH2=CHCENr—)Rh in the complex,

but further speculation on the structure is not possibdble.

5.9 Reactions of Ethanolic Rhodium(III)-Tin(II)-Chloride with

Methyl Vinyl Ketone, Allyl Acetate and Allyl Chloride

Methyl vinyl ketone, allyl acetate and allyl chloride all
react slowly with ethanolic rhodium(III)~tin(II)-chloride solut-
ion on standing at room temperature for several days. In eacﬁ
case a gradual change of colour was observed, but it was not
possible to isolate a pure product from any of the mixtures; work-

up usually yielded orange oils or brown, insoluble solids.

5.10 Conclusions

It has been f;und that the dimeric, halogen~bridged species
which is formed in an ethanolic solution of rhodium(III) chloride
and stannous chloride will react with a number of simple, unsat-
urated organic compounds.> With 1,3-butadiene the product is

Rh(SnClB)(C4H6)2, and this comvound contains a rhodium-tin bond.
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TABLE 5.3 Infrared Frequenciés (cm.'1) of Free Acrylonitrile

and of the Product from Rhodium(III)=Tin(II)-Chloride

Solution and Acrylonitrile

Acrylonitrilea Conmplex Assignment
3114s CH stretch
3068s : "
3033s 3020 "
2228s 2262s - C=N stretch
1609s 1610m=-s C=C stretch
’ 1620sh
1458nm
14158 1409m CH2 deformation
1360m )
1288m 1190m ' CH rock
1094s 1082m, br CH, rock
960-980vs : 965w-m, br CH2=C wag
871m 776w,br C-C stretch
690s
" 332m-s,br SnClj.stretch
303sh coen '

8 Reference (145)
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However, with ethylene And cyclooctene'the chloro-fin groups in
the complex are displaced by the olefins to give compounds of

the type RhZCla(olefin)4. A product has aléo been~is§1ated ffom .
the reaction with acrjlonitrile and, although this compound has
not been fully charécterised, it proﬁably contains both an SnCle

" group and acrylonitrile groups co=ordinated to rhodium.
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5.11 Experimental

The Raman spectrum of éhe rhodi&m(III)-tin(II)-chloridQ
solution in ethanol was obtained using a Coderg PH O instrument
with a Ferranti LR 50 helium-neon laser as the exciting source.
Infrared specfra were recorded on a Perkin-Elmer 225 instrument
with samples in %he form of Nujol énd hexachlorobutadiene mulls
mounted on potassium bromide (4,000-400 cm.-1) and polythene
(400-200 cm.-1) plates. Melting points were determined on a
Kofler hot-stage apparatus and microanalyses were obtained as
described in Chapter 2. Rhodium(III) chioride-trihydrate was

purchased from Johnson, Matthey & Co. Ltd,

i) Reaction of Rhodium(III) Chloride, Tin(II) Chloride and

1,3-butadiene

A cylinder of 1,3-butadiene (supplied by Air Products)
was attached to a vacuum line and the gas (ca. 2 ml.) was

condensed into a trap cooled with liquid nitrogen. This trap was

-

then allowed to warm slowly to room temperature and the 1,3-buta-
diene to distil into a thick-walled glass tube (120 ml. capacity),
cooled in liquid nitrogen and containing rhodium(III) chloride
(0.3 g.), stannous chloride (0.8 g.) and absolute ethanol (20 ml.).
The tube was sealed, allowed to warm to room temperature, shakén
mechanically for one ‘hour and then left to stand overnight. The

initially deep red solution became pale orange in colour and buff-
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coloured crystals were‘formed. These were filtered off, washed
with ethanol and dried in vacuo (0.45 g., 90%), m.p. 150-160" dec.

