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ABSTRACT

Compounds of the type Fe(CO)4(GeR3)2 containing two
different methylgermyl substituents have been prepared and charac-
terised. The preparation was via the exchange reaction

Fe(CO) , (GeRy), + [Mn(CO)s]-—*[Fe(CO)4(GeR3)]- + Mn(CO) . (GeR,)

[Fe(CO)4 (GeRy)]™ + GeXR';, ——*Fe(CO), (GeR,) (GeR',)

3 3

The ccmpounds characterised were Fe(CO)4(GeMeH2)(GeH3)

FeFCO)4(GeMe2H)(GeH3), Fe(CO)4(GeMe2H)(GeMeH2), Fe(CO)4(GeMe3)(GeH )

3
Fe (CO) , (GeMe,) (GeMeH,) and Fe(CO) 4(GeMe3).(GeMe2H). Of these, the

species Fe(CQ)4(GeMeH2)(GeH3), Fe(CO)4(GeMe2HXGeH3) and
Fe(CO)4(GeMe3)(GeH3) were characterised fully by infrared, proton
nmr and mass spectroscopic studies.
The self-reaction
2Fe(CO)4(GeR3)2 -——-———+[Fe(CO)4(GeR2)]2 + 2GeR4

has also been examined in some detail. The methylgermane was elim-

inated in preference to GeH, and species of the type [Fe(CO)4(GeH3)]2-

4
GeR2 were also identified in two cases.
Halogenation of Fe(CO), (GeMeH,) (GeH;) and Fe(CO) 4(GéMe2H)
(GeH3) was followed by 1H nmr studies. CCR,4 results in the sub-

stitution of Ge—H,'while HCL cleaves Fe-Ge bonds.

While Fe(CO)4(GeMe2H)(GeMeﬁi, Fe(CO)4(GeMe3)(GeMeH2) and
Fe(CO)4(GeMe3)(GeMe2H) have been prepared, spectrosgopic idegtification
of these species is rather tenuous as these samples were found always
to be contaminated with either the symmetrically substituted species

Fe(CO)4(GeR3)2 and/or products from the self-reaction.
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Mn(CO)S(GeR3) species obtained in the above syntheses
react with Coz(CO)8 to yield the species [Co3(CO)9][Mn(C0)5]Ge,
[Coz(CO)7][Mn(CO)5]GeMe and possibly [Co(CO)4][Mn(C0)5]GeMe2.
These species were characterised by their.infrared and

mass spectroscopic properties.



Abbreviations

Ma(CO)XM' is used throughout this work as an abbreviation for

bRy

group IVB derivatives of transition metal carbonyls;

M transition metal d days
M main group IV metal hr hours
R organic moiety or halide min  minutes
X halide (typically C&, Br) nmr nuclear magnetic resonance
L ligand, not necessariiy of ms mass spectrum
the type M'Ry
Me methyl CH,- ir infrared
Et Ethyl, C2H5- R Raman
Pr propyl, C3H7— Rp Raman polarised
Bu butyl, C4H9- w weak
Cp Cyclopentadienyl, C5H4- m medium
Ph phenyl, CGHS— s strong
acac acetylacetonato, C5H702— v very
Na/Hg sodium amalgam br broad
Et20 diethylether, sh shoulder
THF tetrahydrofuran, P+,p.m.i - parent molecular ion
RT room temperature ajq (al)l or a;
octacarbonyl - structure 14, page 4. a, (al)2 or a,

spectra; typically routine scans have been included in this work as
figures - more detailed spectra were usually expanded, and
run more slowly.

X or C = contaminant

nmr spectra; Benzene solvent and associated spinning side bands etc,

are massive peaks compared with the quantity of material
used in nmr reactions. As benzene was used as a reference
in this work it was recorded at much lower gain than the
rest of the spectrum. A small break in the spectra sepa-
rates the peaks associated with benzene from the rest of

the spectrum.
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CHAPTER ONE

GENERAL INTRODUCTION TO GROUP IVB

TRANSITION METAL CARBONYLS

Compounds of the general formula Ma«IﬂXM'bRy where M = transition
metal amd M' = group IV metal, have been known for many years.(l) Several
excellent reviews in this field have been pub}ished.(2-l4) The majority
of compounds known to date are simple molecules involving only one trans-
ition metal atom, (see Table 1.1, page 2 ). As with'the group IV
metals and parent transition metal carbonyls, a major feature of these
compounds is the tendency to form polymetallic complexes. ,This area has
been little explored, but promises to be a dynamic, and rewarding -
though challenging - area for future study.

General features of MéCO)xM' R complexes that are of particular

by
interest to this work are outlined in the followinrng sections: structural
types; preparative methods; chemical properties; physical properties

and bonding aséects.

1.1 Structural types

Most of the work to date has focussed on the isolation and
identification of the more abundant lower molecular weight complexes of
the type shown in Figure 1.1, page 3. ' The range of diverse structurai
possibilities becomes apparent in complexes with two transition metal
atoms as is illustrated in Figure 1.2, page 4. Few higher molecular

weight complexes have been identified, but some examples of polymetallic

complexes are given in Figure 1.3, page 5.
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Examples of Ma(t())x!. hr’y

TABLE 1.1

complexcs where M=Mn, Fe,Co and Rell

§ §

ol noa

2 ?l .- 2 lw

[T 70

3 X 3 3

3 | & Ret 519 aet.

bl o fx!
MANGANESE
Mn(COISSlHJ 2 a (19%) (Mn(co)sl 2sm2 9 a (16)
Mn (CO) ssiczﬂ2 2 a (16) [hn(CO) J{ Co(CO) ] SICLH 2 b (16)

]
Hn (CO) (GeH, 2 a N Mn(co) J Gel, 9 b (18)
Mn (CO) (GoMeH, 2 a (19) Mn(CQ) (Gee R 2 a (20)
Mn (CO) (GePh H 2 a (21) Mn (CO} Ge Ho 2 a (22)
Mn(CO) Ge,H, 2 a (22) [ Mn (CON(Geit ) ], 14 a (22)
¥n (CO) SnPh,H 2 a (21) M0 (CO) ] SnH, 9 a (21)
MR (CO) (1 SnH 28 a (21)] Mn(CO) o/ 45N H, 30 b (161)
IRON
Fe(CO), (SiH;), 3 @ (23)] FelCO),(SiH IH 3 a (23)
Fe (CO) ,Cp(SiH,) 6 @ (24)] Fe(CO),Cp(SiMe,H) 6 a (25)
[ Fe (CO) Cp] ,SitteH 9 a (159](¥e,(CO) Cp,]SiteH 9 ‘a (159)
re(m)‘(cenl)(swl) 3 a (33)
Fe(CO), (GeH,), 3 a (26)] Fe(CO), (GeH,)H 3 a (26)
IE‘Q(CO)4(GeH2)IZ 14 b (12) [Pe(CO“(GeXH)Iz 14 b (27)
Fe(CO) , (GeMeH, ) , 5 a (29) Fe(CO), (GeMeH,)H 3 a (29)
Pe(CO)‘(Ge;ieﬂz)(GeXMeH)S b (28) [F’c(CO)4(GcMeH)12 14 b (29)
Fe(CO)‘(Gc.‘(cz!i)z 2 a (30) Fc(CO)‘(GeMezﬂ)H 3 a (30)
Fe (C0),Cp(Gntiy) 6 a (26f Fe,(CO) (GePh,) (CePhH) 3 b (31
Ite(cc)zcwzceﬂz 9 b (32 Fe(CO)4(Ge2H5)(GeH3) 3 a (33)
Pe(co)4(GeZES)2 3 a (33
COBALT
Co(CO) ,SiH, 6 a (34)) Co(CO),SiMeH, § b (35)
Co (CO) ,SiMe, H 6 a (16) Co(Co),Siph,H 6 b (3,37)
Co(CO) ,SICo H 6 a (16) [Co(CO)‘IZSJ.lIZ 9 a (16)
Co(C0)4si2.~:e4H ¢ b (54)
Co (CO) ,GeH, 6 a (38) Col(CO),GeMell, 6 a (39)
Co(C0) ,Gelle, Il 6 a (20} [CoCO),J GudieH 9 b (39)
CO(CO)4Cc2MS € a (40 ’C°‘C°’4’2(°°z"4’ 7 a (22)
rCo(CO)J(!‘Dus)IJSnH 28 b (41

a. Salt elimination (cre Scction 1,2.1)

b. Heutral mniccule addition and/or elimination, exchange reactions,
{naectinn reactions, (see Section 1.2,2)

%, Ch, M

* See compoundn with simflar steuctures dn Flgures 1,1, 1.2, 1.3,

poges 3. to 5,




Figure 1.1

The .structure of some M(CO), M'[R, complexes
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Figure 1.2

Structures with two transition metal atoms; Mz(CO)xM'bR
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Figure 1.2 (Continued)

Structures with two transition metal atoms; M, (CO) M'yRy
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Figufe 1.2 (Continued)

Structures with two transition metal atoms; M,(CO) M';R,
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Figure 1.3

Complexes with three or more transition.metal atoms; M, (CO)M'pRy (a23)
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Figure 1.3 (Continued)

. .Complexes with four transition metals; M, (CO) M'} Ry
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Figure 1.3

(Continued)

transition metal atoms, Ma(CO)xM'bRy
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More detailed examination of structural aspects of these
complexes is included in recent reviews.(12,13,l4)

As attention in this work has been focussed on complexes
containing iron carbonyl germanium hydrogen bonds, examples referred to
in this chapter have been chosen with this bias. Table 1.1 page 2,

lists complexes of this type, together with group IV hydrogen containing

derivatives of manganese and cobalt.

1.2 Preparative methods

Methods of preparation are many and varied, and have been out-
lined in previous reviews. (2-14) The majority of known compounds have

been prepared either by the salt elimination method or by neutral mole-

cule addition and/or elimination.

1.2.1 Salt elimination

This is the most widely used method of preparing M(CO)XM'bRy
species.

GeBrH3 + NaMn(CO)5 — Mn(CO)S(GeH3) + NaBr (17,42)
GeC!LzMe2 + NazFe(C0)4-—* [Fe(CO)4(GeMe2)]2 + 2NaCl (43)

Re(CO)SBr + [Ru(CO)4GeMe3]_-;[Re(C05][Ru(CO)4](GeMe3) + Br (44)



1.2.2 Neutral molecule addition/neutral molecule elimination
Direct reaction between neutral molecules often occurs under

mild conditions:
RT

—_— eC

2Fe (CO)  + GeCl, Fe (C0),(GeCR,), + FeCl + 6CO (45)
Co. (CO). + 28iR.H —%, 2C0(CO) . (SiR.) + H (46)
0,(CO)g 3 ! 2

Polymetallic complexes are typically obtained under more
vigorous conditions for example, by photolysis or thermal reactions of
the parent carbonyls with group IV metal hydrides or halides, or by re-

action of complexes which already have M-M' bond(s).

hv
[Co(CO)4]ZSnMe2 ———-*-[Coz(CO)7]SnMe2 + CO (47)
65°
Fe3(CO)12 + GeMe2H2 -———v-Fez(CO)G(GeMez)3 + otZ;:czz:tral (48)

These reactions often yield a complex mixture of products and

are sometimes called condensation reactions. Reactions between M'X

2
and species containing M-M or M-X bonds are often called insertion
reactions.

