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ABSTRACT

This thesis describes investigations into several areas of group
14-cobalt carbonyl chemistry including substitution of a bridging carbonyl
ligand by an R,GeH, species to form a GeCo, triangle, reactions of
germanium-cobalt carbonyl clusters with transition metal carbonyl anions and
the reactions of Et,NSnCl; with group 14-cobalt carbonyl compounds of the
form R;M'Co(CO), (R; = Me, "Bu, Ph, Cl, Br; M' = Sn, Ge, Si).

Further studies of the reaction between MeGeH; and Co,(C0O); have led to

a new proposal for the reaction scheme. That is:
MeGeH3 + 2C02(C0)3 _— MeceCOQ(CO)ll + HCO(CO)4 + H2 + CO

Together with the results obtained from a study of the reaction of
H3;GeCo(CO), with Co,(C0)g, this has allowed the proposal that "In the
absence of marked steric effects, where an even number of hydrogen atoms is
attached to a germanium hydride species this will react with Co,(CO)g to
replace a bridging carbonyl group to form a GeCo, triangle with evolution of
H, and CO; where there is an odd number of attached hydrogen atoms this will
react with Co,(CO)g to also give cleavage of the Co-Co bond to yield a Ge-
Co(CO), species and HCo(CO),".

It has been found that substitution of both bridging carbonyl groups of
GeCo,(CO),4 by Me,GeH, or MeGeH; is possible and the new compounds
[Me ,Ge] ,GeCo, (CO),, and [MeGeH],GeCo,(CO);, have been spectroscopically
characterised. An X-ray crystal structure determination has been carried
out for (Me,Ge),GeCo,(CO),, which shows it to comprise of four GeCo,
triangles connected by Co-Co edges and Ge apices. An analysis of the
carbonyl vibrations of [MeGeR],GeCo,(CO);, (R = Me, H) and GeCo,(CO),, has
been carried out.

Good spectroscopic evidence has been obtained for the formation of
(MeGe) ,Co,4(CO) 1, [Ge(R)Me] (R = Me, H) from the reaction of (MeGe);Co,(CO);,
with Me(R)GeH,. Similarly, further evidence for the production of
[MeGeR],Ge,Co,(CO),g from the reaction of Ge,Co4(CO),, with Me(R)GeH, has
been obtained.

The two trigonal pyramidal clusters, [(CO),;Co]GeCo,;(C0), and
MeGeCo, (CO),, reacted with Me(R)GeH, to provide the open-skeleton -
derivatives [MeGeR]Co,(CO)¢[GeCo,(CO),] and [MeGeR]Co,(CO),[Ge(Me)Co(CO),]

respectively. These have been spectroscopically characterised.
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The thermally initiated ligand substitution reactions of the closo
hexanuclear clusters, (RGe),Co,(CO),; (R = Me, Co(CO),), with PPh, or
P(OEt); resulted in breakdown of the cluster to afford mainly [(R;P)Co(CO);],
However, the electron transfer catalysed reaction of (MeGe),Co,(CO),,; with
P(OEt); in a 1:1 ratio provided the monosubstituted derivative,

(MeGe) ,C0,4(CO),,(POEt);, in moderate yields which has been spectroscopically
characterised. Similarly, the reaction of (MeGe),Co,(C0),, with 'BuNC at
room temperature appeared to yield the monosubstituted derivative

(MeGe) ,Co,4 (CO), ,CN*'Bu.

Reaction of [(CO),CoGe],Co,(CO),,; with Et,N[Co(CO),] produced the known
anionic cluster Et,N[Ge,Co,(C0),;] in comparatively good yields. The same
product was obtained from reaction of Ge,Co4(CO),, with
Et,N[Co(C0O),], however condensation to [(CO),CoGe],Co,(C0);, was required
before reaction with the anion takes place.

The reactions of Et,NSnCl, with R;M'Co(CO), (R = Me, "Bu, Ph, M’ = Sn;
R = Ph, M' = Ge; R =Cl, M' = Si) all yielded the known tin-cobalt carbonyl
anion, Et,N[{Cl,[Co(C0O),]Sn},Co(CO);]. Reaction of Et,NSnCl; with
Br;SnCo(CO),, however, produced a mixture of anions of the form
Et4N[(Br,Clz_,Sn)Co(CO);(SnClyBr;_,)] (x,y = 0-3). This mixture has been
characterised by infrared, !1°Sn NMR and FAB mass spectroscopy and an X-ray
crystal structure determination has been carried out for
Et N[ (Br,C1Sn),Co(C0),].

Preliminary studies have been carried out for several other related

systems.
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CHAPTER 1: Introduction to Group 14 - Cobalt Carbonyl Chemistry

1.1 General

The first reports of compounds incorporating a bond between a
transition metal, M, and a group 14 metal or metalloid, M, (M’ = Si, Ge,
Sn, Pb) stemmed from the early 1940's. Development of the class was slow
until the strong surge of interest in the 1960's which focussed mainly on
the formation of these M-M’' bonds, and analogies were drawn with organic
derivatives. In more recent years work has increased the number of known
species, but has also concentrated more closely on their reactions and
interconversions, their spectroscopic and bonding properties, potential
catalytic properties and their, often, novel structures.

Commonly studied compounds contain manganese, iron, cobalt, platinum,
ruthenium, osmium or rhodium. These range from simple monosubstituted
derivatives to more complicated polynuclear di-, tri- and tetrasubstituted
species. A number of comprehensive reviews have been published which

document numerous examples within this group [1-15].
1.2 Preparations

At least 20 different routes to the M'-M bond have been reported.

Only those most relevant to this work will be reviewed here.
1.2.1 Preparations Involving Oxidation by Group 14 Hydrides.

The M'-H bond is intermediate in reactivity between M'-C and M'-X (X =

halogen) species, and can often be functionalfunder relatively mild

conditions. The hydrides may oxidise low valent M complexes, yielding M'-M
species. The main reactions are oxidatixe addition, directly or with
accompanying elimination reactions, and addition to M-M bonds. The latter

is of most importance here.

The group 14 hydride reaction with an M-M bonded species is
rationalised as resulting from initial addition of M'-H across M-M, often
followed by further reaction of the hydrido complex, probably via oxidative

addition [12]. An example of this is shown in equation 1.1 [16(a)]

2R,SiH + Co,(C0)y —> 2R3SiCo(CO), + H, (1.1) [16(a)]



When the starting material contains a number of M’ -H bonds, polynuclear

species are formed (equations 1.2, 1.3)

f\"ezcel'l:) + CO)(CO)B b4 (;L‘NG;CC); CO)(CO)G (1-2) [17,20]
M'H; + 2C0,(CO0)y  —> [(CO),Co,] M*[Co,(CO),] (1.3)

M° = Si[18(a)]; Gel[18(b)]

The pathway involved in these hydride reactions is not known definitely as
yet. One possible route for the reaction between Ph,GeH, and Co,(CO)g has

been suggested [1] and is shown in scheme 1.1

/co
Ph,HGe
=
) /CO—CO 1) H\ /\ O
Ph,GeH, + OC ——CoZ= o/ - OC—CO(C
oc” /™~ I
ocC oc

C
o

g}/
CO
[/
——Co

\\co +H, +CO

oc” L

CO
CO

Ph,

Scheme 1.1 [1]

Preliminary formation of Ph,Ge[Co(CO),], and subsequent loss of CO can be
discounted as this compound is known. and loss of CO is not a favourable
process [1].

Other pathways may be envisaged. For gxample, by analogy with the
reaction of CpMn(CO); with HSiR; [16(b)] shown as equation 1.4., the route

depicted as scheme 1.2 may be postulated.

R,SiH + CpMn(CO), 8% CO + R;SiMnH(CO),Cp (1.4) (16(b)]
(R, = alkyl, aryl, H or halogen)



- CO
(€01 Co —Co(CO), <—== (CO)Co —LCa(COl;

+ RGeXH
oxidative
addition
X =R X =
HCOo(COY + XGeR,Co(CO) ~——— (C0),Co —Co(CO)y ———
slow / +
reductive tH GeX
< Co climination ki o
/C\
(CO);C Co(CO)5
XGeR,Co(COYy 1, 3 -hydride |0\/|
o elimination H Ge H-
C Ry
(C0)3Co\ﬁ£o(c0)3
Ge
R
Scheme 1.2

This second scheme, although only suggested tentatively at this stage, has
the advantage that it accounts for the two possible pathways that are
observed to occur in these‘reactions. That is, metal-metal bond cleavage,
as occurs in the reaction of trisubstituted silanes with dicobalt
octacarbonyl [16(a)] (eqﬁation 1.1) or replacement of a bridging carbonyl
group by an R,Ge species .with evolution of CO and molecular H,.

With an M'-M’ bonded starting material, parallel reactions to those of
the mononuclear species are observed, also involving M'-M‘ cleavage. For

example, equations 1.5. and 1.6.

Me SiyH, + [Fe(C0)s] —— [(CO);Fe(n—-Me,Si),(p~CO)Fe(CO);] (1.5)
’ (155]

G€2H6 + Coz(CO)g — [(CO)7C02]Ge[C02(CO)6]Ge[COQ(CO)7] (1.6)
' (19, 20, 21]

In the latter reaction, it has been reported [19] that carbon monoxide

release predominates in the early stages while complete loss of hydrogen

takes 2-3 times longer. Similar results have been noted for the reaction

of GeH, and Co,(C0)g (19] (equation 1.3). These observations do not help
in distinguishing between the two pathways proposed for these reactions,
however, it does suggest that the first step is the loss of a carbonyl

group. A subsequent, slower loss of H, intra- or intermolecularly would

then give the observed GeCo, triangle.