(Found: C, 21.3; H, 2.92; Cl1, 25.8%: Calc. for C8H120133h8n:

c, 22.0; H, 2.78; C1, 2k.L%).

ii) Reaction of Rh(SnClB)(C[HS)2 and Norbornadiene

A suspension of Rh(ShClB)(C,_'_Hé)2 (0.1 g.) in methylene
chloride (10 ml.) was treated with norbornadiene (0,5 ml.) and
the mixture left to stand,Awith occasional shaking. Over a
period of about one hour the suspension gfadually dissolved and
~ a clear yellow solution was formed. Methanol was added to thisg
solution and the mixture was then evaporated to small volume at
the rotary evaporator to give yellow crystals (0.12 g.), m.p.

»120° dec. The crystals were identified as R(SnC1;) (NBD), by

"infrared spectrum (1,000-200 em.™ 1y,

iii) Reaction of Rh(Sn013)(C,H622 and Cycloocta-1,5-diene

A suspension of Rh(SnClB)(CaH6)2 (0.1 g.) in ﬁethylene
chloride (10 ml.) wastreated with cycloocta-1,5-diene (0.5 ml.)
" and the mixture left to stand, with occasional shaking, for
90 min. After this time an orange solution, containing a slight
precipitate, had formed. The solution was filtered, treated with

methanol, evaporated to small volume and left to stand overnight.
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Yellow crystals formed and were filtered off, washed with methanol
and dried in vacuo. The crystals (0.04 g.), m.p. ca.235° dec.,
were shown by infrared spectrum (1,000-200 em.™ 1) to be

RhéClZ(COD)Z.

iv)’Reaction éf Rhodium(IiI) Chloride, Tin(II)~Chloridé and "
‘ Ethylene

.Using a technique similar to that described in i) ébove,
ethylene (ca. 2 ml.) was sealed into a thick-walled glass tube
(120 ml. capacity) containing rhodium(III) chloride (0.3 g.),
tin(II) chloride (0.8 g.) and absolute ethanol (20 Ql.). The
tube was allowed to warm to room temperature and after a short
time orange-red cfystals separated from the reaction sélution.
The mixture was left to stand for two days and the crystals
filtered off (0.20 g., 90%) and shown by m.p. 115-125° dec. and
far=infrared spectrum (400-200 em.™1) to be identical to a gen-

uine sample of Rh2012(02H4)4’ prepared according .to the liter-
(143) . 5

ature method N

v) Reaction of Rhodium(III) Chloride, Tin(II) Chloride and

Cyclooctene

To a solution of rhodium(III) chloride (0.3 g.) and tin(II)
chloride (0.8 g.) in absolute ethanol (20 ml.) was added cyclo-

octene (1 ml.). The mixture was left to stand at room temper-
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" ature under an atmosphere of nitrogen for three weeks and then
reduced to small volume at the rotary evaporator and left for a
further two days. Orange crystals separated from the mixture ih
very small yield (<0.05 g.) and were filtered off and dried in

° . ]
vacuo. M.p. 132 dec., (1it. value for Rh2C12(08H14)4 , 140
.dec.(141)). (Found: C, 52.2; H, 7.66; Cl, 9.45%. Calc. for

032H56012Rh2: C, 53.5; H, 7.95; Cl, 9.8%%).

vi) Reaction of Rhodium(III) Chloride, Tin(II) Chloride and

Acrylonitrile

To a solution of rhodium(III) chloride (04 g.) and
 stannous cﬂloridg (1.0 g.) in absolute ethanol (40 ml.) was
added acrylonitrile (2 ml.). After standing overnight the solu-
tion had lost its deep red colour and contained a yellow precip-
itate. filtration, washing with ethanol and ether, and drying
in air gave a yellow powder (0.3 g.), melting over a wide range
above 160° with decomposition. (Found: C, 19.9; H, 2.31;

c1, 23;3; N, 7.48%. Calc. for C7.2H7.2013N2.4Rh5n: C, 19.0;

H, 1.58; Cl, 23.4; N, 7.35%).