L
1y
[Fe (CO) Cp], + M'XK, — [F(CO) CpL,M X, (14)

The formation of metal-metal bonds by elimination of Hg is also
known (2).

Fe(CO)5 + Hg(SiMe3)2 —EX-Fe(CO)4(SiMej)2 + Hg[Fe(CO)4(SiMe3)]2(49)



A very interesting compound recently isolated by addition of
[Co(C0)4]- to [Coz(CO)7]2Ge, is [Et4N]+[{C05(CO)16}Ge]- (structure (38)
in Figure 1.3, page 5). The [{C05(C0)16}Ge]- anionis the first known
pe nta-coordinate germanium with metal-metal bonds to five transition
metals (l1l5a), Several penta and hexa-coordinate germanium-main group
compounds, é.g., Gexs-, GeX4L2 (L = Base) are however, known.
[{CoS(CO)lG}Ge]- contains structural units which are related to two well-
known structural types: [CoZ(CO)7]Ge and [Co3(CO)9]Ge, [structures
(19) and (29) on pages 4 and 5 respectively].

In most cases, X-ray crystallographic data exist for compounds
of the type illustrated in Figqure 1.1, 1.2 and 1l.3. Iin a few cases
however, this type of evidence does not exist. For instance, no crystal
structure is known by this author for compounds of the type illustrated
by Structure 10, (164) in Figure 1.2, which are thermolabile, and decom-
pose slowly at -78° under nitrogen.

General structural features exhibited by MéCO)x M'bRy complexes
include: (i) the M' atom is usually tetrahedrally surrounded by ligands,

(ii) coordination around M is determined by the 18 electron

rule and hence, the number of ligands is pre~determined.
(iii) severe steric interactions are common,
(iv) the M-M' bond is shorter than expected.

Complexes which have M_M' triangles also exhibit:

2
(i) acute MM'M angles
(ii) shorter- MM' bonds than terminal MM' bonds,
(iii) M-M distances shorter than equivalent unbridged ones but
longer than carbonyl bridged analogues,

(iv) unsymmetrical bridges, where significantly different

M-M' bond lengths occur.



1.3 Chemical Properties

The reactions of transition metal-group IV metal compounds fall
into three categories; reaction at the group IV metal, reaction at the
transition metal, and reaction at the M-M' bond. These reactions were

presented in a useful form by Aylett (11) and this is shown in Figure 1.4.

FIGURE 1.4

Modes of reaction of M(CO)nSiH3

Metal exchange

Adesion (::)
O—(1)— si————(0—0

.Substitution | 2%) Substitution
Cleavage Attack at c/
attack by 0
\ J
Y
Dispropor tionation

1.3.1 Reaction at‘the group IV metal

The common reactions at M' are illustrated by the examples which

follow. See also, reactions with bases, 2.2

(a) Substitution

Re(CO)sGeH3 + xHBr —m——> Re(CO)sGeBr2 3-x + tz (50)

(no solvent, 200, 48 hr.,)
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(b) Redistribution

B + -
Mn(CO)SGe rPh2 Mn(CO)SGeBr3 . 2Mn(CO)5GeBr2Ph (3)

(c) Addition of donor

This is often followed by cleavage (11)

Mn (CO) (SiH, + 2py — Mn (CO) _ (SiH,) .2py — [Mn (CO) 5]—[SiH3.py]+

(d) Inser tion

Mrz(CO)SSnPh3 + 802———-"Mn(CO)SSn[O(O)SPh]x(Ph)3_X (14)

]
Reactions at the group IV metal are essentially the same as those

for M'XnR4_n compounds, though, replacing X with M(CO)x may alter the

reactivity of the compound. For example, Mn(CO)SGezHS (22), is more

thermally stable than either Ge2H6 or Mn(CO)sGeH3.

The o-hydrogens are preferentially substituted using SiC&, or

4
CC!L4 and thé products, such as Mn(CO)S(GeCQHGeH3), are stable in very

marked contrast to GeCRHZGeH3.

1.3.2 Reaction at the transition metal

Here, reactions that occur in Ma(CO)xM'bRy are analogous to those

of the parent carbonyls, Ma(CO)x.

(a) ligand exchange
M(C0)4(GeMe3)2 + 2PPh3——->-M(CO)2(PPh3)(GeMe3)2 + 2CO (44)
(M = Ru, refluxed in C

6H12' 1.5 hr, 79% yield)

(M

Os, hv, in C6Hl4’ 21 hr, 76% yield).



(b) M-M bond formation with CO elimination
hv :
Ph_Ge[Co(CO) ,] ———> Ph_Ge[Co,(CO)_,] + CO (51)
2 472 0.5 hr 2 2 7

1.3.3 Reaction at the M-M' bond

(a) Cleavage

Mn(CO)SGePh + Br ————+—Mn(C0)5Br + GeBrPh

3 2 3 (3)

(1:1 hexane, benzene, 2-3 hrs, R.T.)

Some M(CO)XM'bRy complexes react exothermically with oxygen in the

atmosphere,

‘

Mn(CO)581H + O ————*—an(CO)lo, co

. .  em o
3 2 2t SlH4 + Si-0 species? (1l5a)
CO(CO)4SlH3 + 02 ————ﬁ-Co(CO)4(H) + (51H3)20 (34)
(b) Excﬁange of group 1V moiety
Ru(CO)4(GeMe3)2 + SnMe3H -—+-Ru(CO)4(SnMe3)2 + GeMe3H (44)

o . . .
(C6H14' 987, 17 hr : no reaction with SlMe3H)

Hero, the general tendency is for M'R3 groups bonded to transition

metals to be displaced in the series; SiR3—+-GeR3—+-SnR3+—-PbR3

11
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(c) Exchange of M(CO)x moiety

. 1 - o .mn . -
M(CO)x81H3 + [M (c0)n] =M (CO)n81H3 + [M(CO)x] (11)

The tendency for [M (CO)n]_ to form a bond with the SiH_, moiety

3

increases in the order

[v(co) J7<[Co (CO4]2_<[Fe (CO) ,XI7<[Mn (CO) ;] <[Re (cO) "

It is thought that this trend follows the relative nucleo-
philicities of the [M(CO)n]- moieties (14). A similar order is found
for SiR3 and GeH3 species (185).

(d) Insertion

Mn(CO)SGeMe + CF -———+'Mn(CO)5(CF2CF

3 5F, GeMe3) (52)

2

The classification of reactions is not rigid nor exclusive.
The same reagents can participate in any of the reactions with different
compounds, or even participate in two or more of the reactions simul-

taneously. For example, types 1.3.1 and 1.3.23.

Mn(CO)sGeMeH2 + Brz——-r-Mn(CO)sGeBereHz_x + GeBereH3_x (19)
For example, types 1.3.1 and 1.3.2
Mn(CO)s(GeMeHz) + (n+x)PF3——+-Mn(CO)S_n(PFB)nGeFxMeﬂz_x
+nCO + XPF,H (19)
For example, types 1.3.1, 1.3.2 and 1.3.3
(i) together with M-M bond formation
Ru(CO)4(GeMe3)2 ——-»-[Ru(c0)3(GeMe2)]3 (53)

(see structure 24, page 5).
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(ii) Without concomitant M-M bond formation.

Fe(CO)4(GeMezHZ)——*[Fe(CO)4(GeMe2)]2 + GeMe2H2 (30)

(see page 4, Structure 14)
The same compounds under different reaction conditions may react differ-
ently.

Mn (CO)SGePh + Br_— Mn (CO)SBr + GeBrPh

3 2 (3)

3

(1:1 hexane, benzene, 2-3 hrs, RT)

+ 3PhBr

M“(CO)SGGPHj + Br ——+-Mn(CO)5GeBr

2 3

(dibromoethane, 5 hrs, 20° to 1300C)

R are frequently exploited as preparative

3 L
Reactions of Ma(CO)xM by

routes to new transition metal group IV metal complexes. The products
are generally very sensitive to, and dependent on, the reaction conditions

employed.

1.4 Physical properties

Germanium hydride derivatives of the type M(CO)xGeR3_yHy are
colourless (or pale in colour), slightly volatile, solids or liquids,
which are air and temperature sensitive (12,29,40), The polymetallic

Ma(CO)xM' complexes tend to be less volatile and more highly coloured

bRy
(12). The stability of both the lower and higher molecular weight com-
plexes appears in part to be dependent on the availability of a self-
reaction sequence. (see Section 2.3 , page 52). However, the non-

isolability of some compounds may be an artefact of the work-up technique

rather than reflecting the stakility of the compound concerned. An



illustration of this may be seen in attempts to isolate products from
reactions between Coz(CO)8 and SizMe4H2~(see also Section 2.4.2, page 63).
Here, the inability to isolate ‘'higher molecular weight' complexes was
attributed to the inherent instability of these complexes (54). However,
although Co4(CO)12 (a decomposition product) was observed in only 'small'
amounts in most reaction mixtures, up to 41% of Co4(CO)12 was obtained
together with ‘'voluminous gas evolution' when chromatographic separation
procedures were attempted (54). Nevertheless, the possibility of kine-
tically controlled reactions should not be overlooked. Rate of removal
of some product from an equilibrium reaction could drive the reaction in
the directions of, say, decomposition of higher complexes. This can be
particularly significant when CO is formed and products depend on whether
the system is open, closed, or evacuated. Conditions of reactions can

be varied so as to control the proportions of inter-related products.

(21,152).

(Me,Si).0s(CO)
+ Me,SiH 3 Z‘L 4

Me3SIOs(CO)4H Me_SiH

\ -'H2
+ Me_,SiH

3 \

[[Me3SiOs(CO)4]2

1.4.1 Spectroscopic and other physical parameters

X-ray crystallography is fundamental to the study of group IV-

transition metal carbonyl complexes and will become even more vital as the

14

number of atoms and the complexity of these compounds increases. However,

the major compounds prepared in this work, the methyl germyl iron carbonyls,



15

Fe(CO)4(GeMexH )2, are unsuitable for such study, since they are air,

3-x%
heat and light sensitive, low volatile liquids. In such cases, it is
necessary to rely on detailed analysis of data collected from infrared,
nmr and mass spectroscopy studies to identify such complexes.

Alternative techniques for obtaining physical data such as photo-
electron spectroscopy, and mossbauer spectroscopy have, as yet, made

little contribution to the understanding of Ma(CO)xM' R_complexes (12,14).

b™y

1.4.2 Vibrational spectroscopy

(a) Infrared spectroscopy

Infrared spectroscopy is without doubt the most‘widely used,
and hence most valuable tool in the study of Ma(CO)xM'bRy complexes. Not
only does it serve to 'fingerprint' the complexes formed, but analysis of
the position and intensity of the carbonyl stretching bands can give an
insight into the symmetry 6f the molecule in question. (55,12). While
attention has traditionally been focuszed on the carbonyl region (12 — 19)

the deformation modes of M'Hx units also give important evidence.

(b) Raman spectroscopy

Raman spectroscopy, while complementary to infrared spec-
troscopy, is used less often. Relatively large amounts of sample are
needed and it is still difficult to measure Raman spectra of coloured
compounds. Photo-decomposition is also often a problem (182,190),
particularly when the products are highly coloured as in Co(CO)4M'R3
systéms. However, modern techniques allow some of these problems to

be overcome (38). The inherently high Raman intensity of heavy-atom

stretches is a major inducement to use the method.