The formation of the longer chain clusters, such as Ge,Co,(CO),,
(equation 1.6) and Ge;Cog(CO),¢ (from the reaction of Ge;Hgz with Co,(C0O)4
(20-23]) must occur via some intermediate in which the germanium atoms are
held fairly closely together while CO and H, elimination take place.
Cleavage of the Ge-Ge bonds is likely to occur in the final stages of the
reaction. If this were not the case then the smaller cluster, GeCo,(CO),,,

would be expected to dominate the products.
1.2.2 Salt Elimination Reactions

Salt elimination is a commonly used route to M-M' bonded compounds.

Two complementary pathways are available as depicted in equations 1.7(a) and

(b)

RsM'X + M(CO); —> RM'M(CO), + X- (1.7(a))
R;M' ™+ XM(CO), — R M'M(CO), + X- (1.7(b))

Route (a) is the most relevant to the work of this thesis. Transition
metal carbonyl anions, such as [Co(CO),]~ and [Mn(CO)5]~ are readily
prepared from the neutral metal carbonyls using alkali metal amalgams [12].

Examples pertinent to this work are shown in equations 1.8 and 1.9.

Ph,SnCl + K[Mn(CO)s] —> Ph,SnMn(CO)gy + KCl (1.8) [24]
Ge,HsCl + K[Co(CO),] — Ge,HsCo(CO), + KCl . (1.9) [25]

1.2.3. Substitution or Addition Reactions of Transition Metal Carbonyl
Anions with Existing Group 14 - Cobalt Carbonyl Clusters

The work of Gerlach [26] and several Russian authors [27] on the

reactions of transition metal carbonyl anions with M-M’ bonded species has

suggested the following displacement series:
Fe(CO),Cp~ > Mn(CO)s- > Fe(CO),%" > Co(CO),~

This also corresponds to the order of relative nucleophilicities of these
anions. Thus, where a terminal Co(CO), unit exists in a molecule'reaction
with any of Fe(CO),Cp~, Mn(CO);~ or Fe(CO),?~ should result in its
displacement to yield a compound containing the new terminal group.

This process has been employed recently to provide new analogues of the

cluster [(CO),ColGeCo4(CO),. For example, equation 1.10. [28].



[(CO)4ColGeCo,(CO)y + [Mn(CO)5]~ —> [(CO)sMn]GeCo,(CO)y + [Co(CO), ]~
(1.10) [28]

Reactions of group 14 - cobalt carbonyl clusters with either [Co(CO) 41"
or [Fe,(C0)gl2~ have been observed to result in an addition process, giving

rise to higher nuclearity species. For example, equation 1.11 [28, 29]
GeCo,(CO) ;53 + [Co(CO)4]" —> [GeCog(CO), 41" + CO (1.11) [28, 29]

Thus interesting products may be provided by the reaction of transition
metal carbonyl anions with existing clusters, although the products of the

addition reactions are specific to the reactants and conditions used.
1.2.4. Other Routes to M-M’' Bonded Species.

Numerous other routes are available to M-M’ bonded species such as:
elimination of small molecules, (hydrogen halides, oxygen species and
nitrogen species); the use of lower valency M’ compounds - for instance,

insertion of an M'X, species into an M-M bond (eg. equation 1.12 [ 30 ]);

SHX2 + COz(CO)s > Xzsn[CO(CO)4]2 (1.12) [30 ]
(X = bppd, pd)

and interconversions of existing M-M’' species - these may be ligand exchange
reactions or condensations; equations 1.13 and 1.14 show examples of these

two processes.

Ph,GeMn(CO)s =~0f2Z 5 Br,GeMn(CO); + 3PhBr (1.13) [12]
C2H4Br2

[MeGeCo(C0) 4 1,C0,(C0) 22Cs  [MeGel,Co,(CO),; + 3O  (1.14) [31]

These other pathways are not directly relevant as synthetic routes in this
work and are thus not discussed in detail here. Various reviews are

available which cover these processes more thoroughly [1, 2, 9, 12].



1.3 Group 14 derivatives of cobalt carbonyl

Although group 14 - cobalt carbonyl compounds vary considerably in

structural complexity, they may be categorised into three general types:

(i) Compounds containing only terminal -Co(CO),4 units;

(ii) Open chain clusters in which a group 14 atom bridges a Co-Co
bond;

(iii) Closed clusters in which a group 14 atom bridges a plane of

cobalt atoms.

For convenience the structures of the simpler species are discussed

separately from those containing a large number of group 14 atom - cobalt

bonds.

1.3.1. Compounds Containing One to Four Cobalt Atoms.

Of the large number of known group 14 - cobalt carbonyl compounds, a
significant proportion contains between one and four cobalt atoms. Table
1.1 gives the general picture of the series of compounds, where
classification is made according to the general structural type and the
number of cobalt atoms.

A great many of the known species contain only one or two cobalt atoms
and these are not surveyed in detail here. For further information on
these compounds see [12, 20, 32]. Compounds containing three and four
cobalt atoms are well established and, as can be seen from table 1.1,
several structural types are known.

Relatively few compounds containing lead have been reported, mainly
reflecting the lack of work in this area [12]. Abundant examples of the
simpler forms are known containing tin, however it is rarely found bonded to
three or four cobalt atoms, and u—SnRé species are very uncommon, and
generally unstable. Germanium forms all three structural types, ie. with
M'Co(CO), units, M'Co,(CO); units and closo structures. Finally, silicon
tends to prefer the more closed types and will form these where possible.
Clearly these structural features reflect the size of M’. In particular,
for the tetrahedral clusters RM'Co;(C0),, Schmid [8] has proposed that the
limiting covalent radius for M’ to form this unit is about 130 pm (Ge = 122
pm; Sn = 141 pm). Until recently this statement had been applicable to all
main group elements forming the ECo;(CO), unit, but the formation of

BiCo,(C0), [33] has contradicted this. However, Schmid's proposal still



scems an appropriate explanation for the distribution of the M Co,(CO)

within the series of group 14 - cobalt carbony!l clusters.

Table 1.1 Structures of group 14 - cobalt carbonyl compounds
containing up to four cobalt atoms.
(i) Compounds containing all terminal

Co(CO), units:
(a) R3M’Co(CO),

M° = Si; R = H, D, alkyl, Ph,
F, Cl, Br, I, OR, C4Fq

+ combinations of the above [12]
M = Ge; R = H, D, alkyl, Ph,

F, C1, Br, I, Me,(vinyl)

+ combinations of the above [12]

M’ = Sn; R = alkyl, Ph, Cl, Br, I

+ combinations of the above [12]
M° = Pb; R = alkyl, Ph, CeH,,. (12]

Note: For Si, Ge and Sn, structures of the type

known (12].

(b) R,M‘[Co(C0),],

R
R4z /R
MI

| CO
OC—Co®

| ~co

CO

R

M =Si; R=H ]

M’ = Ge; R = H, Me, Ph, Cl, I /M,;;

M = Sn; R - alkyl, Ph, Cl, Br, (CO)4Co l R
Co(CO),

I, CH,=CH, MeCO,, acac,

M’ Pb; R = Ph (12]

Note:

q Uﬂit

(R5M"),Co(CO)Cp are also

For Ge and Sn most species will also occur with mixed ligangs {12]



Table 1.1 continued

R
(c) RM’ [Co(CO),], Jq,
(COLC /12"‘(‘ C
M’ = Ge R =Cl, Br. Lo} o(CO),
e w34l Co(CO)y
M" = Sn R = H, alkyl, Ph, halogen. ([12].
(d) M° [Co(CO) ], Co(CO)y4
M’ = Ge, Sn, Pb. . [12] //51;2
(CO)4Co l Co(CO)y
Co(CO)y

Note: 1In each of (a), (b), (c) and (d), carbonyl groups on the Co(CO),

units may be replaced by ligands such as PPh;. [12]

(ii) Compounds containing a group 14 atom bridging a Co—Co bond

(a) R,;M’Co,(CO),

CoO

M = Si; R = Ph, Cl.
M’ = Ge; R = Me, Ph. OC™"¢
M’ = Sn; R = Acac + other

diketones, Me™. [12]

* R = Me is known but is unstable at 0°C.

(b) (RyM"),Co,(CO) .

M’ = Ge, Sn; R = Me. (12]

(c) RM'[Co(CO),][Co,(CO),]
M‘ = Ge; R = Me, (35, 36]
Ph, [37]
Br (38]

OoC

oC™" .
oC MRGMR,  CO

(CO):Co—/—

/co
\“ \\\/ 0 " l CO
MR, € CO
[12]
cO CcO

/

Co————C ......

\\\

Y

R Co(CO)q
\

- /I/,,/

Co(CO)a
CO



Table 1.1- continued

(CO)
Co
(d) [RM"Co(C0),],C0,(CO), Re. 7 1\ L Cotcoy
Ge Gc"
/\ / N
, («c
M = Ge; R = Me (31, 39] OCo Co R
(CO)
(e) M'[Co,(CO),], % (cox
y N .‘“\CO"'CO
ocC o \/
M’ = Si, Ge. [18] N7 N,
Co (COX

(COX

(iii) Compounds where a group 14 atom bridges a plane of cobalt atoms.