vii) Reaction of Rhodium(III) Chloride, Tin(II) Chloride and

a) Methyl Vinyl Xetone, b) Allyl Acetate, ¢) Allyl Chloride

a) With methyl‘vinyl ketone:- to a solution of rhodium

.(III) chloride (0.4 g.) and stannous chloride (1.0 g.) in



- 123 -

\

absolute ethanol (40 ml.) was added methyl vinyl ketone (2 ml,).
On standing for several days the solution became red-~brown in

colour and subseguent work—ﬁp_yielded only brown oils.,

~ b) With allyl acetate:~ as in a) but with allyl acetate (2 ml.).
After several days the solution had become orange in colour but

subsequént work-up persistently yielded orange oils.

c) With allyl chloride:- as in a) but with allyl chloride (2 ml.).
After standing for several days the solution had become orange=-

red in colour but a pure product could not be isolated.
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CHAPTER 6

The Reactions of Tin(II) Chloride with

Transition Metal Carbonyl Anions

6.1 Introduction

Compounds with tin-transition metal bonds‘containing tin
in a formally divalent state are well known (see Chapter 1,
section 1.1.B), but tin(II) compounds of empirical formula
(LnM)ZSn: have been only briefly mentioned in the literature and

(28) (146)

have not been well characterised

(28)

Early work on compounds with metal-metal bonds inecl-

uded.a report that intimate mixtures of cobalt and tin metal
powders would react with carbon monoxide under conditions of
high temperature and pressure (ZOO°, 200 atmospheres) to give

bis(tetracarbonylcobalt)tin(II) :-

>

2Co + Sn + 8C0 —> [Co(CO)L*]ESn 4 (i)
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More recently, it has been stated that this reaction could not
be repeated(29).

The reaction between stannous chioride and the tetra-
"carbonylcobalt anion has been reported to give bis(tetracarbbnyl-
cobalt)tin(II) and this product was found to react with triphenyle-

phosphine(146) ‘-

2 Co(c0),” + 8nCl,——> [Co(c0),] sn’ (1)
~[Co(co)4]‘25n + 2¢,p —> [co(cO), P8 ] sn + 200  (ii4)

It might be expected that other transition ﬁetal carbonyl
anions would react with tin(II) halides to give compounds of the
"type (LnM)ESn, and in this present work several such reactions
have been investigated. The reported syntheses of bis(tetra-
carbonylcobalt)tin(II) and bis(tricarbonyltriphenylphosphine-
cobalt)tin(II) by the methods described above have also been re-

examined.

6.2 Reaction of Cobélt Powder.and Tin Powder with Carbon Monoxide
| Severél attempts have been made to repeat the reaction of

cobalt and tin powders with carbon monoxide, but without success.

Cobalt and tin metal powders were intimately mixed before use, -

. and temperatures as high as 250° and pressures of carbon mon-

-

oxide up to 350 atmospheres were used, but on each occasion there
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there was no indication that any reaction had taken place.

8

6.3 Reactions of Transition Metal Carbonyl Anions with

Stannous Chloride in Tetrahydrofuran Solvent

A coﬁvenient method for the formation of transition metal
carbonyl anions is the reaction of .sodium with a suitable dimeric
conmpound containing a metai—metal bond(BQ).. Such a reaction
requires the use of a solvent which does not react ﬁith sédium,
and tetrahydrofuran (THF) is the one which is commonly used.
Several transition metal carbonyl anions have been generated in

THF solution by thisAand related methods, and their reactions

with stannous chloride have been investigated.

a) Mn(co)5' '

Decacarbdnyldimanganese in THF reacted with sodium amalgan
‘to give a solution of the pentacarbonylmanganese anion(147).
This solution was found to react rapidly’with a solution of
.staﬁnous chloride in THF, and vacuum sublimation of the crude
.product gave a small yield of orangef;ed crystals. These crystals
were identified by melting point and infrared spectrum as chloro-
tris(pentacarbonylmanganese)tin, ClSn[Mn(CO)5]3. The formation
of a formally tin(IV) compound by the reaction of tin(II) chlor-
(33) ihat

ide with Mn(CO)s- is in agreement with a recent report

tin(II) chloride will react with excess Mn(CO)S- in THT at O
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to give tetrakié(pentacafbonylmanganese)tin,,[Mn(CO)sjusn.