1.4.2.1 BAnalysis of vibrational spectra

(1) Carbonyl stretching region

Factors which make the carbonyl stretching region the most

diagnostic region of the infrared spectrum for these complexes include;

a)

b)

c)

d)

e)

a)

b)

c)

very intense absorptions from carbonyl stretches (arising from

orbital following (57)),

little mixing of the carbonyl stretching modes with other vibratiqnal

modes (57),
clear division (ea 150 cm—l) between carbonyl stretches of terminal
carbonyls and bridging carbonyl ligands (12).
carbonyl stretches are highly sensitive to the environment (57).
.

This makes them particularly useful for monitoring reactions (115).
carbon-13 bands, although weak, may aid analysis. For example,
where several CO groups are involved, satellite bands are expected
ea 35-40 cm_l lower than out-of-phase modes and, a few reciprocal
centimeters to the low frequency side of in-phase vibrations (12).

Factors which may iead to ambiguity include:
a deficit of modes (usually because of accidental superposition of
fundamental modes).
conformational and/or stereoisomers. Even where a compound exists
as only one isomer in the solid phase, two isomers may be present
in solution (45,56,65,82).
an increase in the expected number (162) or intensity (83) of car-
bonyl modes may orfginate from distortions from ideal bond angles.

For example, although trans-Fe(CO)4I2 is expected to have D4h sym-

metry this compound exhibkits DZd symmetry.

16
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trans-M(CO),I, (M = Fe, Os).

(ii) M-M' stretchinag region

The infrared region ¢q300 to 50 cm-1 where M-M' stretching fre-

quencies occurs is rarely recorded in Ma(CO)XM' Ry complexes, For many

b
compounds little information can be gleaned from absorpticns in this
region because, the M-M' stretches are typically weak} mixing with other
modes of similar energy and like symmetry can occur (12), and bands
arising from other M'R modes can be found in this region. It is perhaps
worth mentioning that:this region is also experimentally more difficult to
observe.

In contrast to the infrared, yMM' data from Raman spectra may

be readily obtained (58). The yMM' bands are usually relatively strong,

and the symmetric modes are easily distinguished.

(iii) Other regions

Again, these regicns are rarely reported. The region 1000 to
300 t‘:m-l often contaiﬁs numerous weak to medium intensity absorptions
due to 8MCO, vMC and other modes associated with M'R ligands. Hence assign-
ments may not be unambiguous. Mixing with other fundamentals of like
symmetry and similar energy is highly prcbably. .For these reasons,
this region is unsuitable as a diagnostic region. (ef. tﬁe same number

of modes are predicted for yMC as for , CO). Typically, medium to strong
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Ge-H and Si-H deformations in the region ca 900-709 crnm1 and ca 1000-

800 cxrf-l respectively (12,23,184) are characteristic of GeR3_xHx and

SiR3—xHx ligands. These bends may show vibrational fine structure in

the gas phase spectra of lower molecular weight complexes (26).

(iv) A special case, the vGeH region

GeH stretching modes are found in the region ¢a2150-2000 éﬁrl.
Although similar frequency and like symmetry of vGeH and vCO modes, e.g.
in Co(CO)4(GeH3), C3v' would appear to be ideal conditions for vGeH and
vCO mixing, there is little evidence for this. For instance, deutera-
tion of Mn(CO)s(GeH3) and Co(COh(GeH3) (17,38) show very }ittle change in

the a2 2120-1950 cmnl region on substitution of GeD., (vGeD occurs in the

3

region cal500-1450 cm-l in these complexes). Indeed the marked difference

in force caonstants, KCO a1 1700 Nm, K c@300Nm, precludes coupling of these

GeH
vibrations. vGeH modes have been assigned to very strong absorptions
occurring at €a2072-2055 cm-1 in Co(CO)4(GeH3) and to the medium broad

absorptions at ax 2065-2040 c.rn_1 in Mn(CO)s(GeHB).

1.4.2.2 The vibrational spectra of M(CO)4(M'R3)2

As infrared identification of Fe(CO)4(GeR3)2 R = H, Me complexes
is a vital component of this work, the vibrational data for analogous
complexes will now be §iscussed in detail. M(CO)4(M'R3)2 can be pure
e1s8, pure trans, . or a mixture of observable amounts of c¢is and trans
isomers (which may or may not be in rapid equilibrium). Figure 1.5,
page 19, illustrates predicted modes of vibration for both eiZs and

travs M(CO)4(M'R3)2 (62,66,67,74)
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VCO region

For the ¢is isomers, the highest absorption is assigned to the

vCO (axial, a

ll) mode (61,62), while the band at lowest frequency is

assigned as vCO (equatorial, bl)' However, the order of the a12 and b2

bands is sensitive to the nature of M and M'R3 (57), and may also be sen-
sitive to the solvent (63). These effects not only cause changes in
frequency but may also influence intensity and band width (65). In

theory (57), the infrared intensities are predicted to be: - weak,

a1’

a and b, - medium, b is predicted to

12 1 - strong. In Raman spectra, b

2 2

be weak (57). Figure 1.6, page 21, shows the VvCO region in the infra-
red spectra of some typical cis—M(C0)4(M‘R3)2 species. As éan be seen
from Figure 1.6, page 21, many cis isomers show only three bands, as
a, and b2 coincide. Figures 1.7, page 22, for Fe(CO)4(GeH3)2 (27),
and 1.8, page 22, for Fe(C0)4(GeMeH2)2 (60), illustrate this (see
Section 3.4 , page 96, and Section 3.5.2, page 102, for further discus-
sion). Comparison of the gas and solution spectra of Fe(CO)4(GeMeH2)2
clearly demonstrates the importance of the '‘solvent shift' effect.
TTans—M(CO%JM'R3)2 conplexes usually give one strong infrared

band e, Weak bands at higher frequency, the a, and blg fundamentals

lg
gain intensity in the infrared in molecules where the symmetry of the
molecule is actually slightly less (e.gﬁ,Dzd) than the highest possible.
symmetry D4h (66,162). An example is shown in Figure 1.9e, page 23.

In many cases, the ¢is and trans isomers are present in equi-
librium, and the carbonyl region shows a superposition cf both spectra.
Figure 1.9, page 23, shows the carbonyl stretching region of the infra-
red spectrum of some ¢is and trans mixtures of M(CO)4(M'R3)2 complexes,

Ru(CO)4(SnR3)2 where R changes from Me through Et and Pr and Bu, cyclo-

hexane (145). Here, the proportion of trans isomer increases from R=Me
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Figure 1.9

Carbonyl stretching region of the infrared spectrum of some

ets and trans-M(CO)y (M'R3) 2 complexes
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where only a small amount of trans is detectable to 100% trans when R=Ph.

Approximate carbonyl force constant analyses using Cotton-
Kraihanzel field or modifications have been performed on several complexes
(12): this is helpful for assigning the vCO modes.

VM-M' region

The a, + b, M-L stretching modes for cis—M(CO)4L

1 1 complexes are

2
allowed in the infrared and in the Raman. Fe(CO)4(GeRH2)2 R=H or Me

both exhibit two strong Raman bands (230-200 cm—l). The higher fre-

quency mode is polarised and coincident with a weak infrared mode. This

has been assigned a, (26). In other complexes, for example

Mn(CO)S(GeHZGeH3) and [Mn(CO)SéQeHO the order of the symmetric and
asymmetric MM stretches may be reversed, ©.e., the lower frequency band
being the symmetric stretch. (26)

For a trans-M(CO)4L complex the expected VML modes are

2

alg(Rp), and aﬁu'(ir). A very weak absorption at 248 cm—1 (Zr) and a
L

strong one at 220 cm'-l (Rp) were assigned as VRuGe a5, and alg respecQ

tively in trans-Ru(C0)4(GeC23)2 (12). Raman spectra of

trans—Os(CO)4(SnPh3)2, trans-OS(C0)4(SnBu3) trans—Os(Co)4(SnC9,2Ph)2

2'
and trans—Os(C0)4(SnBr3)2 are reported to exhibit vOsSn alg modes at
1

112 em™Y, 105 cn” , 113 cm Y, and 138 cm ! respectively. (68)

SMCO, WMC and SM'R regions

In cis-Fe(c0)4(GeR3)2 R=H, Me the &MCO, VMC and aM'gkfunda—

mentals occur in different regions in the infrared (20,27).

8GeH, 900 - 800 cm ™

SFeCO 630 - 600 cm *

VFeC 450 - 430 cm ©
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1.4.2.3 Vibrational spectra of polymetallic complexes

The carbonyl infrared region for selected polymetallic systems
are discussed briefly.

(a) [Co(CO)4]2GeR2

In the case where both R groups are the same, this complex (see

Structure 9, page 4 ), exhibits sz symmetry, and seven infrared active

carbonyl strretching modes; 3al, 3bl, b2 are predicted. In practice

six or seven of these bands are observed jsee Figure 1.10, page 26)
(206,73).

In the case where oneof the R groups is replaced by'a different
substituent, the symmetry drops to Cs and eight infrared active stretching
frequencies are expected, 4a‘, 4a". That is, double the number of

vibrations expected for Co(CO)4GeR Figure 1.10, page 26, illustrates

3°
'doubling' of the number of modes in the VvCO region on comparing the four

bands of Co(CO)4GeC£ Me with those of [Co (CO) GeCiMe (20b). The bands

2 4]2

in [Co(CO)4]2GeC2Me were not assigned. Although, intuitively, it would
appear that the eight meodes in [Co(CO)4]2GeC2Me arise from symmetric and

asymmetric combinations of the modes in Co(CO)4GeCZ Me, it must be

2
1
emphasised that mixing almost certainly occurs (e.g., among the 4a’

.modes) so that simple descriptions are not fully valid.

(b) [M(CO)4(M'R2)]2

Figure 1.11 describes the symmetry—allo&ed vibrations for a
[M(CO)4(M'R2)]2 complex. Examples of the carbonyl stretching region of
the infrared spectrum of [Fe(C0)4(SQEt2)]2 in n-hexadecane (72),
[Fe(CO)4(GeIZ)]2 in cyclonexane (45), and [Fe(C0)4(SnBu2)]2 in cyclo-
hexane (146) are illustrated. The similarity in.appearance of
I;d(CO)4L2 spectra and spectra of [M(CO)4M'R2]2 species led earlier workers

(11,70) to assume there was no coupling between the M(CO)4 units.
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Figure 1.11

Symmetry and spectra of [M(CO)Q(M‘RZ)]Z complexes
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However, this assumption is incorrect and unnecessary, as only four infra-

red bands or four (non-coinciding) Raman bands are expected for these D2h

molecules. In-phase and out-of-phase combinations of the vibrations of
the individual M(CO)4 units occur ‘respectively in the Raman and in the

infrared. For example, the infrared active bl mode in M(C0)4L2 combines

in [M(CO)4L2]2 to give the in-phase b (Raman active only) and out-

39
of-phase b2u (infrared active only) modes (64,69,74).