(a) RM‘Co,(C0),

M’ = Si; R = Me, CH,=CH "
(401 Ph,p-tol [41] Fe(C0),Cp [42] |
M’ = Ge; R = Ph, Me, halogen [12] M
Mn(CO)s, (28, 43]
Fe(C0) ,Cp,Ni(C0)Cp, (C0’3C5\_ —Co(CO)y
Cr(C0)4Cp, Mo(C0),Cp [44-46] Co(CO)3

Related species: RM'Ir;(C0)y M’ = Si, Ge; R = Me

Co(CO)s
(b) ((CO) ColM'[Co;(CO)4] M
M’ = Si, Ge [(48-50] (CONCo— 7C°(C0’-*
Co(CO)s

For a given number of cobalt atoms, the germanium structures are

interconvertible by CO loss, and in some cases by CO addition (equations

1.15 - 1.17)
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R.T.;CO

R ]
Me,Ge[Co(CO), ], R_?‘m?é(a) Me,GeCo, (CO),; + CO (1.15) [20, 51]

Addition

PhGe[Co(CO) 14 30,;§ PhGe[CO(CO)4][C02(CO)7] + CO

PhGe[Co(CO),](Co,(CO),] g§=g PhGeCo,(CO), + 2CO (1.16) (37, 44]

Ge[Co(CO) ], —gig Ge[Co,(CO),], + 2CO

Ge[Co,(CO),], ggiga Ge[Co(CO),][Co;(CO)4] + CO (1.17) (18(b), 34]
For the process of equation 1.17, it is interesting that no evidence for a
species such as [(CO);Co,]Ge[Co(CO),], has peen obtained. .

On the whole, the bridged species are formed in reactions involving a
germanium hydride and Co,(C0)g, while the non-bridged compounds are more
commonly produced, at least initially, in halide coupling reactions.

The RM’[Co(C0)][Co,(C0), p-X] clusters (X=CO, M'RCo(CO),) are an
extension of the R,M‘[Co,(CO), p-X] species (X=CO, M'R,) where an R
substituent has been replaced by a Co(CO), unit. [MeGeCo(CO),],Co,(CO),
(figure 1.1) was recently prepared by the reaction of FekCO)ﬁ(GeMeHz)z with
Co,(CO)s [31].

(CO)
Co

Me, \G A Co(COY
e

Ge
©cuco AN / e
Co
(CO)s

Figure 1.1

Analogous to M'(Co,(CO),1, (M’ ='Si, Ge) is M‘'[Fe(CO),], (M'" =5i,Ge,Sn
Pb) (figure 1.2) [12]. The fact that the larger group 14 atoms are
incorporated into this type of strucfure with iron, but not with cobalt,
presumably reflects the lack of bridging carbonyl groups across the Fe-Fe

bond, allowing a less compact structure.

(0C)4Fe
\ >r1' Leatt F\e(cm4

™~ Fe(COY

(OC)sFe
Figure 1.2
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The compounds containing a group 14 atom bridging a cobalt triangle are

directly analogous to the well established methyliqgne clusters (figure
1.3).

O

Figure 1.3

The carbon clusters are known for a wide range of substituents, R, and
are generally extremely stable towards thermal decomposition [52].

The group 14 derivatives may be considered as a subset of the class of
L.EM;(CO), clusters which are formed by a variety of main group and
transition metals [8]. Recent examples of these clusters include those
where M = Co [53], Fe [54, 55], Ru [56, 57], Os [58] and various mixed
transition metal clusters, often containing cobalt (41, 44-46, 59-78].

Important preparative routes to MCo, heterometallic clusters are by
reaction of R,M'ML, with Co,(CO)g [41] (equation 1.18) and direct metal
exchange of the organometallic fragment, ML,, with a Co(CO); moiety of
RM‘Co;(C0), [46] (equation 1.19).

RSiH,M(CO);Cp + Co,(CO0)y ——> RSi[M(CO),;Cpl(Co,(CO),]
RSi[M(CO);Cpl{Co,(CO);] —— RSiCo,M(CO)4Cp (1.18)
R = Me, Ph; M = Mo, W [41]

RGeCo,(CO), + (M(CO);Cpl, — RGeCo,M(CO)4Cp (1.19)
R = Me, Ph, 'Bu; M = Mo, W [46]

Multiple metal exchanges produce the mixed M,Co cluster (46]- (equation

1.20) and, in some cases, the homonuclear M; cluster [67] (equation 1.21).
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(BUGECO—_;MO(CO)GCD + [MQ(CO)3CD]2 _ tBUGeCOMOZ(CO)-,sz (1.20) [46]

RCCo;(CO)y + [Mo(CO)3Cp]l, —— RCMo,(CO)Cp, (1.21) [67]
R = Me, Ph, COOMe

The Co(CO); and ML, groups are isoelectronic and isolobal, both
providing three frontier orbitals and three electrons to the skeletal
framework of the cluster.

Metal exchange of RGeCo;(CO), has been achieved indirectly using
AsMe,M(CO),Cp [44] (equation 1.22), by addition (R = Me, Ph) or by ligand

substitution (R = 'Bu) with subsequent elimination of a Co-As fragment.

RGeCo,(CO), + AsMe,M(CO),Cp ——> RGeCo,(CO), [AsMe,M(CO),Cp],

RGeCo, (CO) , [AsMe,M(CO) ;Cp], —> RGeCo,M(CO)4Cp + AsMe,Co(CO),  (1.22)
(i) M =Mo; R=Me, Ph; n =9
(ii) M = Mo, W; R = tBu_; n 7 [44]

In case (ii), where R = 'Bu, a straightforward ligand substitution onto the
closed cluster occurred, while in (i), where R = Me, Ph, the cluster opened
out to RGe[Co(CO),]1[Co,(CO);] before metal exchange was observed.

In addition to these metal exchange reactions [46, 60, 67, 68, 73], EM,
clusters will undergo ligand substitution [44, 62, 72, 78] (equation 1.23)
and cluster opening via ligand addition [44, 59, 77] (equation 1.24)

tBuGeCo,(CO), + 2PPh; —— RGeCo,(CO),[PPh,], + 2C0 (1.23) [44]

R = Me, Ph, ‘Bu

It has been suggested that a cluster opening/closing sequence may be a

general pathway for ligand substitution of these clusters [77]; for example,

scheme 1.3.
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Me Me
P p
\\‘ "4, + L \‘/“CO \"‘.
(COxFe —|— WCp(CO) —» (COlxFe—|—WwCp(CO)
Co L\CO/CO
(CO) (Coy,
- CO
+L
Me
0 Me
o P
(COXFe— | — WCp(COY, & Cotcoxt
\ L(CO}Fe
Co
(ConL WCp(CO)2

(L = PMey)
(L = PMe,Ph, PMePh, ,PPhy)

Scheme 1.3 [77]

The reaction of PM; with M(CO),Cp (M = Co, Rh, Ir) [63, 73] results in
cluster expansion producing tetranuclear RPM, and pentanuclear”RPMg clusters
(equation 1.25). At low temperatures, and after short reaction times, the
tetranuclear clusters have been isolated as intermediates, undergoing

further reaction to the pentanuclear clusters.

R R
p Cp(CO)Rh—~——p C ﬁ
R S Cp(COXRN & . P
(COX%M — M7 (CO) (CORM — | —M"(CO) . /
\ / \ / CDRTT'. S M'(COX
M M N /
(COX (COX M (1.25) [63]
(COX

1.3.2. Compounds Containing More Than Four Cobalt Atoms.

Other than carbido complexes, there are only a limited number of higher
nuclearity group l4-cobalt carbonyl clusters, which may be subdivided into

four structural classes as in table 1.2.



Table 1.2 Group 14- cobalt carbon

cobalt atoms.

(1) Extended chain clusters of linked triangles.

(ii) Compounds

(Me ,Ge)GeCo, (CO) , 4
(MeHGe )GeCo, (CO) , ,
{[(CO) 4C0Hg]G8CO4 (CO) 13 } -

Ge,Co4 (CO) 4,
Ge,Fe,Co,(CO),,
Si,C04(CO),,

(Me ,Ge) ,Ge,Co( (CO), 4
(Me ;Ge) ,Ge,Fe,Co, (CO), 4

Ge3C03 (CO)2 6

incorporating the M'Co, tetrahedron.

{[(C0)4Coy1Ge[Co,(CO),]1}"
{[(CO)4Co;1Ge[Co,(CO),,1}"

{[(CO) 4Co;3Ge],Co(CO),]1"

{[(C0) 4Co3Gel[(CO), Fe,CoGe]Co(CO) 4}~

(iii) Closo-hexanuclear clusters (RM'),[Co,(C0),,].

(MeSi),Co,4(C0),,
[(CO)4Co0Si],Co,(CO),,

(MeGe) ,Co0,4(CO),,

(PhGe) ,Co4(CO) ,,

(*BuGe) ,Co,4(CO),,

[(CO) ,CoGel,Co,(CO),,
(RGe) [(CO) 4CoGe]Co,(CO),
(R = Me, Et, Mn(CO)q)

(iv) Compounds with interstitial M'.

These compounds are divided into the above structural classes for

[ng - SiCoy(CO),,12"

discussion in the following sections.

1.3.2.1. Extended chain clusters.

These extended chain clusters are built up from successive M’'Co,

¥l compounds containing more than four

reference

20,
20
28,

19,
22,
81
20
82

79
80

20, 21
31

20-23

28,

28,
85

82
81,

20,

45,
19,

89,

29
84
83

86

87
88
88
20, 39

90

14

triangles and are the higher homologues of R,M’[Co,(CO)4u-X] (X=CO, Me,M')

and M'[C02(C0)7]2 (table 1.1)

They are generally prepared by the reaction
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of a group 14 polyhvdride with Co,(CO)g or by the reaction of a substituted
group 14 hydride with an existing open chain cluster.