b) (r-Cp)Mo(CO),” and (1r-0p_)w(co)3:

The anions were generated in THF SGlution by the reaction
of sodiﬁm cyclopentadienide with the metal hqxacarbonyl(148).
Both anions were found to react raﬁidly with stannous chloride
to give intensely coloured solutions, but pure products could
not be isolated from the reaction mixtures. Vacuum sublimation
of the crude mixtures gave very small yields of (Fw-Cp)Mo(CO)é]z
and..BWHCp)W(CO)jlz, but these compounds were formed by thermal
decomposition of the’initial products during fhe sublimation

process and not by direct reaction of the anions with stannous

chloride.

c) Co(CO)h-

Octacarbonjldicobalt reacted with sodium amalgam in THF
to give the tetracarbonylcobalt anion(Bo); This solution was
ifound to react rapidly with a solution of stannous chloride in
THF with the formation of an intense red colouration. Vacuum
sublimation of the crude prodgct géve a small yield of diﬁhloro-
bis(tetracarbonylcobalt)tin, CIZSn[Co(CO)q]z. This compound
sublimes at low temperatures (30-35°) and so is probably a

‘genuine product of the initial reaction and not the result of

~ thermal decomposition during the sublimation.
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6.4 Reactions of Transition Metal Carbonyl Anions with

Stannous Chloride in Methanol Solvent

Bis(tetracarbonylcobalt)mercury will react with sodium
sulphide to give mercuric sulphide and sodium tetracarbonylcobale-

' tate(149):-

: Hg[Co(CO)LJ2 + Na,S ——> HgS} + 2NaCo(CO), (1ii)

This reaction prgvides a novel method for the formation of the
anion in aqueous and alcoholic solvents.

In this present work it has been found that ofher compounds
containing mercury-transition metal bonds will react with.sodium
sulphide. Using this reaction, the transition metal carbodyl
anions (ﬂth)M(QO)B- (M = Cr,Mo) have been generated in methanol‘.
solvent for the first time. The reactionsvof thesé_methandlic

solutions with stannous chloride have been investigated.

a) Co(C0),”

The tetracarbonylcobalt anion, in methanolic solution,
has been reported to react with stannous chloride to give bis=-
(tetracarbonylcobalt)tin(II), and this product was reported to
react with excess triphenylphosphine to give bis(tricarbonyl-
triphenylphosphinecobalt)tin(II)(146). These reactions have now

been repeated and a triphenylphosphine-substituted product has

been obtained which is similar in appearance to that of the



~ 129 -

reported product. It has not been possible to identify this
product and variable elemental analysis"results have been
obtained for the products from separate preparations. The
lanalysis results do not correspond to the fomula [Co(CO)3P¢3]ZSn
and show that the product contains chlorine. The presence of
chlorine in the compound suggests fhat the tin may be present

in a formally quadrivalent state and this idea is supported by
the results from the related reaction with (ﬂth)Mo(CO)B- and -

stannous chloride (see c) below).

b) (ﬂ'—Cp)Gr(CO)}:

Hg[}W-Cp)Cr(CO)3]2 was found to react with sodium sulphide
" in methanol to give a black precipitate pf mercuric §u1phide and -
a pale yellow solution of the anion (ﬂZCp)Cr(CO)B-. The filtered
solution reacted rapidly with a solution of stannous chloride in
methanol and a deep red solid was isolated from the reaction
nixture. This compound was unstable in air andvrapidiy decomp-
osed to a green solid, but it appeared to remain unchanged over

a period of several weeks if sealed in an ampoule under an inert

- atmosphere. Analytical results for the red solid were not
reproducible and did not.correspond to the fo;mula of the tin(II)

compound, [(W-Cp)Cr(CO)B]ZSn.