(c) M2(CO)6(u-L)2

Figure 1.12, page 29, illustrates the carbonyl infrared spectra
of Coz(CO)G(GeMez)z, Coz(CO)7(GeMe2) and Fez(C0)7(GeMe2)2 which has
[Fe(CO)4(GeMe2)]2 impurity (20b,27). Five infrared active modes, 2a1

+ 2bl + b2 are predicted for a Coz(CO)s(GeMez)2 and for terminal modes
] (I}

of Fez(CO)7(GeMe2)2 six infrared allowed bands, 3a + 3a are predicted

for terminal CO vibrations in Coz(C0)7(GeMe2). The similarity of all

three spectra can be seen from Figure 1.12. The M2(C0)7species have,
in addition to M2(CO)6 modes, a bridging CO mode at lower frequency.

The 'theoretical' spectrum for M2(CO)6(u—X)2 species is derived from ten
years work over which numerous Fez(CO)G(u—X)2 and Coz(CO)s(p—szcomplexes
have been prepared, force constaﬁt calculations andl3C0 enrichment
studies performed (69). The only ambiguity in MZ(CO)G(].I-X)2 spectra
which can't be solved a priori, is the order of the a, and b2 modes.

1

These assignments must be determined separately for each case studied.

1.4.3 Mass spectroscopy

The main features of M_(CO) M' R spectra are:
a X by
(i) parent molecular ions are typically weak (16)
(ii) a high proportion of the ion current is usually carried

by fragments retaining the MaM‘ skeleton (79)

b
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Figure 1.12
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(iii) stepwise loss of CO gives a series of fragments
separated by 28 m/e units. Similar effects are
often seen from stepwise loss of'Rl or a related
fragment (78).
While mass spectroscopy has been widely used to determine

the molecular weight of Ma(CO)XM' M complexes (76), .rarely have the

by

series of lower molecular weight fragment ions beén reported (77). The
significant, although very low, vapour pressure of the Ma(CO)xM'bRY
complexes generally enables good spectra to be recorded without heating
these species. However, rearrangements of compounds may occur even
under very mild conditions (31,157). For example, the highest molecular
ion exhibited by [CO(CO)4]2GePh2 is Coz(CO).]Geth+ (157). It was sugges-
ted that, as for the Sn analogues, the stability of the 'Coz(C0)7'
containing fragment is due to the presence of a bridging carbonyl group.
(z.e., [Co(CO)4]2M'R2 rearranged to give [Coz(CO)7]M'R2 + CO in the mass
spectrometer). Observation of parent ion 'plus' additional carbon
monoxide has been reported. For example, [Fe(CO)ZCp]SnCJZZPh was sugges-
ted to have a (p.m.i., + 2 CO) peak (186). In later work however,

(135), such ions have been attributed to impurities or to thermal decom-
position during measurement. It is not uncommon for rearrangement to

. occur in lower fragments. For example, hydridomanganese rearrange-
ment ions, Mn(CO)5H+, Mn(CO)4H+, Mh(CO)2H+, Mn(cO)H', and

MnH+ are observed in the mass spectrum of Mn(COYSGeH3. For instance,
stepwise loss of CO ana loss of GeHx from Mn(CO)y(Geﬁx) are metastable-
suppor ted processes (17). Doubly charged ions are occasionally observed;

these are usually weak. Germanium-containing fragements have a charac-

teristic pattern, see Figure 1.13, page 31, aris;ng from the five
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Figure 1.13

Calculated mass envelopes of some germanium containing ions
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naturally occurring isotopes 76Ge 7.8%, 74Ge 35.6%, 73Ge 7.8%,

72Ge 27.4%, 70Ge 20.5% , This enables fragments containing one, two

or three germanium atoms to be distinguished by sight in simple complexes

where fragments from R group loss and CO loss do not overlap. Sn and

Ru also exhibit characteristic envelopes: (1168n 14.3% 117Sn 7.6%

1188n 24%, 1198n 8.6%,1208n 32.9%, 1225n 4.7%, 124Sn 5.9%) and

(96Ru 5.5%, 98Ru 1.9%, 99Ru 12.7%, looRu 12.6%, 101Ru 17.1%, 102Ru 31.6%,

104Ru 18.6%) respectively. Attempts to relate fragmentation pattern
to M-M' bond strength (191) are to be viewed with extreme caution

since these patterns undoubtedly reflect both the different electronic

and structural arrangements in these complexes.

1.4.4. Nuclear magnetic resonance spectroscopy

As proton nmr requires relatively small amounts of material
(ca 0.01 mmol) yet, has a high degree of sensitivity towards changes
in molecular composition, it is helpful for identifying compounds (30)
for studying reaction rates and intermediates (75,77) and for distin-
guishing isomers (80,81). For example, the stereochemically-non-rigid
[Fez(CO)7](SnPhMe)2, was found by proton nmr to undergo both bridge
deformation (AGT =50 k.jmol_l ) and iron-tin bond cleavage
(AG* = 81 k'Jrnol_l ) in R group interchange processes (75). Over-
coming the difficulties of the low natural abundance of 13C and of the
slow relaxation rate of 13C carbonyl ligands with new techniques, has

made carbon-13 nmr a very powerful analytical tool.



Fluxional processes in polymetallic complexes are ideal
candidates for 13C nmr studies (75,81,85 to 90). For example, non-
rigid Fez(CO)7 (SnBu2)2 was found by carbon-13 nmr to undergo bridge
deformation with simultaneous, stereospecific interchange of bridge and

terminal carbonyl ligands (75).

1.4.4.1 Carbonyl carbon-13 nmr studies of M(CO)4(M'R3)2 complexes

M(CO)4(M‘R3)2 complexes have been found by 13C nmr studies
to be non-rigid (56,82,83). As mentioned previously, these compounds
may exist in solution as pure ¢is, pure trans, or as a mixture of
observable amounts of ¢is and trans isomers, which may or may not be
in rapid equilibrium at a given temperature. 13C nmr studies can
identify c¢is or trans isomers. General trends in 13C nmr data of
M(CO)4(M'R3)2 complexes are as follows, (56,83):

(i) there is an upfield shift on descending the triad.

13

The C chemical shift for iron is in the range

s

209-197 ppm, for ruthenium § = 199-183 ppm and

§ = 181-167 ppm for osmium.

(ii) the trans isomer is usually at lower field than the
axial CO chemical shift of the ¢is isomer.
In ¢is isomers:

(i) the chemical shift of the carbonyls trans to the group
IV ligand .occurs at higher field than the cis Cows
(with the exception of Fe(CO)4(SnMe3)2)

(ii) the difference between axial and equatorial l3CO shifts
increases as the central atom changes from Fe to Ru to

Os where M'R., is kept constant.

3
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(iii) keeping M constant, the axial equatorial separation
decreases as M' varies from Si to Ge to Sn to Pb.

>

. 0 . . — . l 2
(iv) in the series cis M(CO)4(51C 3_yMey)2 for a given M,

axial-equatorial separation decreases with a decrease
in y.

(v) change in the M'R3 ligand often causes a greater change
of the axial carbonyl than in that of the equatorial
carbonyl.

Thus far, it has been mentioned that M(CO)4(M'R3)2 complexes
may be 100% cis, e.g., Fe(CO) , (GeMe,),, 1003 trans, e.g.,
Ru(CO)4(SnPh3)2;' or a mixture of the two which,
(a) are in equilibrium at room temperature,
e.g., Fe(CO)4(SiC9«3)2 80% cis : 20% trans
(b) are not in equilibrium at room temperature,

e.g., Ru(CO),(GeCty),



1.4.4.2 Stereochemical non-rigidity in.cis—Fe(C0)4(M'R3)2

In cis—Fe(CO)4(M'R3)2 complexes the axial and equatorial CO
ligands rapidly interconvert on the nmr time scale to give one, average,
signal at ambient temperatures. This process is intramolecular and
proceeds via rapid eis-to-trans-to-cis isomerization which does
not require an observable amount of the trans intermediate to be present.
The activation energy for this axial-equatorial averaging process is
lowest in iron compounds (AE = 40-50 kJmol—l). It increases with
halogen substitution, and is greater for corresponding compounds of
ruthenium. and osmium (AE = 70-80 kdmol 1) (56).

This stereochemical non-rigidity has been linked with distor-
tions from 90° angles at M. For example, in Fe(CO)4(SiMe3)2 the angle
between axial CO's is 141 instead of the expected 1800, and the angles
between axial and equatorial CO's are ca 1040, 1030, 90° (82). This
compound is stereochemically non-rigid. Further data are required to
explore the extent of the relationship between non-rigidity and distor-

tions from octahedral geometry about M. But, it has to be recognised

that solid state and solution geometries may differ.
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1.4.5 Stereochemistry of M(CO)4(M'R3)'2 complexes

As can be seen from Bonny's review (12), the F‘e(CO)4(M'R3)2
species are predominantly c¢is, the osmium analogues are predominantly
trans, while the ruthenium complexes are somewhere in between. The
abundance of each isomer usually has been evaluated from analyses of
the intensities of infrared bands (see Section 1.4.2.2, page 18).
However, infrared spectroscopy can not reliably detect a small percen-
tage of {rgns isomer as, the eu mode of the trgns isomer is often
coincident with one of the modes of the e¢is isomer. One case which

illustrates this point is that of Fe(CO)4(SiC23)‘2 .

Infrared evidence initially led to the assignment of ¢is, C, symmetry

2v

(e.f. Figure 1.6, page 21). But, more recent nmr studies have shown

that both the ¢is and trans isomersexist in equilibrium (ca.80% : 20%

.

at 35°C (56,82)).

Foo 2120 2100 2080 2080 2040

80

60

“Transmission */e

The carbonyl infrared spectrum of Fe(CO)4(SiCl3)2 : (59)
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It is perhaps also worth meptioning that M(CO)4(M'R3)2 species
may well be found together with the monohydride species M(CO)4(H)(M'R3)
(irrespective of the method of preparation). The similarity of the
spectra of these has also led to erroneous assignment of c¢is and trans
isomers. For example, a product arising from reaction between
Fe3(C0)12 and SiClBH gave VCO bands at 2058 and 2055 cm-l and was
assigned as trans—Fe(CO)4(SiC23)2(59). The appearance of two bands
rather than one expected for D4h symmetry was asgribed to an unspecified
splitting. Others, on finding that thg VCO region of Fe(CO)4(H)(SiC23)
shows bands at 2124(m), 2069 (m), 2058(s), and 2053 (s) crnml have suggested
that the bands earlier attributed to the trans isomer are more probably
the two lower bands of the hydride (the two higher frequency bands being
masked by bands of cis—Fe(CO)4(SiCl3)2 at 2125 and 2071 cm_l (92)). In
the original work the species in question was found to be considerably
more.volatile than the cis isomer (59). This would also support the
assignment of the hydride.

Even tﬁough the M(CO)4(M'R3)2 species may be in equilibrium,

the trend is for the Fe(CO)4(M'R complexes to prefer sz geometry.

3)2
It has been suggested that this is an electronic preference since ¢is
geometry avoids trans carbonyl ligands from competing for T electron
density of the iron (45,165). Of the iron derivatives, the only clearly
100% trans isomers occur for Fe(CO)4(GgI3)2 and Fe(C0)4(GeBr3)2-
Fe(CO)4(GeCl3)2 is a separable mixture of cis a?d trans (7.e., not in

rapid equilibrium at room temperature). Fe(CO)4(SiC9,2Me)2 and .