The reaction of Me,GeH, with GeCo,(CO),, produced (Me ,Ge)GeCo ( (CO) 4 4
where a GeMe, group had replaced one bridging carbonyl group of the starting
cluster [20,79]}. This resulted in a chain of three GeCo, triangles as

depicted in figure 1.4.

Me
(CO)
/CO\ (((::0)5 Ge\x Proposed structure of
o o CO /// (MeXGe )GeCo  (CO) ; 5
‘\ X = Me, H (20]
(CO)
Figure 1.4

(MeHGe)GeCo,(C0),; (figure 1.4) was produced in the similar reaction of
MeGeH, with GeCo,(C0),, [201].

The reactions of Me,GeH, and Me,SiH, with SiCo((CO), 4 produced mainly
Si[Co(C0)(]1[Co;(CO),], althoﬁgh there was limited spectroscopic evidence for
the formation of (Me,Ge)SiCo,(CO);; and (Me,Si)SiCo,(C0);; respectively
[89].

A somewhat differen£ member of this class is {[(CO),CoHglGeCo,(CO) 3}~
(figure 1.5). This anion was found as a product in the reaction of Gel,
with a solution of NaCo(CO), in which traces of finely suspended mercury
amalgam were present [28, 80]. This is still the only example of a

mercury bridged Co-Co bond

Structure of
{[(CO) ,CoHg]GeCo,(CO) 4}~
(80]

Figure 1.5

Ge,Co4(C0),, was reported as the major product of the reaction of Ge,H,
with Co,(C0)g [19, 20, 21]. It was also produced in virtually quantitative
yield by the reaction of Me,Si(GeH;), with Co,(CO)g (19, 20] and in very low
yields in the reaction of GeH, with GeCo,(CO), [19, 20, 21]. Most



16

recently it was observed as a product in the reaction of Ge,HsCo(CO), with
Co,(CO)g [39]. It was proposed that the structure is that of four GeCo,
triangles (figure 1.6), based on the similarities of its spectroscopic

properties with those of the crystallographically characterised GeCo4(CO), 4
[18(b)] and Ge;Cog(CO),, [22, 23].

4 CO
(0C)3C0 \\

(COX \ __—~Co(COo)

Co (Co)s  Ge
/ \ & CO “‘/ Proposed structure

ocC Ge ~ ‘of Ge,Cog(CO),, [19,20]

\ / Co

(CO)

Figure 1.6

Ge,Co4(C0) ;o underwent decarbonylation at 50°C to quantitatively
produce Ge,Co¢(CO0),, [19, 20, 21] which will be discussed in section
1.3.2.3. A brief study of the reaction of Ge2Co;(CO)20 with Me,GeH,
suggested the major product to be (Me,Ge),Ge,Co4(C0O),g (figure 1.7) where
the two bridging carbonyl groups of Ge,Co,(CO),, had been replaced by Me,Ge

units, resulting in a chain of six GeCo, triangles [20].

(OCKE A GelMey
0CxhCo \\
(COXs /Co(COk
/CO\ (CO);’S.. Ge Proposed structure
Co "
a of (Me2ce)2cezco6(co)18
MeyGe Ge /
€2 ‘\\\>\ [20]
\ / Co
Co (COo)
(CO)
Figure 1.7

Closely related to Ge,Co4(CO),, is Ge,Fe,Co,(CO),,, produced in the
reaction of [Fe(CO),GeH,], with Co,(CO)g [22, 31]. Its structure has been
determined crystallographically and contains a Fe,(CO), moiety bridged by
two Ge[Co,(C0),] units and one carbonyl group (figure 1.8). It is the
analogue of Ge,Co¢(C0),, where the central Co,(CO)¢ unit has been replaced

by a Fe,(CO), group. The GeFe, and GeCo, units are asymmetric, as are the
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carbonyl groups that bridge the Co-Co bonds. The: Fe,(n—-CO) arrangement is

more nearly symmetrical [(31].

Structure of
Ge,Fe,Co4(CO),,
{22, 31]

Figure 1.8

Closely related to both Ge,Co4(CO),, and Ge,Fe,Co (C0),, is
Sb,Fe¢(CO),5. This has been prepared by two alternative routes, each
giving crystal structures with the same molecular structure of four SbFe,
triangles [75, 91] (figure 1.9) despite being determined in different space

groups.

Structure of
Sb,Fe((CO),,
(75, 911

Figure 1.9

More recently two further isoelectronic species, Ge,Fe (C0),; and
Sn,Fe((CO),;, were prepared by the reaction of GeH; or SnH, respectively
with Fe,(CO), at 68°C [82]. The crystal structure of each of these species
has been determined and these, again, comprise four M'Fe, triangles, linked
by M’ apices and Fe, edges [82].

Si,Co¢(CO),, is probably first formed in the reaction of Si,Hq with
Co,(C0)g, but readily decarbonylates to Si,Co4(CO),, (section 1.3.2.3.) and
a pure sample has not yet been obtained {(81].

Ge;Cog(C0),¢ was found as the major product of the reactions of Ge;Hg

or MeSi(GeH;); with Co,(CO)g [20-23]. It was also observed as a minor
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product in the reaction of GeH, or Ge,H, with Co,(CO), (20, 21, 23] and in
the reaction of Ge,H, with GeCo,(CO),, [23].

Structure of
Ge3C03 (CO) 26
(22, 23]

Figure 1.10

This cluster, shown in figure 1.10., possesses a catenated structure in
which GeCo,(CO); units bridge either end of a central GeCo,(C0),, unit [22,
23]. Within the crystal, the central germanium is on a two fold axis so
that half of the molecule is unique. The six GeCo, triangles are
asymmetric, as are the bridging carbonyls which are displaced towards the
cobalt atom with the longest Ge-Co bond [22, 23]. The bond lengths of the
inner GeCo4 unit are listed in table 1.3, together with the related bonds of

some other molecules comprising GeCo, triangles.

Table 1.3 1Inner GeCo, unit bond lengths of Ge;Cog(CO),, [22, 23],
GeCo,(C0),, [18(b)] and {[(CO),CoHg]GeCo, (CO),5}~ [80].

Ge;Cog(CO) 56 GeCo,(C0), 4 {{(C0O) (CoHg]GeCo((CO) 3}~
(Ge; on 2-fold axis)

Co,-Co, 2.664 2.565 2.536

Co;-Co, 2.565 2.751 (bridged by
HgCo(CO), unit)

Ge-Co, 2.361 2.38 2.432

Ge-Co, 2.393 2.34 2.397

Ge-Co, 2.34 2.317

Ge-Co, 2.39 2.325

From table 1.3 it is clear that the introduction of a larger bridging
group across the Co-Co bonds of the GeCo (CO),, central unit of this series
of molecules, results in the enlargement of all bonds of the GeCo,
triangles.

On heating to 60°C, Ge;Cog(C0),, broke up and the compounds GeCo,(CO) 3
and Ge,Co4(CO),s were obtained in approximately 25% and 5% yields
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respectively, together with an insoluble residue [21]. Similarly, reaction
of Ge;Coq(CO),, with Me,GeH, was suggested to result in the breakdown of the
cluster into Ge and Ge, units providing (Me ,Ge)GeCo,((CO),, and

(Me,Ge) ,Ge,Co, (CO), 4 among the products [23].

The only other extensive series of neutral clusters comprising chains
of linked triangles are the loosely related polynuclear metal comp lexes
described by Stone et al. [92]. In these compounds Pt-W, Pt-Mo or Ni-W
bonds are held together by bridging alkylidyne groups and up to seven metal
atoms may be found in a chain. The general form of these species is

depicted in figure 1.11.

uochﬂg\\M///g\\‘(/jgfki\F(//ﬁa
// \\w \\\o// \\WmOBL

(co),L R

RC

Figure 1.11 [92(b)]

These differ from the group 1l4-cobalt carbonyl chains of linked
triangles since the metal atoms of the spine are co-planar rather than
having a spiro arrangement.

Finally, a recent publication [157] has reported the preparation of
three anionic thallium-iron éarbonyl clusters, [Et N],[(Tl,Fe (CO),;¢l,
(Et(N],[T1,Feg(CO);4] and [EtN]JilsFelo(CO)36]. These all contain a
central planar Tl,Fe, parallelogram with the thallium atoms also bonded to
either terminal Fe(CO), units or bridging (CO)sFe,TlFe(CO), or
(CO) (Fe,T1,[Fe(CO) ], units. The ﬁetai core of the three anions are shown

in figure 1.12.

-
D)

O@20e

Metal frameworks of (a) [T1,Fe (C0);¢]?7; (b) [TLFeq(C0)30]1*" and (c)
[TL,Fe,o(CO);¢1¢". Carbonyl ligands omitted for clarity [157].
Figure 1.12
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1.3.2.2. Compounds incorporating the M'Co,; tetrahedron.

These compounds, where the M'Co; trigonal pyramid is contained within
the structure, are all anionic species and have been produced either by the
reaction of a transition metal carbonyl anion with an existing group 14
cobalt carbonyl cluster, or by the reaction of an anionic cluster with
Co,(CO)g.

[GeCog(CO),¢]” is produced in the reaction of Et4N@o(C0)ﬂ with
GeCo,(CO),¢, GeCo,(CO),, or GeCo,(CO),;; [28, 29]. The structure of this
anion is shown in figure 1.13 and consists of a central germanium atom
bridging both a Co,(CO); unit and a Co;(CO), triangle. This is still a

unique structure for a five-coordinate germanium.