-
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¢) (v-@)m(cm}:

Hg[:(‘ﬂ’-Cp)Mo(CO)B]2 reacted rapidly‘with sgdium sulphidé
in methanol to give a blaék precipitate of mercuric sulphide and
a very pale yellow solution of the anion CW-Cp)Mo(CO)B-; The
filtered solution ?eacted with a solution of stannéus chloride in
methanol to give a deep red colourétion. Two pure products were
isolated from thié solution and shown conclusively to be the

tin(IV) compounds ClSn[(Tr--Cp)Mo(CO)B.]3 and ClZSn[fﬂ-Cp)Mo(CO)S]Z.

6.5 Discussion and Conclusions

Despite several attempts, it has not been possible 'to
repeat the reaction of cobalt and tin metal powders with carbon
monoxide to give [00(00)4]2Sn. In view of this, and the fact
(29)

that other workers have also been unable to repeat the

reactibn, it is reasonable to suppose that the original report

was in error.

It has been found that although the reaction 6etween
Co(CO)h- and stannous chloride, followed by treatment with tri-
phenylphosphine, gave a product which was similar in appearance
to the one originally described, this product contains chlorine
and so cannot be formulated as [Co(CO)3P¢3]ZSn. In most of the
other reactions between transition metal carbonyl anions and
stannous chloride which have been studied, it has only been

possible to isolate compounds of tin(IV) of the type (LnM)ZSn012
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and (LnM)BSnCl. Therefore it seems that in these reactions the
formation of compounds of tin(IV) is preferred to the formation
of compounds of tin(II) and that a' different approach is required
for the successful synthesis of compounds of the type (LnM)an’
Many organotin compounds which were originally formulafed
as simple derivatives of tin(II) (é.g. Et,Sn, ﬁZSn, MeZSn) have
‘now been identified as either cyclic or chain compounds which
apbroximate to the composition RZSn but do, in fact, contain

(150)

tin in a formally quadrivalent state For example, dimethyl

tin, Me_ Sn, is more correctly named as dodecamethylcyclohexa-

2

stannane and has the structure:-

.

I\ieZ/Sn-—Sn.I\"Ie2

Me.Sn SnMe

2 2

S ' Me ,Sn——=Snlle,
The existence of a similar situation in the field of tin-trané-
ition metal compounds is possible, and the results discussed
above certainly indicate that the formation of compounds of
"tin(IV) is the preferred result in reactions in which it might
" be expected that tin(II) compounds would be the products. If,
at some future date, the synthesis of compounds of empirical
formula (LhM)zsn is achieved, it is likely that such compounds

will have polymeric structures in which each tin atom is bonded

to four nearest neighbours in a tetrahedral environment.
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6.6 Experimental

Microanalyses, melting points aﬁd infrared spectra were
obtained as described in Chapter 2. Tetrahydrofuran was
purified immediately before use by distillation, under an
atmosphere of dry nitrogen, from sodium wire and then from
lithium aluminium hydride. All solvents were de-gassed before
use by boiling for several minutes, and then sa?urated with
nitrogen by bubbling the gas rapidly into the solvent. All the
transition metal carbonjl anions are extremély air-sensitive and
all preparations, manipulations and reactions were carried out
under an atmosphere of dry nitrogen.

Cobalt and tin metal powders (5N grade), molybdenum hexa=-
carbonyl and tungsten hexacarbonyl were purchased fronm Koch-Light
Laboratories, Ltd. Decacarbonyldimanganesé and chromium hexa-

carbonyl were purchased from Alfa Inorganics, Inc. The following
y.(93)
8 ’

compounds were prepared by literature methods: Coa(CO
Hg[Co(Cb)4]2$151 ) , Hg [(w-Cp)Mo(co)B]Z(w”] and

Hg [(v-Cp)Cr(co)B]z("'%) .

'4) Reaction of Cobalt and Tin Powders with Carbon Monoxide

In a typical reaction cobalt powder (2.0 g.) and tin
powder (2.0 g.) were intimately mixed and sealed into a stainless
steel autoclave. Carbon monoxide was compressed into the auto-

clave to an initial pressure of 215 atmospheresiand the autoclave
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waé heated to 200° to givé a final pressure of 350 atmospheres.
Thgse conditions were maintained while fhe reaction vessel was

rocked for 48 hr. After cooling and venting, the autoclave was
opened and found to contain only the unreacted metal powders.