Fe(SiC4 exist as 92:8 and 80:20, cis:trans mixtures respectively at

3)2

ambient temperatures. The eis and trans isomers of Fe(CO)4(SnC2,3)2
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have been isolated. (12) from Table 1.2, page 39, it can be seen

that increasing the number of halogen substituents increases the per-

cent of trans isomer in all known cases except for Ru(C0)4(SiF3)2

and Fe(CO)4(SnBr3)2 where thereverse applies (Z.€., both are 100% ¢is)
All Fe(CO)4(M'R3)2 R = Me, Et, Bu, Pr, Ph, complexes that

are known are 100% cts, The only Qata, aside from M'Me. ligands,

3
which is known for Ru species is in the seriesARu(C0)4(SnR3)2. Here,
there is a gradual change from almost totally eis R= Me to totally

trans R = Ph, PhCH (¢.f.s Figure 1.9, page -23). Os(CO)4(SnMe3)2

2
exhibits both ¢is and trans isomers (80:20%), but both

Os(C0)4(SnBu3)2 and Os(CO)4(SnPh3) are 100% trans,

2
It would not be unreasonable to find that an increase in the
activation energy of axiai~equatorial averaging in ct§ species is con-
committantwigh an increase in the percent of trans isomer. Although
little data exists, increasing halogen substitution in
CiS-Fe(CO)4(M'R3)2 species or changing from Fe to Ru to Os is seen to
increase the activation energy barrier e.g., CiS-Fe(CO)4(SiMe3)2

AT = 45 komol ™t

cis-Fe (CO)4(SiC2Me2)2 AG*‘ = 55 kifmol.
. . + X -1 . .
cis- = ~ e18-
18-Fe (CO) , (SiC2 Me) 4G 69 kJmol 7, Fe(CO), (SiCL;),
AG% = 74 kJmol-l. Compare CiS-Fe(CO)4(SiMe3_)2 AG%' = 45 k-;jlmol-l
. F -1 . .
cLs- = cis-
Ru(C0)4(SnMe3)2 el 74 kJdmol ~, Os(CO)4(SlMe3)2
8c* =" 71.4 kamo1~t (56)
Yet another interesting observation is that Ru(CO)4(SiMe3)-
(SnMe3) exists as a mixture of c¢is and trans isomers whereas both
Ru(CO)4(SnMe3)2~and Ru(C0)4(SiMe3)2 only exist in the c¢is form at ambient
temperatures. Obviously, there is a very sensitive interaction between

the electronic and steric effects of the group IV ligands in these

transition metal carbonyl derivatives.



TABLE 1.2

Stereochemistry in some M(CO)4(M'R ), Complexes

3°2

R=C%

Other
halides

1 1 \]
M'R Fe(C0)4(M R3)2 Ru(CO)4(M R3)2 Os(CO)4(M R3)2
3 . ) . .
cis trans cLs trans cLs trans

SiMe3 100 : 0 100 H 0 37 : 63
SiClMe2 100 : 0 100 : 0 40 : 60
SiClee 92 : 8 88 : 12 both known
SiCQ3 81 : 19 both known 0 : 100
GeMe3 100 : 0 100 : 0 80 : , 20
GeC23 both known both known 0 : 100
SuMe3 100 : 0 100 : 0 80 : 20
SnCJI,3 both known 0 : 100 0 : 100
SiF3 - 100 : 0 both known
GeBr3 0 : 100 0 : 100 -
GeI3 0 : 100 - -
:GeBr3 100 : 0 0 : 100 0 : 100

All values are taken from reference (12), both known =c¢is and trans

do not exist in equilibrium at ambient temperatures.

been separated. -, not reported.

These have
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It has been noticed, thatcisFe(CO)4(M'X complexes are

3)2
sometimes more soluble than their ?trans congeners in non-polar sol-
vents (45). It has been suggested that the polarity in the c¢is isomer

may be reduced by an intramolecular coordination process,

\/ \/
7N, PSS
N, N L

/N A

N

(©C),Fe (0C),Fe

In both Fe (CO)4(GeCJl and Fe(CO)4(SnCl where both ecis

30 32

and trans isomers were isolated, the less soluble, least stable, trans
isomer was seen to isomerize readily in solution (ca.one hr. in
CH2C£2 for trans-Fe(CO)4(SnC£3)2 (45)).

It has been suggested that lack of trans isomers in

Fe(C0)4(M'R3) complexes may be due to dimerisation of the cis-isomers.

2
(See Section 2.3, page 52 ). Solutions of both cis-Ru(C0)4(SiC23)2
and cis-Os(CO)4(SiC23)2 isomerize on heating (700, 120°C) to give

mixtures of 70%:30% and 100%:0% trans:cis isomers respectively (160,188).
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1.5 Bonding aspects

The type of bonding (involving a metal atom) found in
M(CO)4M'bRy complexes ranges from pufe 0 bonding (e.g., Ge-H) through
o with a small 7 contribution in M'R bonds (e.g., SiF3)
to synergic bonding in MC where o bond formation strengthens the 7
bonding component and vice versa (14,93). Most evidence to date
suggests that the MM' bond is essentially a ¢ bonding interaction fl4)

unless, the MM' bond is part of a M_M' triangle or cluster.

2

1.5.1 Bonding in pclymetailic clusters

Multicentre bonding occurs in
MZM' units of polynuclear clusters. The most important feature of
this type of bonding is that it accommodates acute MM'M angles which
are found in some of these complexes (See Figure 1.3, page 5).
Orbitals (Figure 114) constructed from detailed theoretical analyses
can b e extgnded to l ess symmetrical

species which have similar M M' units (14 and references therein).

P

Orbitals involved in MZM'

multicentre bonding (155).

\O
c(->
Yooy 9 & Q)
52
o
L”" Q“kﬁ’ Ql“k@
50 O ¢

Cverlapping of 3d orbitals of three Co atoms in the Co, triangle.
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CHAPTER TWO

COMMENTARY ON PREPARATIVE ASPECTS

This chapter outlines in more detail some of the areas of the
literature that. are directly relevant to this work: aspects of salt
elimination reactions; reactions of Ma(co)xM'bRy; self reaction studies
of M(CO)4(M'R3)2 complexes;and reactivity of metal hydride species with
COZ(CO)8°

The concluding sections of this chapter outline the general

experimental procedures used throughout this work.

2.1 Preparative aspects of salt elimination reactions

2.1.1 Preparation of tetracarbonylferrate (-II), [Fe(CO)4]2-

All the symmetrical germyl iron carbonyls prepared in this work
were prepared Qia reaction of a germyl halide with [Fe(CO)4]2—.
[Fe(CO)4]2— can be prepared by a range of methods (116) to give salts with
different counter ions, differing cation...anion interactions, and salts
with coordinatively bound solvents: e.g., Fe(CO)S/Na,NH3(117);
Fe3(CO)12/Na,THF(118); Fe(CO)S/alkali metal or alloys, ether (and
benzophenone) (119) ; Fe(CO)S/K(s—C4H9)3BH, THF, reflux (120);

Fe(CO)s/OH_ (121,122). Further reaction to give an alternative counter
ion (123) may be desirable. The method of preparation adopted in this
work was reaction between Fe(Co)5 and sodium in liquid ammonia. There
are indications that this reduction system is not -simple. Hydrogen and
sodium amide, but little or no CO, have been identified from this reaction

(117). It was suggested that the following occurs,
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Na + O — NaG(CO)G

N-é2Fe(CO)4 varies in colour from pale buff to brown. The
colour is attributed to polynuclear anions, (122) [Fe(CO)4]2— and
[Fe(CO)4H]—, pale pink; [Fez(CO)e]z- and [Fe3(CO)llH]-, red; [Fez(CO)SH]-
yellow/brown; [Fe3(co)ll]2-' brown. As complexes of the type
M(C054(H)(M'R3) (M=Fe,Ru,0s) have been isolated from reactions between
M'XR3 and anions prepared by sodium ammonia reduction, it has been
proposed that [M(CO)4(H)]- may also be present (125,126). The hydrido

anion [Os(CO)4H]_ ( deliberately generated (68) ) reacts to give the

products expected from [Os(CO)4]2- in a salt elimination reaction (B=Base)
0s(CO) i, + B —[BH]'[0s(CO) H]™

[Os (coj4H]' + SnC2Ph; — trans-Os(CO) , (Snkh,),

3

. Ingeneral, reactions between group IV halides and transition
metals anions are sensitive to changes in reaction procedure, for instance

changes of solvent (127) or changes in counterion (128).
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2.1.2. Preparation of pentacarbonylmanganate(—I),[Mn(CO)S]-

Methods for the reduction of transition metal carbonyls have
been outlined. (116,129). Although it often results in contamination
with small amounts of covalent mercury compounds (116,128,130), the sodium

amalgam reduction is most commonly used. When

Mn,(CO),, + Na/Hg —M—*NaMn(CO)S

contamination with mercury was suspected in this work, thé liquid

NaK2.8 alloy (131) was used to reduce Mn2(CO)10. Because the M-Ge bond
has been found to be susceptible to alkaline cleavage reactions, (14,19)
it is important to keep the concentration of alkali to a minimum. It
has been found that it is essential to purify scdium and potassium and
to use vigorously dried ether to avoid formation of oxide or hydroxide,

either from the amalgam or alloy or from traces of water in the solvent(39).
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2.1.3 Anomalous coupling reactions

Although coupling by salt elimination is a very widely estab-
lished reaction, it cannot be relied upon unquestioningly. It has

failed or given unexpected products in a number of cases.

(a) Anomalies in silicon systems

Problems often arise with the preparation of silyl transition
metal carbonyls via salt eliminatiop reactions (49,127,132). The lack
of formation of M-Si bonds has been attributed to alternative reaction
pathways; for instance, reactions of M-Si containing species with THF
(a commonly used solvent), reaction with the halide ion produced in the
reaction, or electrophilic attack by Si on the carbonyl oxygen of the

transition metal carbonylate (127,128,132 and references therein).

[Co(c0) 1™ + sicl, —— [Co(c0)3c—o—51c24]" (127)

[Co(CO) 4C-0-5iCL,]” ——— Co(C0),C-0-SiCL, + CL

3 Co(CO)3C—0—SiC2 —_— Co3(C0)9COSi02 + CL,8i0SiCl,? +...

3 3 3 3

The reaction between SiIMe3 or . SiBrMez and

[Fe(CO)4]2_ does not give the expected product Fe(COXﬁgiMegz(133;34;35)’
Since it was known to these workers that coupling reactions between
NaMn(CO)5 and silicon chlorides occur successfully only in the absence of
solvent or with a non-polar solvent (136) the above reaction between
SiIMej and [Fe(CO)4]2; was tried not only in THF but also in "a slurry of
dry, THF-free NazFe(CO)4 in hexane" (134). The product was the same in

both cases.and is now known to be Fez(CO)G(COSiMe3) (structure 12, p. 4)

4'

recovered in 27% yield (135)), Fe(C0)4(SiMe has been prepared by an

3)

" alternative route (49), (see Section 1.2. ., page 7). See also (199)



46

(b) Anomalies in the Si-Ru system

While reaction between [M(Co)a]z_ and monofunctional group IV

halides, M'XR,,yield M(CO)4(M'R complexes, the reaction between

3 3)2

[M(C0)4]2— and difunctional group IV halides, M'X typically yield

2R
[M(CO))4(M‘R2)]2 éomplexes. However, reaction between [Ru(CO)4]2- and

SnX2R2 does not yield any [Ru-(CO)4(SnR2)j2 complexes (145), (both

[Fe(C0)4]2- and [Os(CO)4]2— give the corresponding iron and osmium

[M(CO)4(SnR2)]2 analogues on reaction with SnX (126)).