Structure of
[GeCoS (CO) 16 ] -
[28, 29]

Figure 1.13

The reaction of [Co(CO),]” with GeCo,(CO),¢ or GeCo,(CO),4 required
heatiﬁg to proceed, and it was indicated that initial formation of
GeCo,(CO),; (by decarbonylation of GeCo,(CO),, or GeCo,(CO),;,) was necessary
before reaction with [Co(CO) ] would take place.

[GeCos(CO), 4]  reacted with Co,(CO), to produce [Ge,Co,(CO),q1" [83,
84] while [GeCo,(CO),,]” was formed by recrystallisation of a sample of
[(GeCos(CO) 6] which had been stored at -30°C for several months [84]. A

scheme has been proposed to account for their formation (83, 84] (equation

1.26).



(GeCos (CO), (I~ —— [(GeCo,(CO)4]" + Co,(CO),, + [Col(CO)4]"
[(GeCo;(CO)g]~ + GelCo(CO),](Co,(CO)y] —— [Ge,Co,(CO),,]"
[GeCo;(CO)q]" + Co,(CO)y; —— [GeCo,(CO),q0]"

(1.26) [83, 84]

The structure of [Ge,Co,(CO),;]” is shown in figure 1.14. It consists
of two equivalent GeCo,(CO)y groups bonded through the Ge atoms to a planar
Co(CO); moiety in a mutually trans configuration. The GeCo,; groups are
staggered with respect to each other and the carbonyl groups of the central
Co(CO); moiety lie above the Co atoms of one cluster unit but point between

the Co atoms of the other [83, 84].

Structure of
[Ge2C07(C0)21]-
(83, 84]

Figure 1.14

The structure of [GeCo,(CO),,]  [83] is shown in figure 1.15. This
may be regarded as a derivative of the C;, form of Co,(CO),, with one
terminal carbonyl.group displaced by the [GeCo,;(CO)4]™ unit. The metal
core consists, therefore, of two individual tetrahedra, GeCo,; and Co,,
connected by a Ge-Co bond. A similar core has been reported for

(Irg(CO),,12" (12] and a neutral arsenic analogue is also known [93].
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Structure of
[GeCo,(CO) 441"
[(83]

Figure 1.15

The final cluster of this group is [Ge,Fe,Cos(C0),,]~ which was
produced in the reaction of (Et N)[Fe,(C0)¢l with GeCo((C0),, [85]. This is
analogous to [Ge,Co;(C0),;]~ where a Co,(C0)¢ group of one GeCos tetrahedron
has been replaced by a Fe,(C0), moiety. This, again; has been studied
crystallographically, and the structure is shown in figure 1.16 [85].

Structure of
[Ge2F82C05 (Co) 22 ] -
(85]

O Figure 1.16

Also appropriate to this category is the recently prepared géoup of
tin-cobalt carbonyl anions which are of the form {[R;Sn],Co(C0),;}~ (94, 95].
In particular the compound {[(CO),Co];Sn],Co(C0);}" (figure 1.17) is the
open analogue of {Ge;Co;(C0),,}” where the large tin atoms prevent closure

to the M‘Co; tetrahedra.



(CO)Co

Co(COY

Sn

-
- R
~

(COXCo™ “Co(COY

Co(CO)

Figure 1.17

Proposed structure of
{([(C0)4Co]3Sn),Co(CO),}"
[94]
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The other members of this series comprise {(ClSn[Co(CO),],),Co(CO),;}",
{[C1,SnCo(CO)4]1,Co(CO)3}~ and {[Cl;Sn],Co(CO);}" which have all been

structurally characterised

[94].

They were first prepared by the

reactions of bis or tris(pyrazolyl-1)borate ([H,B(pz),]1” and [HB(pz);]l-
respectively where pz = pyrazolyl, C;H;N,) with the appropriate tin-cobalt

carbonyl species [94, 95], for example equation 1.27.

[(HB(pz),]~

+ ClSn[CO(C0)4]3

+

_— {(ClSn[Co(COh]2)2C0(C0)3}’

{[HB(pz)3;]1,Co}* + CO
(1.27)

It has recently been found that these anions may be more easily

produced by reaction of [Cl;Sn]~ with an appropriate tin-cobalt carbonyl

starting material [94].

[Cl;Sn]~ + Cl3SnCo(CO0)y ——> {[Cl;3Sn],Co(CO),4}" + CO

1.3.2.3.

-

Closo-hexanuclear clusters.

For example, equation 1.28.

(1.28)

The closo-hexanuclear clusters, (RM’),Co,(C0),,, consist of a

(95]

[94]

quadrilateral plane of four cobalt atoms capped on each side by a quadruply

bridging M'R group.

This results in an irregular square bipyramidal core.

Each of the core cobalts carries two terminal carbonyl ligands, while the

remaining three carbonyl groups are bridging, each in a different manner.
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These clusters are often prepared by the reaction of a group 14
polyhydride with Co,{(CO)g, or by decarbonylation and rearrangement of an
existing open chain cluster. Preparations involving the reaction of RGeCl,
species with KCo(CO), have also been reported {45, 88] although in these
cases the clusters are produced in very low yield.

(MeGe) ,Co0,(C0O),, was produced by decarbonylation of
[MeGeCo(CO) ,],Co,(CO), (82] and was found in the reaction of MeGeH; with
GeCo,(CO),, [20]. The latter system provided the cluster in low yield and
its formation from this system was very difficult to rationalise. This 1is
considered in some detail in Chapter 3. Other alkyl clusters,

(RGe) ,Co0,(C0);; (R = Ph, 'Bu) have been prepared in low yields by the
reaction of RGeX; with KCo(CO), [45, 88].

(MeGe) ,Co,(C0),, has the structure shown in figure 1.18 (20, 87].  The

molecule possesses a crystallographic plane of symmetry which passes through

the two germanium atoms, the methyl carbons and the bridging carbonyl.

Structure of

(MeM' )2CO4(G)) 11
M’ = Ge (20, 87]
Si [82]

Figure 1.18

Fe(C0) ((GeH,Me), was found to react with Co,(CO)g to form
(MeGeCo(CO) (]1,Co0,(C0)¢ (31] which subsequently decarbonylated to
(MeGe52Co,(CO)1, (82]. ~(MeSi)2Co.(C05,, was produced by the corresponding
reaction of Fe(CO),(SiH,Me), with Co,(CO)s (82]. These processes are

depicted in scheme 1.4.
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(CO)
Co
Coy(COoy Moo 7|\~ Cotcoy
Fe(CONMT I Me), —— T =y
e \ / \ <+ COo - 2,
(COLCO Co e . f'c(COL
(COX

(a)
- 3Co

e

Sy T -,
(COX%Co., _\'Lc (CO),
[/ \ Lto

{COX%Co —————Co(Co),
N
l

e

1 = S{, Ge

(a) Not observed for M = Si, but assumed to be an intermediate since the

reaction process otherwise parallels the analogous germanium system.
Scheme 1.4 [31, 82]

Ge,Co¢(00),4 was produced by the decarbonylation of Ge,Co(C0),, [19,
20]. Its structure (figure 1.19) comprises a terminal Co(CO), unit
attached to each germanidm atom, which also bridges a central plane of four

cobalt atoms lying on a crystallographic plane of symmetry.

Structure of
{{(C0)ColM"},Co,(CO),,
M'=Si (81, 86]
Ge [19, 20]

Figure 1.19
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S1,C0,(CO), 4 (tTigure 1.19) is closely related to the germanium analogue
although the smaller silicon atom produces a more compact cluster [81, 86]
(see table 1.4). This was obtained from the reaction of Si,H with
Co,(C0O)g, however it differs from the equivalent Ge,H, reaction since the
open chain precursor, Si,Co,(CO),,, has never been isolatea [81]. This is
the first known compound incorporating five Si-M bonds.

Several closo-hexanuclear clusters of the form (RGe)(R'Ge)Co,(CO),,
(R=Co(CO),; R'=Me, Et, Mn(CO)s, Co(CO),) have recently been prepared by the
reaction of R‘Ge,H; with Co,(C0) [39]. In general, the open chain
precursor was also observed among the reaction products, but this readily
decarbonylated to the closo-hexanuclear form. The structure shown in
figure 1.20 is based on that obtained for (MeGe)[(CO) ,CoGe]Co (CO),, (32].
Molecular structures have not been determined for the other clusters, but

spectroscopic evidence suggests they are of the same form.

Sfructure of
(R‘Ge) [(CO) (CoGe]Co,(CO)
(32]

Figure 1.20

Also recently prepared, by a similar route, was the cluster
((CO) ,CoSi][Cp(CO),FeSilCo,(CO),, (156].