Similar results were obtained on several occasions when different

reaction conditions were used.

ii) Reaction of Mn(CO)s- and Stannous Chloride in THF

An amalg%m of mercury (5 ml.) and freshly cut sodium
(0.45 g.) was stirred for two hours and then excess amalgam was
removed with a syringe. The green solution of Mn(CO)S- was
treated with stannous chloride (1,6 g.) in THF (20 ml.) to give
an immediate colour change to yellow-brown. After stirring for
one hour solvent was removed at the rotary evaporator to leave
an orange-brown solid. This solid was transferred to a water=-
cooled sublimation apparatus and this apparatus was then evacuated
to about 0.1 mm. of mercury. On heating to 100° an orange-
sublimate collected on the probe. This sublimate was identified

as c15n[im(C0) )5 by melting point 178°, (1it. value, 175-176 (192))

and infrared spectrum.
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1ii) Reaction of (r-Cp)Mo(CO).” and Stannous Chloride in THF
/ -

GT—Cp)Mo(CO)B- in THF solution was prepared by the
(148) '

- reported method from sodiumAcycloéentadienide and hexa-
carbonylmolybdenum (2.7 g.). To the resulting solution was

added a solution of s#énnous chloride (0.95 g.) in THF (25 ml.)
with the immediate formation of a red cblour.' The solution was
filtered and evaporated to dryness at the rotary evaporator‘to
give a dark red solid. This solid dissolved in methylene chloride
to give an orange solution but pure products could not be isolated
from this solution. The bulk of the red solid was sublimed in
vacuo at 120° to give a small quantity of a purple-red solid

on the probe. This solid was identified by analysis and infrared

spectrum as ‘Kﬂ-Cp)Mo(CO)3]2(123). (Found: C, 38.6; H, 2.44%.

Calc, for C, H, Mo,0.: C, 39.4, H, 2.31%).

iv) Reaction of CW-Cp)W(CO)E- and Stannous Chloride in THF
CW-Cp)W(CO)B- in THF solution was prepared in a maﬂner
similar to the one used for the anaiogous molybdenum compound
from sodium cyclopentadienidé and hexacarbonyltungsten (7.7 go)e
To the resulting yellow solution was added a solution of stannous
chloride (2.1 g.) in THF (20 ml.) with the immediate forma;ion
of a deep red colour. The mixture was stirred for one hour and

then solvent was remdved at the rotary evaporator to leave a

purple-red solid. Vacuum sublimation of this solid at 80° gave
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a white solid on the probe and this was shown by infrared spect-
x‘rum to be unchanged hexacarbbnyltungsten. Sublimation of the

residue at 170° produced a purple-red solid which was identified
by analysis and infrared spectrum as [}W—Cp)W(CO)3]2(153).
(Found: C, 29.3; H, 2.01%. Calc. for 016H1o°6wz‘ c, 28.9;

H, 1.50%).

v) Reaction of Co(CO),” and Stannous Chloride in THF

Co(CO)4- was generated in THF solution by stirring a
solution of Coz(CO)S (1.7 g.) in THF (50 ml.) with an amalgam
of sodium (0.3 g.) and mercury (2.3 ml.) for three hours.
Excess amalgam was removed by a s&ringe, and to the.remaining
solution was added a Solution of stannous chloride (0.95 g.) in
THF (15 ml.) with the immediate formation of a deep red colour.
Stirring was continued for one hour and solvent was then removed
at the rotary evaporator to leave a purple-red solid. Vacuum
sublimation of this crude product at 350 produced an orange,
crystailine sublimate which was identified by analysis and
infrared spectrum'as'Clasn[Co(CO)AJZ. (Found: C, 18.4; H, 0.0%.