)
[Ru(CO)4(SnMe2)]2 is a known compound and has been obtained from the

reaction ot [Ru(CO)4SiMe3]- with SnCSLZMe2 (147).
[Ru (C0)4(51Me3)] + SnCileez——-*-[Ru(CO)4(SnMe2)]2

(15% yield, sublimes at 80° with decomposition)

Rather than being an anomaly of the coupling reaction, the failure of the

SanR2 reaction is more likely to be due to a different reaction path for

ruthenium-tin systems. Suppor ting evidence for this comes from other

reactions involving Ru and-Sn. Compare for example:

(i) pyrolysis of M(CO)4(SnR3)2. For M=Fe, [Fe(CO)4(SnR2)]2 is the main
decomposition product whereas for M=Ru and R=Me, traces of [Ru(CO)3(SnMe3)
(SnMez)]z was the only species recovered (see structure 18, p. 4, (145)).

(ii) thermal reaction between M3(CO)12 and SnMe2H2. Where M=Fe good

yields of [Fe(CO)4('-SnMe2)]2 are recovered (together with a trace of

Fe(C0)4(SnMe3)2, believed to arise from traces of SnMe_ H formed by migra-

3

tion of Me groups on Sn during pyrolysis). But when M=Ru very low yields

of Ru(CO)4(SnMe3)2 and [Ru(CO)3(SnMe2)(SnMe (ca3%) are obtained.

2V
So, although [Ru(C0)4(SnMe2)]2 is a stable compound the coupling

reaction between [Ru(CO)4]2- and SnX, R, may involve a different reaction

-pathway.
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(c) An anomalous reaction between GeBr2H20and Fe(CO)42—

No species of the type [Fe(CO)4]2(GeH2)x x=1 or 2 were

found in several reactions between GeBr2H2 and NaZFe(CO)4 (RT or 0°C,

pentane (27) ). The only volatiles recovered were GeBr2H2,

Fe(CO)4(H) and/or Fe(CO)S, GeH The mass spectrum of involatile

?
2 4"

residues gave polygermyl, (polyhalide?) envelopes at irregular

interval spacing (c.f.the 28 mass unit intervals between metal carbonyl
fragments). There was no indication of any germanium-containing car-
bonyl product. This is in contrast to the di-iodosilane coupling

reactions:

SiI H_ + NaM(C0)4——" ™ (CO)x]zsiH

22 2

(M(CO)x = Mn(CO)s, Re(CO)S, Fe(CO)ZCp (138))

SiI_H

U + NaCo(CO)4——+-[Co(CO)4]281H

2

(98% yield (34))

(d) Failure to prepare Fe(C0)4(PbPh3)2

Others (83) who have successfully prepared the
cis-Fe(C0)4(SnR3)2 R=Me, Et,Pr,Bu,Ph or PhCH, in yields of ca. 80% from
reaction of the chloro or bromostannanes with NazFe(C0)4.1.5C4H802 in
THF at -78°C have not been able to prepare Fe(CO)4(PbPh3)2, a known
compound, via this method. This was thought to be because of its ready

self reaction.

—»Fe(cb)4(M'R ) .+ M'R

¢is-Fe (CO) 4 (M'R 2) 5 4

3)2

which occurs at or below room temperature in some of these species.



2.1.4 Preparation of unsymmetrically substifﬁted M(CO)4(M'R3)(M"R3)

complexes

Most of the M(C0)4(M'R3)(M"R3) unsymmetrically substituted
species have been prepared from anions formed by cleavage of the M-M
bond in M(CO)4(M'R3) 2 complexes, (see 13, page 4), followed by a coup-

ling reaction and salt elimination,

[Ru (CO)4 (GeMe3) ]2 -(—i—L[Ru (CO)4 (GeMe3)]— Ll—l)* Ru (CO)4 (GeMe3)(SnMe3)

((i) Na/Hg, THF: (ii) SnC2Me (44) )

3

.

Os(CO)4(SnMe3)(SiMe3) (152), Ru(CO)4(GeBu3)(SiMe3), Ru(CO)4(SnPh3)(SiMe3),
Ru(CO)4(SiMe3)(SnMe3) (147) have also been prepared. Iron carbonyl
analogues have not been prepared via this route as no Fe-Fe precursors

(see 13 , page 4) are known for iron. Two trichlorosilyltetracarbonyl
iron derivatives, Fe(CO)4(SiC23)(SnC23) and Fe(CO)4(SiC£3)(SnC22Ph) have
been prepared thus: (139).

. + . -
Et4NC2 + Fe(C0)4(H)(81C23)——+-[Et4N] [Fe(CO)4(81C23)] + HCQ

+ . - .
[Et,N] [Fe(CO) ,(SiCL]" + SnCL,—- Fe(CO),(SiCL;) (SnCL,) + Et,NCL

Unsymmetrically substituted species of the type Fe(C0)4(GeC2MeH)(GeMeH2)

have been prepared by partial substitution with M'C%, reagents (28)

4

Unsymmetrically substituted species where the second ligand is not a
group IV species are well known. Examples include the hydrides,
h

Fe(CO) _ + SiCAH — Fe(CO) , (H) (SiC85) + CO

M(C0)4(H)(M'R3) (92,152), the halides M(C0)4(X)(M'R3) (55) and M(CO)4

(L)(M'R3) such as alkyls like Os(CO)4(Me)(SiMe3) (152,189).
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2.2 Reactions of M (CO) M' R with bases
a x by

Early studies showed that while in some cases amines cleaved

M-Si bonds,

Co(CO)4SiH3 + NHMe.,— Co (00)4’H + SiH

2 NMe,

3

in other cases adduct formation occurred (23b, 137). However, some of

these adducts are now believed to be Lewis salts (141) of the type

[SiR3.2B]+1M(CO)n]- where B=base, (23a,49,138).

— pY — — co —
+ -
l' H 1 Co
H si— oC — Mn<
T \H 1\ co

The ionic structure of SiH Mn(CO) o.2py. (11)

The reaction of Ma(CO)xM'bRy complexes with bases has been
utilised as a preparative route (139) to unsymmetrically substituted
complexes of the type Fe(COh(siCZ3)(SnR3) and Mn(CO)2Cp(SiC23)(SnR3)

k<l.

Fe(CO), + nB .———-[SiCJZ,3.nB]++ [Fe (CO) ,SiCRy 1"

[Fe(C0)4(SiC5L3_)]- + SnCR, — [Fe(CO) , (SiC2;) (SnCR;)] + cL

Marks and Newman (43) have reported that Lewis bases cause facile rever-

sible homolysis of complexes of the type [Fe(CO)4(M'R2)]2

[Fe (CO)4(D1'R2)]2 + 2B—— 2 Fe(co)4+— E'Rz

(B = THF, pyridine, acetone, acetonitrile, Et20, dimethylformamide)
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Cornwell and Harrison (140) on the other hand see no reason why homolysis

would be preferred to heterolysis in this case:

X
Sn“)
(ocuf(e/< >/f-)é(C0)‘ —8 5 EXZSn)Fe (CO);]-B
Cso
: & N

X :B
S;k/"“

(OC)LFeJ >Fe(CO)‘ ‘_—EL_—»z'ExISn)Fe(CO)}B

N

As [“Fe(CO)4(SnX2)]2 complexes can be synthesised directly from
Sn(II) compounds with Fez(CO)9 £hese authors proposed a mechanism invol-
ving initial formation of the monomeric species '[Fe(CO)4(SnX2)]', and
its subsequent dimerisation due to the presence of acidic tin and basic
iron centres. They further proposed that addition of another base B,
causes competition between B and the iron for the acidic tin centre,
thus giving rise to the monomer-dimer equilibrium. This then explains
why strong bases such as pyridine are not easily displaced and can
effectively stabilise monomers whereas weak donors are more easily
displaced and both monomer and dimer are observed at room temperature.
Apparently in such situations, cooling to -196°C forces the equilibrium
to the more thermodynamically favoured dimer. From Mossbauer data,
these authors also postulate the existence of synergic (0 donor, m acceptor)
bonding inithe Fe-Sn bond of the monomers. Burnham et al. (142) found
that the following substitution (and not monomer stabilisation) occurred

on reaction with phosphorus donor ligands:



[Fe(C0)4(SnBu2)]2 + PPh -——+—[Fe(CO)'?;(PPh3)(SnBu2)]2

3

[Fe(CO)4(SnBu2)]2 + P(OPh)2 —+-[FeZ(CO)7(P(OPh)3)Sn2Bu4]

However, the phosphines are competing with CO as ligands on M.
Thus, the observation does not undermine that of Marks and Newman (43),
despite the comment of Burnham et al. (142),
In further work, Marks and Seyam (143) attempted to synthesise
a stable silylene, germylene or stannylene complex with a M=M' double
bond via the reaction,

X

+ -
Y — e ' > +
R2H MLn [R2M MLn] X

However, only F abstraction from the counterion occurred.
Cq(C0)4(GeC2Ph2) + AgBF4 ———+-Co(Co)4(GeFPh2) + AgCH + BF3

Early attempts to prepare base stabilised species with four
coordinate M'(II) led to decomposition in attempts to remove the base.
(14 and references therein). More recently, use has been made of M'R2
species (R = bulky group) to prepare genuine germylene, stannylene or
plumbylene complexes, with trigonal planar M', by ligand replacement,

or bridge cleavaye reactions.



Schmid (144) has reported the preparation of the first base-

stabilised silyene complex
AH NEt

2
||

. _hv s
Fe(CO); + HSiMe, (NEt,)) —— (OC)Fe-Si Me),+ CO

|

HNEt
|
(stable below -20°C) (0C) Fe=5i—Me

Me

2

Schmid (144a) also suggests that while germylene, stannylene

and plumbylene complexes can be prepared with comparative ease, silylene

52

complexes are not stable because of the instability of divalent Si and its

tendency to form four coordinate (usualiy di- or tri-meric) complexes

where silicon bridges two metals. Sakurai et.al, (144b) report that they

have prepared the first stable mononuclear dimethylsilandiyliron complex

but reported an infrared spectron showing four carbonyl stretches.

H
Fez(Co)9 + HslMe2 - SlMezR ——4-Me281 = J‘e(CO)3

1Me2R

2.3 Self-reaction studies ot M(CO)A(_M'R3)2 complexes

As with both the parent transition metal carbonyls and the
group IV metal hydrides, the group IV transition metal carbonyls undergo
condensation and cyclisation reactions. Few reactions have been studied
in detail. Since seli-reaction of M(C0)4(M'R3)2 complexes are of rele-
vance to this work, known examples will be considered individueally,

see Table 2.1, page 53.