Table 1.4 shows selected bond lehgths of the M',Co, core of some of the
above clusters, including those to the bridging carbonyl groups which are

designated as shown in figure 1.21.
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Co Co
3
g7 @ N
€ Cs2 o
. e Designation of Co-C bonds
\
\\ I/I as applicable to table 1.4.
Coq Co,
Cs1
Figure 1.21

Table 1.4 Selected bond lengths of the M;Co, core of some (R,M‘),Co (CO),,

clusters.
[(CO)4COSi]2CO((CO)11 [(CO)‘COGe]2C04(CO)11 [MeGe]2CO4(CO)11
[81, 86] [19,20] [20,87]
(mirror plane through (mirror plane through (mirror plane through
Co, atoms Co, atoms) two Ge’'s, methyl C’s and
bridging CO)
Si—Coy 2.330 (2) Ge-Coy 2.406 (4) Ge;—Co, 2.393 (2)
Si—Co, 2.351 (2) Ge—CO, 2.423 (4) Ge ;—Co, 2.381 (2)
Si—Co, 2.360 (2) Ge-Co, 2.434 (5) Ge,—Co, 2.399 (2)
Si—Co, 2.308 (2) Ge—Co( 2.390 (5) Ge,—Co, 2.385 (2)
Co,—Co, 2.623 (2) Co,—Co, 2.671 (7) Co,—Co, 2.693 (2)
Co,-Co, 2.653 (2) Co,—Co, 2.693 (8) Co,-Co, 2.721 (2)
Co,-Co, 2.696 (2) Co;—Coy, 2.735 (8) Co,-Co; 2.580 (2)
Co,—Co, 2.569 (2) Co4—Co, 2.604 (7)
Col_CBl 1.97 (l) COI_CBI 1.95 (4) COI_CBI 1.92 (1)
Co,—Cpg4 1.86 (1) Co—Cgy 1.94 (4)
COI_CBZ 2029 (1) COI—CB2 2.39 (4) COl-C52 1-77 (l)
Co,-Cp, 1.78 (1) Co,—Cg, 1.70 (4) Co,—Cg, 2.53 (1)
Co,-Cgq4 1.77 (1) Co;-Cyg4 1.§6 (5)
Co—Cg; 2.63 (1) Co,—Cpg; 2.61 (4)
Average Average Average
CO_CTerminzl 1.81 CO_CTerminal 1.73 Co-CTermlnal 1.81

These data show that in each case there is one formal bridging carbonyl
ligand across Co;—Co,, and two semi bridging carbonyl groups on the adjacent
Co—-Co bonds. The M'-Co bond lengths are reasonably close in each molecule.
Since the thermal parameters are fairly high for these atoms, particularly

in the silicon case, it is expected that the molecules undergo quite
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extensive vibration and these slight bond differences are not, in fact,

significant.

There are numerous clusters containing this square bipyramidal E,M,
core (M = transition metal, E = SiR, GeR, PR, AsR, S, Te) (see table 1.5)
which indicates this as a very favourable structure. The electronic
structure of this type of cluster has been analysed by Halet et al. [96].
It is shown that while the expected number of skeletal electron pairs (SEP)
for an octahedral cluster is seven, for this type either seven or eight SEP
will provide similar stability. An alternative opinion suggests that those
clusters containing 7 SEP are unsaturated species. For example, the
clusters (RP),Fe (C0),, [98] are two electrons short according to the
eighteen electron rule. It is thus proposed that these are unsaturated,
and since no formal double bond is observed (no significant difference was
found in the Fe-Fe bond lengths) it is suggested that a delocalised 2«
situation exists in the planar tetrairon ring [98]. In any event, this
situation allows facile redox changes and reversible binding of CO, both of
which are observed for several of these clusters. For example,
(PhP) ,RhFe; (C0O)g(CsMes) reversibly binds CO to form (PhP),RhFe;(CO)g4(CgMes)
[97]. (PhP),RhFe, (C0)4(CsMes) undergoes a pair of one-electron reversible
reductions producing successively an anion and a dianion, while
(PhP) ,RhFe,(C0O) 4 (CsMes) undergoes a pair of one electron reversible
oxidations producing successively a cation and a dication. The dication is
isoelectronic with (PhP),RhFe,;(CO)¢(CsMes) while the dianion is isoeletronic

with (PhP),RhFe;(CO)4(CgMes).

Table 1.5 Compounds possessing an E,M; core.

Reference
E = Si M = Co
(RSi)zCO,;(CO)ll R = Me- 82
Co(CO), 81, 86
E = Ge M = Co
(RGe) ,Co04(CO) 4, R = Me, Co(CO), 19, 20, 87
Ph, !'Bu 45, 88
mixed terminal
[(CO),CoGe](RGe)Co,(CO);; R = Me, Et, Mn(CO), 39
mixed metal
(tBuGe) ,Co;(CO)g.ML, ML, = MoCp(CO),,NiCp 45, 88

(tBuGe) ,Co, (CO)s[NiCpl, 45, 88
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Table 1.5 continued

E =P M = Co
(RP),Co0,4(CO) 4, R = Ph 99-102
BuO, EtN 99
C¢H,/Si0, 103
(PhP),C04(CO) ;- 4L, n=1-41L = P(OMe), 104, 105
n =1,2 L = PPh, 101, 105
n=1 L =H, NCMe,
PEt, 102, 105
(PhP) ,Co,4(CO) 4L L = Ph,PCH,PPh, 106
Ph,P(CH, ) ,PPh, 105, 106
Ph,PCH=CHPPh, 106
F,PNMePF, 107
M = Fe
(RP) ,Fe, (CO),, R = Me, Ph, 'Bu, p-ToL 98, 108, 109
(RP) ,Fe (CO);,_,Ln R = Ph, !Bu, p-TolL,
nl,2 L =CO, P(OMe),,
tBuNC 109, 110
(RP),Fe,(CO),, R = Me, Ph, 'Bu, p-ToL 98, 108, 109,
111 :
(RP),Fe (CO);4-4L, R = Ph, 'Bu, p-Tol
n=1,4 L = CO,P(OMe),,
tBuNC 109, 110
M = Rh
(PhP),Rh,(COD), 112
M = Ru
(PhP) ,Ru, (CO),, 113
Mixed metal
(RP)2F62C02(CO)11 R = Me, Ph 109, 114
(PhP) ,Fe,Co, (CO),,L L = H, CHO™, CH;CHO" 115
(MeP) ,Fe,CoNiCp(CO)g4 116
(PhP) ,Rh(CsMeg )Fe; (CO), n = 8,9 97
E = As M = Co
(PhAs) ,Co4(CO) 4,4 102
E=P,S M = Co
(RP) (S)Co,4(CO) 4, 117
E =S M = Co
SZCO4(CO)10 118y 119
M = Ru
S,Ru, (CO) 4, 120
S,Ru4 (CO) q1-nlin n = 0-2 L = PMe,Ph 120
(PhMe,PS) (S)Ru, (CO) 4 (PMe,Ph), 121
Mixed metal
S,Fe,Co0,(CO), 114
E = Te M = Co
T62C04(C0)1o 100
E = Bi M = Ru
BizRth(CO)]z 122

Note: Also known are PM; species (M = Ru, Os) which may be considered as a
halfway point between these E,M, clusters and octahedral M; species [123].
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Important reactions of these E,M{ clusters are ligand substitution
(104-106, 110, 120, 124} and cluster opening by ligand addition (107, 124].
Little work has been carried out on the chemistry of the group l4-cobalt
carbonyl clusters of this type as yet, however this is likely to be similar
to the other E,M, species, particularly the relatively straightforward
ligand substitutions.

Carbonyl substitution on these clusters by ligands such as phosphines,
phosphites and isocyanides may be achieved by thermal or ultraviolet means
or by electronic pathways such as electron transfer catalysis. Multiple
substitutions of monofunctional ligands occur sequentially on separate metal

centres. For example, equation 1.29.

(PhP) ,Co0,(CO),, + nP(OMe); — (PhP) ,Co,(CO)o_,[P(OMe),], + nCO
(1.29) (104}

Figure 1.22 shows the tetrakis product (PhP),Co(CO)[P(OMe);], [104].
)

(7!

l
<04P e foud
oC o/ E{!—PM
o-c1/ Se—o
Lantta \"o—lL———JL O{:;o
TN,

Figure 1.22 [104]

Here the syn/syn/anti/anti stereochemistry of- the phosphite ligands is
clear.

As stated earlier the clusters (RP),Fe,(CO);; (R = 'Bu, Ph, p-Tol) are
considered as unsaturated species. $upport for this proposal was obtained
by the facile addition of one ligand L, to thése clusters (L = CO, P(OMe),,
‘BuNC) forming (RP),Fe,(C0),,L (109, 110]. The new cluster then readily
underwent carbonyl substitution, and reversion to the unsaturated form could

then be achieved by CO elimination under vacuum [109, 110]. This process

is depicted in scheme 1.5.
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(cogrc/ \rc<c0), . L(CO)II/\I'C(COB =co L(CO),re/ \Fc(CO)z

(Coxfe -' Fc(CO)1 (CO)Fe ._ Fc(c% (COXFe -_ > rc(cob

Scheme 1.5. [109, 110]

Bis substitution of these clusters generally led to only the
unsaturated products which was most easily explained by the relatively
strain free arrangement of the ligands in this form [110].

Related to these iron clusters are the Su‘lfidoruthenium species
prepared from S,Ru (Q0) ;. Theseunderwent facile thermal ligand
substitution on reaction with PMe,Ph and both the mono- and disubstituted
derivatives were obtained [120] (equation 1.30). Although these clusters
are also formally electfon deficient no ligand adducts were observed as

intermediates during these processes [120].

Nﬂq? NﬂQ? s
(co),au- = -—RU(CO)z erieen (CO)zRu. i _Ru(CO)l PliePh ‘“km/— —““‘C°’z
\[Xxo 5
(CO);Ru -, Ru(CO (CO);R« Ru(coz, (co;,a au(CO)
S S s Pﬂezp"

(1.30) (120]

(PhP),Ru,(C0),; was .found to readily and reversibly add carbon
monoxide. However, in contrast to the analogous iron cluster, the product
of CO addition involved a rearrangement of the cluster framework to afford

the tridecacarbonyl derivative Ru,(u;-PPh),(C0),, (figure 1.23) (125])

Figure 1.23 [125]

Where a difunctional ligand was employed, such as Ph,P(CH,).PPh,, this
was observed to either bridge a pair of adjacent cobalt atoms or chelate a

single cobalt atom depending on the length of the carbon backbone [106].