Calc. for CgCl,Co,0g8n: C, 18.1; H, 0.0%). .
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vi) Reaction of Co(CO),” and Stannous Chloride in Methanol

Addition of methanbl'to a mixtufe of Hg[Co(CO)4]2 (1.0 g.i
. and hydrated sodium sulphide, Na25-9H20, (0,5 g.) produced an
immediate black precipitate of mercurié sulphide. The mixture
was shaken mechanically for three hours and then filtered to

give a pale yellow solution of NaCo(CO)A. This solution was
added to a solution of stannous chloride (0.35 ge) in.methaﬁol

"~ (10 ml.) with the immediate formation of a purple-red colouration.
After standing for 30Omin, the solution was evaporated to dryness
at the vacuum line-to leave a purple solid. This solid was re-
dissolved in benzene and the filtered solution added to a solut-
ion of triphenylphosphine (1.5 g.) in benzene. After standing
overnight the initially purple solution had changed to a deep
red colour. The benzene was: removed in vacuo to leave a red
crystalline residue which was washed thoroughly with several

portions of ether to give a rust-coloured solid, m.p. 142-145°

dec. (Found: C, 50.8; H, 3.60; Cl, 10.2; Co, 12.3; Sn, 12.1%).

vi) Reaction of GT-Cp)Cr(CO)B- and Stannous'Chloride in Methanol
Methanol (50 ml.) was added to a mixture of
Hg[(Tl'-Cp)Cr(CO)B]2 (1.2 g.) and hydrated sodium sulphide (0.48 g.)
with the immediate formation of a black precipitate of mercuric
sulphide. The mixture was shaken mechanically for three hours

and then filtered to give a yellow solution of Na[KU-Cp)Cr(CO)B].
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(The‘presence aT'the anion was confifmed by tréatment_of a small
portion of this solution with mercuric'cyanide and subsequent
isolation of Hg[}T-Cp)Cr(CO)ﬁla. This product could not be iso-
lated from a portion of the solution which had not been treated
with mercuric cyanide). The yellow solution was added td a
solution of stannous chloride (0.38 g.) in methanol (15 ml.) to
give a slight brown precipitate and an orange-red solution. The
solution was filtered and evaporated to dryness in vacuo to leave
é red solid. This solid was redissolved in benzene and the
resulting solution filtered and evaporated to dryness in facuo
to leave a red cryétalline mass. This product decomposed to a
green solid on expoSure to éir for a few hours but remained
unchanged if stored under an atmosphere of dry nitrogen.
Variable anélysis results were obtained for this product,

presumably because of the rapid decomposition in air. (Found:

C, 23.2; H, L4.34%. Found: C, 31.2; H, 2.98%).

rvii) Reaction of (M-Cp)Mo(CO).,” and Stannous Chloride in Methanol
4 .

A pale yellow solution of (ﬂ-Cp)Iflo(CO)B- in methanol was
generated from Hg{zﬂ-Cp)Mo(CO)B]Z (1.3 g.) and hydrated sodium
sulphide (0.5 g.) in a manner similar to thét used for the
chromium analogue. (The presence of the anion was again confirmed
by reaction with mercuric cyanide). The yellow solution of the

anion was added to a solution of stannous chloride (0.38 g.) in
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methanol (10 ml.) with the formation of a brown precipitate and
an orange-red solution. This solution.wés filtered and left to
stand overnight, after which time red crystals had formed in the
solution. These crystals were filtered off and identified as
01Sn['_(1r-0p)Mo(¢o)3']3 by analysis and m.p. 157 , (lit. value,
160° 38y (Founa: ¢, 32.2; H, 1.81%. Calc. for

- €, H 501050802 C, 32.4{ H, 1.70%).

The filtrate was evgporated to dryness in vacuo to leave
an orange-red solid which was recrystallised from methylene
chloride-petroleum spirit as golden-~yellow crystals of
0125n[1n-cP)Mo(co)3]2, M.Pe 196° , (lit.value, 201°(9°)).
(Found: C, 28.0; H, 1.75%. Calc. for C,gHqoCLM0,0¢8n: C, 28.3; -

" H, 1.49%).
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