TABLE 2.1

Self reactions of some P*I(C:O)“(!oi';t.“)2 complexes

No. Compound Products Reaction conditions Ref.
Fe(Co)q(GeMeHZ)z, Fe(CO)4(GeMeH2)2', [Pe(C0)4(GeMeH)]2, GeMeH3, CO | RT, no solvent, absence
of light, 25d, inconden- 29
(- (0.438 mmol) (0.324 mmol) (0'016_7 (o.ogz)z sible removed intermit- (29)
mmol) mmo tently
. Fe(CO) , (GeMe, H) [Fe(CO), (GeMe,) ], Fe, (CQ), (GeMe,) GeMe H RT, dark, 15d, gases 10
(ii) 4 272 ' 4 2'%2 2 5: 2" © l: :\mol) remcved intermittently (30)
CO/H2
(trace)
Wit Fe(CO)4(SnMe3)2 Fe(CO);‘(SnMea)z, [Fe(co)4(SnMe2))2, SnMe, , CO/H2 140°. 36hr, sealed tube (146)
: (1.02 mmol) (L1:1l mIXtUre ceeeeccccccccesss) (0.4 ’ :
: (trace) :
mmol) -
(iv) Ru (Ci))4($:'u~1e:,’)2 IRu(C0)4(SiMe3)]2, SiMeHa, (Me351)20 80°, or RT - several (147)
weeks )
. 1.Ru (C0)4(GeMe3)2 [Ru(C0)3(GeMe2)]3, Ru2 (CO)G(GeMez)J, GeMe4 1400, 16d, absence of (44)
| (670mg, light,intractable red-
. 1.48 mmol) (230 mg, 0.27 mol) (5 mg, 0.008 mol) (:“';f) black material not
identified °
(vi) Ru (CO)4 (GeMe3)2 [Ru (CO) 3(GeMe3) (GeMez) 12 o . (44)
(trace) 100", incomplete
pyrolysis
. o Ru (C0)4 (SnMe:,.)2 Ru(CO)4(SnMe3)2, [Ru (C0)3(SnMe3) (SnMez)]2 o 145 :
(Wii) | (g8 g, 80, 44hr, hexane 6 ml (145)
1.25 mmol) (400 mg, 0.74 mmol) (6 mg, 0,006 mmol)
Ru (CO) , (SiMe,) Ru(CO), (SiMe.),, [Ru(CO), (SiMe.)]
. 4 '’
(vii) 3 a4 4T 140° (44)
GeB
(Ge u3) [Ru(C0)3(GeBu2)]3?
05(00)4(GeMe3)2 [Os(CO)3(GeMe2)]3, 052 (C0)6(GeMe2)3 GeMe4 ° .
(viii)| (540 mg, (255 mg, 0.225 mmol) (trace) (0.93 mmo1) | 160+ 20 &, sealed tube | (44,
1.0 mmol) .

€3
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2.3.1 Self-reaction of Fe(CO)4(GeMe H)

complexes
3-x x P

2

(i) Fe(C0)4(GeMeH2)2 reacts mainlyiaccording to

2 Fe (C0)4(GeMeH2)2 —+[Fe(CO)4(GeMeH)]2 + 2GeMeH3

A reaction mechanism was proposed involving a germylene intermediate,

formed ¥Za Ge-H bond scission (30).

Fe(C0)4(GeMeH2)2 ———+—'[Fe(CO)4(GeMeH)]' + GeMeH3

This was thought to then react with another Fe(CO_)4(GeMeH2)2
molecule to form Fe(CO)4(GeMeH)2 together with a second molecule of

GeMeH3. Reaction involving the formation of an "eight - centred"

intermediate or transition state species was thought to be highly
unlikely (27). It was proposed that. Fe(CO)4(GeM§H3)2 (which does not
self-react under these conditions) and Fe(CO)4(GeMeH2)2 are more stable

than the analogrus Fe(CO)"l(GeMezH)2 because the GeH, and GeMeH groups

2
are less effective in bridging two iron atoms (29). Fe(C0)4(GeMe3)2

H)

complexes.
3-x x p

is much less reactive than any of the Fe(C0)4(GeMe 2
This accords with the suggested reaction mechanism as the stronger Ge-C

bonds are not expected to cleave under these conditions.

(ii) Fe(CO)4(GeMe2H)2 undergoes a similar but more rapid self-

. reaction to produce [Fe(C0)4(GeMe2)]2 and GeMeZHZ. Fe‘2(C0)7(GeMe2)2 {5%)

was thought to arise chiéfly from further reaction of [Fe(CO)4(GeMe2)]2
[Fe(CO)4(GeMe2)]2 — Fez(C0)7(GeMe2)% + CO

as CO evolution was more prevalant after $5% of the [Fe(CO)4(GeMe2)]2 had

been formed.
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2,3.2 Self-reaction of M(C0)4M'R3)2 complexés, R#H

(iii) Reaction (iii) in Table 2.1, was carried out in an attempt to
understand more fully the mechanism of reaction between Fe(CO)5 and

SnC 2Bu (146).

3’

Fe(CO) + SnClBujﬁlg}—t-*[Fe(CO)‘}(SnBuz)]z (ca.30%)

+[Fe(CO)4]4Sn3Bu4 (up to 6%)

+[Fe(CO)4]4Sn (0.5 to 16%)

Identification of SnMé4 and,[Fe(CO)4(SnMe2)]2 were all that
these workers were looking for. Since this reaction was carried out
under forcing conditions (1400, 36hr), the same mechanism as was proposed
for (i) could also occur here. Breakfng of the relatively weak Sn-C
bond is not unexpected under thesg conditions. A parallel was drawn
here between this reaction and earlier work where reaction between
PbOHPr3and[C'a][Fe(CO)4H]2 was thought to give a. 1l:1 molar ratio of
PbPr4 and Fe(CO)4(PbPr2) (176), (the latter is now known to be
[Fe(CO)4(PbPr2)]2).

Nc experimental details of (iv) are given. The appearance of

hexamethyldisiloxaneiSiMe3H and [Ru(CO)4(SiMe3)]2 (structure 13, page 4),

was noted in contrast to self-reaction of Ru(CO)4(SnMe3)2 (vi).

In (V) Table 2.1 products weighed and identified from the self-

reaction of Ru(CO)A(GeMe accounted for cx 70% of the germanium. The

302

yield of GeMe, H was readily obtained as it was the only volatile product.

3
(44% based on moles of Ge). Hand sorting separated the bulk of the
orange-red crystalline [(Ru(CO)B(GeMez)]3 from the bright yellow needles

of Ruz(CO)G(GeMe2)3. Extraction of the residual red-black intractable
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powder with hexane (100 ml) and chromatography of the red soiution on
silica gel separated traces of Ruz(CO)6(GeMe2)3 from more
[Ru(CO)3(GeMe2)]3. The remaining germanium (30%) and ruthenium (50%)
presumably makes up the bulk of the red-black intractable residue or was
deposited on the silica gel? Traces of [Ru(CO)3(GeMe3)(GeMe2)]2 were
detected in another experiment where incomplete pyrolysis of

Ru(CO) , (GeMe,) , had occurred (100%)  (44).

In (vi), Ru(CO)4(SnMe was largely unreacted (59%) after heating in

3)2
hexane at 80°C for 44 hours. The fate of the material which did react
is largely unknown. Less than one percent of the initial material was
recovered and identified as [(Ru(C0)3(SnMe3)(SnMez)]z. Forty percent
of the material was not accounted for. No details of work-up procedure

were given. However, it was proposed that Ru(CO)4(SnMe is genuinely

3)2
loathe to undergo self-reaction becauée of the great strength of Ru-5n
bonds (c.f.for instance Fe-Sn bonds). These authors reflect that the
only isolated product [(Ru(C0)3(SnR3)(SnR2)]2 requires no RuSn bonds to be
be broken in its formation. (See also, Section 2.1.3, page 45).

Again, although no details are given of reaction vii in Table
2.1, (44,147), it is most interesting that an attempted distillation of
Ru(CQ)4(SiMe3)(GeBu3) (ca,,140°C)Aaf£orded only the decomposition products
Ru(CO)4(SiMe3)2, [Ru(C0)4(SiMe3)]2 aﬁd an unidentified orange complex with
Vmax(co) at 2042 m, 2034 w, 2012 s, 2006 w, and 1983 m, cm-l. It was

thought that these absorptions would be expected for the butyl analogue

[Ru(CO)3(GeBu2)]3. -
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(viii) After pyrolysis of Os(CO), (GeMe;),, (540 mg, 1.0 mmol; 160°c,

20 d), GeMe, (0.93 mmol, 47%) was condénsed away from 405 mg of orange-

4
yellow crystalline material. Chromatography of 'almost' all the resi-
dual crystalline material with hexane afforded [Os(C0)3(GeMe2)]3, (255 mg,
0.255 mmol, 34% based on Ge) plus, spectroscopic identification of
OSZ(CO)G(Gemez)B' That is, at least 81% of Fhe germanium has been
recovered, together with 68% of the osmium. The unaccounted material

including the unweighed Osz(CO)G(GeMez)3 has an average of Ge 19%, Os 32%,

and accounts for 31% by weight .of the material (170 mg).
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2.3.3 Comment on reactions of M(CO)4(M'R3)2 where R=alkyl group

Products obtained from thermal or photochemical reactions
where M-M bond-breaking and bond-reforming are continually occurring
(187) may give rise to a range of different species. These species

may represent the most thermodynamically stable configuration

e.f., [Mo(CO)3Cp]2 + CoZ(CO)B t—“— 2Cp(CO)3MoCo (c0)4

5% 95%

Often, not all the reacted material from these reactions is
recovered and identified. This could be due to the formation of
intractable oliogmeric species, and/or to the decomposition .and depo-
sition of material on silica gel during chromatographic separation
procedures.

Also, the products isolated from these reactions may reflect
the stability of the compounds formed and/or the techniques used to
separate the species. For instance, it is known that lab lighting
will cause the decomposition of‘solutions of both [Fe(CO)4(Ge2Me4)]2

20, page 4 , and [Fe(CO) (GeMez)(GezMe4) 22, page 4 , to give the

al2
air stable species Fez(CO)s(GeMe2)3,ZZ.page 4. (106).



2.4 Reactivity of metal hydride species, with Coz(CO)8

As M'-H in MLnM'-H'species can react further with carbonyls
to yield polymetallic species, reactions of hydrides with transition
metal carbonyl (especially C°2(Co)8) will be briefly discussed. A

short study of the reactions of Mn(Co)S(GeMe3_xHx) with C02(C0)8 is

discussed in Chapter sSix.

2.4.1 Reactions involving M'R_H and Ma(CO)x

3

Reactions between M'R_H and Ma(CO)x are numerous (2 — 14).

3

The ‘'simple' case of reaction between M'R_H and M2(C0)x (M = Co, Mn;

3

x = 8, 10) was initially rationalised as involving addition of M'-H

across M-M followed by cleavage of the M-M bond (37,46,137,150,151).

SiR_H + Co2 (CO)8——+ Co (CO)4SiR + Co(CO)4H

3 3

CO(CO)4H + SiR,H —* Co (CO)4SiR + H

3 3 2

2C0(C0)4H —_— Co2 (CO)8 + H2

Reactions between M'R_H and the iron triad carbonyls are

3
thought to involve a similar mechanism (92,125,146,147,152). The

products are very dependent on reaction conditions (31,44,146).

59
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It is interesting to compare the products obtained from reactions

of M'MeH., with Coz(CO)8 as M' varies from Si to Ge to Sn.