Examples of this are shown in scheme 1.6.
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Scheme 1.6 [106]

(PhP),Co(C0O) ;¢ was found to react readily with the difuﬁctional
fluorophosphine (F,P),NMe to produce the tetrakis product shown in figure
1.24 [(107]. - This was éhe only product observed even where less than one
molar equivalent of the ligand was used. However - the monosubstituted
species, (PhP),Co,(CO)g[(F,P),NMe], was obtained from substitution of the
electrogenerated anion [(PhP),Co,(C0),¢]" (107] which formed during an

electron transfer catalysed reaction.
“e - M
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Figure 1.24 (107]

From figure 1.24 it is clear that the substitution of (PhP),Co,(C0O),
by four (F,P),NMe ligands resulted in scission of one Co-Co bond. This was

attributed to the number of ancillary two electron donor ligands being

eleven, one more than in the parent cluster. The coordination of the extra

donor ligand provided the extra skeletal electron pair necessary for the

observed polyhedral expansion {107].
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Reaction of (PhP) ;Ru,(CO),, with acetylene under ambient conditions led

to the insertion of the acetylene into the skeletal framework resulting in

the formation of Ruy(4(=PPh)(n =n®) - P(PR)CHCH](CO),, (126] (figure 1.25).

Carbonyls omitted
for clarity

Figure 1.25 [125]

(PthzFeICoz(CO)ll was observed to undergo nucleophilic addition of Me-—
Li* and Et;BH™. This resulted in the clusters ((PhP),Fe,Co,(CO),,(CO)CH, 1"
and [(PhP),Fe,Co,(00),,CHO]" respectively [115]. As shown in figure 1.26,
the latter will readily lose CO to form the g,~hydride
{ (PhP) ,Fe,Co,(CO),oH]~ [115].

(PhP);Fe;Co,(C0);; + Et;BH™ —— [(PhP),Fe,Co;(C0);oCHO]™ (I)

[ (PhP) ;Fe,Co,(C0) ¢CHOI= =25 [(PhP),Fe,Co,(00), H]l~ (II)

en (i}
l l
o © Q
o‘é‘:‘p‘_/f-ﬁc{-co LN ZANN
\ A0 /‘\ /734
OC—Fe Z ;Y? x—c——1<——44§;;
&ﬂ'\\l%4}’¥ “ ég“\\\ﬁéQ/ o.co0

(1) (11)
Figure 1.26 (115]

Although studies of the chemistry of (RM'),Co,(CO),, clusters (M’ = Si,
Ge) have been minimal so far, the above observations indicate the

fascinating range of products which may be anticipated.

1.3.2.4. Compounds with interstitial M’

Although carbido clusters are well established, until recently the only
known compound incorporating an interstitial M’ into its structure was the
paramagnetic anion [gg—SiCo,.(C0),,]2" (figure 1.27). This compound was
formed in the reaction of SiCo,(C0),, with Et\N[o(C0)J (89, 90]. This
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product is entirely different from that obtained in the analogous reaction
of GeCo((CO),, with Et N[Co(CO),], which produced (GeCog(CO) ;1"
(28, 291 (figure 1.13). This, again, reflects how the products obtained

are dependent on the size of the group 14 atom involved (see section 1.3.1).

Structure of
[‘La_SiC09(CO) 21 ] 2-
(89, 90]

Figure 1.27

The structure of [pxg-SiCos(C0),,]?" (figure 1.27) is thaf of a capped
tetragonal antiprismatic array of cobalt atoms where the silicon atom
occupies the cavity within the antiprism (89, 90]. Other known structures
of this type include [Rhy(CO),,P]2" [127] in which the phosphorus atom is
surrounded by a capped cubic antiprism of rhodium atoms, and [Cog(CO),gC]2"~
(128] where the carbon atom is encapsulated in a tetragonal antiprismatic
structure of cobalt atoms.

It has recently been reported [158] that the reaction of GeCl, with
[Nig(CO),,]1%" provides either [GeNil;(CO)zzlz' or [GeNi,q(C0),,]1%" depending
on the reaction ratio employed. In both compounds the molecular structure
is based on a Ge-centred icosahedral packing‘of metal atoms. An analogous

structure is also found for the related tin compound [SnNi,,(C0),,]2" [159].
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1.4. Instrumental techniques for the analysis of group 14-cobalt carbonyl

compounds.
1.4.1. Carbonyl Region Infrared Spectroscopy.

Carbony! region infrared spectroscopy is a valuable tool for the
analysis of these compounds. For simplicity, this discussion is divided
into structural categories of molecules containing all terminal Co(CO),
units, those where a group 14 atom bridges a Co-Co bond, and those where a

group 14 atom bridges a plane of cobalt atoms.

1.4.1.1. Carbonyl region infrared spectroscopy of molecules comprising all

terminal Co(CO), units.

In the analysis of these simple species carbonyl region infrared
spectroscopy is a powerful aid. For compounds of the type R3M‘Co(CO), with
C,, symmetry, 2a,te carbonyl stretching modes-are predicted, and generally
observed. Replacing M’ by a heavier group 14 atom tends to shift bands by
1-2 cm™! to lower frequency [34]. The replacement of substiiuents by less
electronegative groups also leads to a downward shift of bands, usually more
marked than for M‘ exchange [34]. Unsymmetrically substituted X;YM'CO(CO)4
compounds are of C, symmetry. Splitting of the e mode of C;, to a’ + a" is
often reflected by the appearance of an extra band [20]. Table 1.6 lists

the carbonyl region infrared spectra of three examples.

Table 1.6 Carbonyl region infrared -spectra of some R;M‘Co(CO), compounds.

Me;SnCo(CO), [129] Me ;GeCo(CO), [129] MeGeH,Co(C0O), [35]
2099 m 2101l m 2106 m a’
2028 w-m 2030 m 2046 m-s a’
2001 vs 2004 vs 2017 vs } a‘+a”
2012 s}

All recorded as gases (em-").

The bis-cobalt species, R,M'[Co(CO),],, with both substituents the
same, are of C,, symmetry with 3a; + 3b; + b, infrared active modés
predicted for the carbonyl region. All of these are usually observed.
When the substituents differ the symmetry is reduced to C, with 4a‘ + 4a”

vibrations predicted (20]. Table 1.7 gives examples of the carbonyl region

infrared spectra of these types of molecules.
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Table 1.7. Carbonyl region infrared data for two R,M‘{Co(CO),], species.(em™').

Me,GelCo(CO) 1, (20] MeC1Ge[Co(CO), ], [35]
2098 w 2109 w
2081 vs 2091 vvs
2032 sh 2049 m
2025 s 2043 m
2019 vs 2031 vs
2007 vs 2025 vs
1997 m 2014 m
2002 w

Recorded in hexane

The tris-Co(C0), molecules are ideally of C,;, Symmetry with the
predicted 3a; + 4e carbonyl stretching modes generally observed [20]. For
example, the carbonyl region infrared spectrum of MeGe[Co(CO),]; [20] is
listed in table 1.8.

Table 1.8. Carbonyl region infrared data for MeGe[Co(C0),]; :[20]. (em-'),

2102 w

2084 s-vs
2038 sh, w-m
2030 sh, m
2020 vs

2012 vs

2004 sh, w-m
1997 sh, w

Recorded in hexane

The weak-medium intensity high wavenumber band observed in the spectra
of these simple compounds is often a.ﬁseful indicator of the presence of a
terminal Co(CO), unit.

The tetrakis-cobalt molecules are ideally of T, symmetry with 3t,
infrared active carbonyl stretching modes predicted. The spectra consist
of two very strong bands and two weak bands. This has been explained by a
twisting motion of the Co(CO), units about the M'-Co axis resulti&é in the
molecule having only T symmetry. This would correspond with the 4t bands

observed in the carbonyl region. Table 1.9. lists the carbonyl region

infrared spectrum of Ge[Co(C0) . ], (34].
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Table 1.9. Carbonyl region infrared data of Ge[Co(CO) ), [(34] (ecm-1).

2079 s
2032 sh
2020 vs
2000 br
Recorded in hexane
1.4.1.2. Carbonyl region infrared spectra of molecules containing a group

14 atom bridging a Co-Co bond.

Bor [130] has discussed the generalised infrared spectrum expected for
the carbonyl stretches of M,(C0) (u-X), species, of idealised C,, symmetry.

This generalised spectrum is shown in figure 1.25.
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Figure 1.28 [130]

A comparison of the carbonyl region infrared spectra of

Co, (CO) ¢ (p—GeR), and Coz(C0)7(urGeR2):with this generalised spectrum shows

well resolved main bands as predicted (see table 1.10).
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Table 1.10 Carbopyl stretching region infrared data for dimethylgermyl
substituted cobalt carbonyl species. Cim-)

Bor symbol [130] [Me,Ge],Co,(CO) [17](a)  (Me,Ge)Co,(CO), [20](b)
q 2072 s 2088 s
s 2035 vs 2048 vs
u 2014 vs 2026 vs
\Y 1994 vs 2008 vs
w 1984 m 1998 sh, w
1964 vw (c) 1965 sh, vw (c)

(a) Recorded as cyclohexane solution
(b) Recorded as hexane solution
(c) Probably !3C satellite peak

From table 1.10 it is also clear that replacement of one bridging
carbonyl group by a Me,Ge group leads to a shift to lower frequency of an
average 14 cm~!.