3

M' = Si (153)

SiMeH, + COZ(CO)B'—"" Co (CO)4(SlMeH2) + H,

(no solvent, RT, 3 hrs, 46% yield)

M' = Ge (154)

GeMeH3 + Coz(CO)8~——-+luo3(CO)ll]GeMe + (Co(CO)4H)

(1:2 mixture, benzene, RT, 80% yield)
M' = Sn (1l15c)

SnMeH3 + COZ(CO)S ——*'[CO(CO)4]3SnMe

(1:1.5 ratio, RT, hexane, sealed tube, dark, quantitative yield)

Obviously the nature of the group IVmetal has a great deal to
do with the product formed. Nmr studies of the reaction between
GeMeH3 and Coz(CO)8 gives evidence for stepwise substitution through
Co(C0)4(GeMeH2), via Coz(CO)X(GeMeH) species to form finally
[Co3(COHJ]GeMe (154). Unpublished observations (192) suggest that, in

contrast, SiMeH, reacts initially to a '[Coz](SiMeH)' species which dis-

3
proportionates to yield the observed Co(CO)4(SiMeH2).

It is interesting too, that the structures adopted by complexes
containing one group IV metal atom and four cobalt atoms have been ration-
alised in terms of the size of the central atom and hence its ability to
bridge Co-Co units k109,155). Thus, Si and Ge are small enough to fill

the apex position of the [Co3]M' pyramid in [Co3(C0)d[1Co(CO)4]M'

(See structure 29, page 5).



61

Only Ge enters the bridging position in a cluster of the type
[C02(C0)7]2Ge (See ‘Structure 33, page 5), but, Ge, Sn and Pb all

form open clusters of the type [Co(CO) M' (see Structure 31, page 5).

4]4
Attempts to form Co-Co bonded species by CO elimination in [Co(C0)4]4Sn
and [Co(C0)4]4Pb have thus far been unsuccessful. Hawever, terminally
bonded CO's in the germanium containing complexes are readily lost to
7]2Ge slowly evolves CO at 50°C  to
form [Co3(CO)9][Co(CO)4]Ge (109). The reverse reaction, addition of CO

form CO bridging species e4;[C02(CO)

to cobalt complexes with germanium bridges is also known (31,156), and
typically requires considerable pressure of CO and/or elevated tempera-
tures. This ready interconversion is not unexpected as these systems
are known to be fluxional (58,86). If, as it is claimed, Sn atoms are
too big to get in close enough to bridge Coz(CO)7 units, then few, if

any, [Coz(CO)7JSnR species would be expected to be stable. Indeed,

2

the only species in which four coordinate tin bridges 'Coz(CO)7';

[Coz(C0)7]SnMe is extremeiy unstable (47). The six conrdinate Sn

X
species [Coz(CO)7]Sn(acac)2 (183) exhibits an extremely acute MM'M angle
610'(13). Six coordinate tin is obviously less strained when forced to
adopt a small MM'M angle in order to bridge a Co-Co unit than a four

coordinate Sn will be. The known [Coz(CO)7](u-SiR2) and [Coz(CO)7](u-GeR )

2
complexes (see Structure 12,page 4), are included in Table 2.2, page 62,
It has been suggested thét although silicon atoms are of the right size

to fit into a cluster 'the inherently high reactivity of silicon transition

metal carbonyls makes these compounds difficult to isolate and identify.



TABLE 2.2

Complexes of the type Coz(CO)7(u—M'R2)

[9) o
v 0
3 c
D 3]
: 3] N .
Compound 2 g comments
i) 1)
1] -
[Coz(CO)7]SiPh2 19 (36, Considerably more air
107) sensitive than Ge analogue
[C02(00)7][C0(Cd)4]SiPh 23 (107) Attempts to convert into
Co3(CO)gsiPh have led
only to decomposition.
[Coz(C0)7]SiC£2 19 (16) Extracted in C H after
: attempts to sublime it
failed at 40°C. The mass
spectrum was recorded at
100°cC
[Coz(CO)7]SiMe2 19 (54) Impossible to isolate
: because of its- lability
and low volatility.
[Coz(CO)7][Mn(CO)5]SiC2 23 (16) Slight decomposition was
: noticed if it was left for
long periods of time
Co., (CO)_ JGePh 19 (51, | stable, mpt 78-80°C
[Co, (CO) 5 CePh, 157) » P :
[Co, (CO) . ]GeMe 19 (58) Thermallly unstable, rapidly
2 7 F2 o -
decomposes at 25°C, air
sensitive.
(154, S o
[Co. (CO),][Co(CO) ,]GeMe 238 Thermolysis at 80 C leads
2 7 4 158) . .
to @ loss and formation
of Co3(CO)9 GeMe
"[Co., (CO) _ ][ Co(CO) , JGePh 23 | (107) mpt 77-78°C
2 7 4 .
(decomposition)
[ Co, (CO) ] Ge 33 | (109) | Slowly loses CO at 55°C
to form
[Co3(CO)9][Co(C0)4]Ge
[Coz(C0)7]SnMe2 19 (47) Exceedingly unstable

62
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2.4.2 Reactions between M'.R. H and M_(CO)
276-xX X a X

In reactions between M’ _R H and'M_(CO) , the products
2 6-x x a X
obtained may result from both M'-M' and M'-H cleavage. This often

results in quite complex reaction mixtures (54).

. R.T
812Me4H2 + X Coz(CO)8 —_—

Co(CO)4(Si2Me4H), [Co(C0)3(u—SiMe2)]2, Coz(CO)G(p—CO)(u—SiMez),
C02(C0)8(Si2Me4), Co4(CO)12_x(SiMe2)x x=1,2,
(OC)4Co(SiMe2)yOCCo3(CO)9 y=1,2.

Most of the work to date has focused on the isolation and

identification of the more abundant lower molecular weight complexes in

these systems.

2.4.3 Reactions between M-M'-H and Ma(CO)x

The few mixed group IV metal, transition metal carbonyl complexes
which appear in the literature, tend to give reasonable yields of predicted
species.

[Mn(CO)S][Co (CO)4]SiC2H + Fe3 (Co) 12 — 39, + H2 + CO

(see Structure 39, page 5, (16) )

(hexane, RT, rapid reaction 49% yield)

[Mn(CO)S]GePh2

H + COZ(CO)8 ”——*'[Mn(CO)S][Co(CO)4]GePh2

(25°C, high yield, (21) ).



OVERVIEW

Examples of polymetallic complexes of the type Mé(co)xM'bRy
appear at random in the literature. There is as yet no clear route to
the formation of specific Ma(CO)xM'bRy complexes. Thermal and photo-
chemical reactions between ii-M and M'R3H species have given rise to a
number of the mixed metal polynuclear clusters (12). But, it
appears that one is unable to predict the type of complex which will
result from these reactions. This is probably because M-M, M'-M' and
M-M' bond cleavage and reformation occurs continuously under forcing

reaction conditions.

A good illustration of this is:

[Me3GeRu(CO)4Ru(CO)4GeMe3]

geBGeH +[Ru3(CO)12]
' iii
ii [ (CO) ;Ru (k-Me,Ge) ;Ru(CO) 5]
! iii-
[ (Me;Ge) ,Ru (CO) ] +
+ [(u-MezGe)Ru(CO)3]3

[Me3GeRu(CO)Z(u-MezGe)2Ru(C0)3GeMe3]

i, photolysis, -H,: ii 80-100° in hexane, -H,: iii 160° 5i,Sn and Os

species similarly: ii also yields (Me3M')OsH(CO)4

64



Products isolated from such mixturestgus favour presumably the
most thermodynamically stable arrangement of atoms. Understandably,
product yields may be low.

One method for the formation of polynuclear clusters might
possibly be by controlled reactions between M-M'-H species and other
carbonyls at ambient temperatures. Perhaps, reasonable yiel@s of pre-
dictable products will arise in such reactions. Lack of hydride
precursors could be a problem as in the case of Sn-H derivatives.
However, if the halide derivatives could be prepared then these may be

reduced with e.g, NaBH, (32) or (i—Bu)zAIH (21)

4

[Fe(CO)ZCp]GeCQ.2 + NaBH4——->-[Fe(CO)2Cp]GeH2

(55% yield (32) )

[Mn(CO)SJZSnCJL + 2(i—Bu)2AlH—*[Mn(CO)5]ZSnH

2 2

(good to excellent yields (21).)

In contrast, if no reaction occurred under mild conditions,

(see Section 1.2.2, page 7) then it may be necessary to do the reverse.

65

Rather than heating or irradiating the reactants it may be more advisable

to halogenate the functional hydrogen; via exchange reactions with
covalent halides (28,40,159) and then couple the M-M'-X species to

carbonyl anions. (See Section 1.2.1, page 6).
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2.5 Experimental Procedures

2,5.1 General techniquers

Most of the compounds presented in this thesis were handled by
a conventional vacuum line fitted with greased taps and mercury mano-
meters. A rotary oil pump usually gave sufficient vacuum (ca._.lO-2 mmHg)
but a mercury diffusion pump was required for the handling of the methyl-
germyl iron carbonyls. Separation of a reaction mixture was effected by
fractional distillation, the mixture being allowed to vapourise and con-
dense in a series of adjacent traps kept at successively lower temperatures
by constant temperature slush baths (166). Slush baths commonly used

include, carbon tetrachloride CC% —23°C, Chlorobenzene C_H_C%, —45°C,

4’ 65

Chloroform CHC!Z3 —63°C, ethylacetate CZHSCOOCH3, e83°C, n-propanol C3H7OH,
—127°C, propanol-ethanol mixtures,<-127°C. The last trap, a liquid

nitrogen trap, -196°C was left open to the pump during a fractionation.
Involatile materials were initially manipulated in a glove

box flushed with a stream of nitrogen which was slowly evaporating from

a dewar of liquid nitrogen. Later, it was found that traces of oxygen

in the nitrogen was one cause of decomposition in germyl iron carbonyls.
Better anaerobic conditions were obtained using a plastic bag

flushed with oxygen-free nitrogen, cylinders of which were of variable

quality (although the N.Z.I.G, specifiéation for OFN is 10 ppm oxygen, up

to 1600 ppm 02 has been detected by other workers at this university (177e)).
Vacuum manipulation was used where ever possible and was far

superior even to conventional nitrogen line and schlenk tube techniques,

for the very air sensitive germyl iron carbonyls.



67

2.5.1.1 Glassware

Pyrex glassware was used throughout. All glassware was
treated with aqua regia before final rinsing (at least eight cycles).
Reaction vessels and U-traps were either ovened at ca,SOOOC or flame
annealed under vacuum before use.

Non standard items of glassware used in this work are shown
in Figure 2.1

Figure 2.1 A, shows the reduction-coupling reaction vessel in
which the unsymmetrical germyl iron carbonyls were made.

Figure 2.1 B, shows a U-tube with attached nmr tube. These
tubes were inserted between the reaction vessel and vacuum pump after
unreacted material and solvent had been pumped out of the reaction vessel.

:Products of low volatility were collected at the bottom of the
U-tube using iiquid nitrogen. When sufficient sample had collected in
the tube, the taps were closed and the sample was allowed to warm up and
run into the bo£tom of the nmr tube. Any sample adhering to the walls
of the nmr tube was condensed into the NMI tube by repeated lowerin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>