Bor's idealised infrared spectrum is also a useful diagnostic tool for
the larger open chain clusters such as GeCo,(C0);,, Ge,Co,(CO),, and
Ge;Cog(CO),¢ (section 1.3.2.1.). These compounds are structurally related
and comprise chains of two, four and six GeCo, triangles respectively.
Their infrared spectra (table 1.11) are compatible in each case with two,
three and four (p-M’),Co,(CO), Bor Units [130]. There is an increase in

wavenumber of the higher frequency carbonyl stretches of this series, with

increasing cluster size.

Table 1.11. Carbonyl region infrared spectra of GeCo,(C0),4, Ge,Co4(CO),,
and Ge3C08 (CO)26 . (.Cm")

GeCo4(CO)14 G€2C06(C0)20 GQgCOB(CO)zé
(a) [18 (b)] (a) [20] (b) [20]
2079 s 2087 s 2094 s
2061 vs 2068 vs 2073 s
2054 m 2065 vs
2040 m 2050 sh 2053 s
2040 w
2032 m 2033 w 2038 m
2023 w 2027 m 2027 m
2005 w 2021 w 2011 sh, w
2003 w
1848 m 1848 sh 1853 br, w
1844 m

(a) Recorded from hexane solution .
(b) Recorded from hexane/dichloromethane solution
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Where a cluster contains both terminal Co(CO), groups and bridged
Co,(CO0)¢ units analysis of the infrared spectrum becomes very difficult.
It is sometimes possible to assign a portion of the bands on the basis of
their similarities in intensity and position to those of related, but more
simple species, and this process is employed on occasion in the work
described in this thesis. Often there is mixing between bands resulting
from carbonyl groups situated in different environments which further
complicates the analysis, however carbonyl region infrared spectroscopy is
still a useful aid in the identification of known compounds through a

"fingerprint" comparison.

1.4.1.3. Carbonyl region infrared spectra of molecules containing a group

14 atom bridging a plane of cobalt atoms

For molecules of the form RM‘Co;(CO),4, based on C,, molecular symmetry,
five infrared active carbonyl stretching modes (2a; + 3e) are predicted and
usually observed. For example, the spectra of two molecules in this series

are shown in table 1.12.

Table 1.12. Carbonyl region infrared data for two RM'Co;(CO), species.(un-O

MeGeCo,;(CO), [38] (C0) 4CoGeCo,4(CO), [50]
2108 m 2112 w
2055 vs 2083 ms
2045 s 2045 vs
2018 m 2029 m
1992 w 2008 w
’ 1991 vw

Both recorded from hexane solution

For larger molecules, such as tﬁe anionic species described in section
1.3.2.2., the analysis of the carbonyl stretching modes becomes difficult.
Its use as a fingerprint technique, however, is well illustrated by these
anions. Table 1.13. shows the carbonyl region infrared data for the anions
[GeCos(CO),¢]l~, [GeCo,(CO),0] " and [GeyCo7(CO)21)".  The weak bands at

higher wavenumber are very important in distinguishing these species.
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Table 1.13. Carbonyl region infrared data for some anionic germanium -
cobalt carbonyl clusters (cm-').
[GeCos (CO),(1- [28, 29] [GeCo,(CO),,]1" [83] [Ge,Co,(CO),,]1" [83, 84]
2078 w 2078 w 2064 m
2053 w-m 2048 m
2025 vs 2022 vs 2024 vs
2000 w 1995 w 2007 m
1963 sh 1968 br, w 1969 w, br
1820 w, br

All recorded from dichloromethane solution

Related to these germanium-cobalt carbonyl anions is the series of
anionic tin species {[R3;Sn],Co(C0);}", discussed in section 1.3.2.2. [94,

95]. The carbonyl region infrared spectra of each of the molecules are

shown in table 1.14.

Table 1.14. Carbonyl region infrared spectra of {[R;Sn],Co(C0);}" species

[94] Clerm-') .

R3 = [(C0)4C0]3 R3 = [(C0)4C0]2Cl R3 = [(CO)4CO]C12
2082 m, w 2078 s 2094 m
2065 s 2070 s 2087 s
2056 w, sh 2064 s 2069 w

2052 m

2034 m
1994 vs, br 2001 vs, br 2010 vs, br
1970 w, sh 1934 m, br 1967 m

All recorded in dichloromethane solution

From table 1.14 it is clear that each replacement of a Co(CO), unit on
the tin atoms by a Cl atom results in.a shift of the major peaks to higher
wavenumber, the shift being of an average 8 cm™!. This may be compared to
the shift observed on going from MeGe[Co(CO)4]; to MeClGe[Co(CO),], (tables
1.7 and 1.8) where replacing a Co(CO), unit by Cl results in the bands again
moving to higher wavenumber by an average of 8 cm™ 1,

The closo-hexanuclear clusters, (RM'),Co,(CO),;, generally show similar
patterns in their carbonyl region infrared spectra. For the carbonyl
ligands of the Co,(C0);; plane eight infrared active modes are predicted for
terminal and semi-bridging carbonyls based on C,v molecular symmetry. The

observed spectra, however, often show only five terminal carbonyl stretches
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and one fully bridging stretch from this unit.

considered for the Co,

If Dsh symmetry is
(CO)g moiety then three infrared active bands are
predicted which, together with the two semi-bridging carbonyl stretches, is

consistent with the observed spectra. Table 1.15 lists the carbonyl region

infrared spectra for two examples from this group.

Table 1.15. Carbonyl region infrared spectra of two (RM"),Co0,(CO) 4,
species. (em-')

(Me ,Ge) ,Co,(CO),, [20] [(CO) 4CoGe],Co,(CO),, [20]

2100 s
2065 w, sh
2050 s, sh

2034 vs 2037 vs

2015 s, sh 2014 m

2004 sh, m 2003 sh, w

1990 w 1990 sh, w

1985 wvw

1850 w, br 1844 w, br

Both recorded from dichloromethane solution

1.4.2. Raman Spectroscopy of Group 14-Cobalt Carbonyl Compounds.

As yet, virtually no work has been carried out on the Raman spectra of
the more complex molecules of this class. Study in this area has been
confined solely to the smaller compounds containing only one or two group
14-cobalt bonds. Even with these simple molecules problems have been found
where the samples decompose during the fecording of the spectrum, resulting
in complicated analysis, particularly of the carbonyl region.

A complete Raman spectrum of H;GeCo(CO), as a liquid has been reportéd
[143]. Here the carbonyl region shows the cbmplementary picture to that
provided by infrared spectroscopy, giving useful information on the symmetry
of the vibrations. Table 1.16 lists the infrared and Raman data obtained

for the carbonyl region of this compound, together with the assignments

made.
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Table 1.16. Infrared and Raman data for the carbonyl vibrations of
H3;GeCo(CO) 4 [143]. Cem-').
Infrgred Raman Tentative
(solid) (liquid) assignment
2105 vs 2110 vs (p) vCO a,
2055 vs
2059 vs (p) vGeH a;
2033 vs 2040 sh vCO a,
1985 vs, br 2010 s vCO e
1962 sh v13COo

Raman spectroscopy also gives useful information on vibrations of Ge-C
and Co-C bonds, although this region - commonly between 800 and 300 ¢m™! -
is often ignored. Finally, perhaps the most interesting data provided by
Raman spectroscopy is that of the metal-metal stretching region. Table

1.17 lists some examples of the information obtained using this technique.

Table 1.17. M'-Co stretching frequencies and force constants for
R3M'-Co(CO), species [12].

R3M’ v(M'-Co) K(M’-Co)
(cm™1)

H,;Si 315 1.50
Cl,Si 308 1.45
H;Ge 223 1.30
Cl,;Ge 242 1.52

Me ;Ge 192

Cl,;Sn 205 1.30
Me;Sn 177

Force constant trends have been rationalized [131] in terms of changes in

w-backbonding.

1.4.3. NMR Spectroscopy

1H NMR Spectroscopy may be used in the identification and
characterisation of group l4-cobalt carbonyl species where, of course, there
are attached protons contained in the cluster. However, it is a
particularly useful technique for following reaction systems involving a
group 14 hydride.

This process was employed during studies of the reaction between MeGeH,
and Co,(C0)g. 1t provided useful information on the nature of the

intermediates involved [35]. For example, a number of reactions (ranging
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from 2:1 to 1:2 ratios) were carried out at -20°C using SiCl, as solvent.
These showed a consistent pattern of changes where, initially, the signals
were very degraded, suggesting a paramagnetic intermediate. When the
signals could be resolved (ca. 1 hr at -20°C) there were present signals
arising from HCo(CO),, and species giving a triplet at 0.81 & and a related
component at 4.3 8§, a doublet at 1.25 § with a related component at 5.2 8, a
singlet at 1.6 8§ and a second singlet at 1.92 §. As the reaction proceeded
the main change was the increase in intensity of the 1.92 § singlet which
was subsequently identified as arising from the major product of this
reaction, MeGeCo;(CO),; [35]. The triplet signal observed in the methyl
proton region was assigned as MeGeH,Co(CO),, confirmed by a separate
synthesis. The doublet at 1.25 § was attributed to a species of the form
MeGeHCo,(CO),. This species and MeGeH,Co(CO), were assumed to be
intermediates in the production of MeGeCo,(CO),,.

Similar studies have been undertaken to follow the reactions of both
GeH,; and Ge,H; with Co,(C0)g [21]. These each showed the production of
molecular hydrogen and HCo(CO), during the reaction. Also present in each
case was a broad ill-resolved signal centred around 4.8 8 for the GeH,
reaction, and around 5.0 & for the Ge,H; reaction. These were attributed
to cobalt substituted germanium hydride species which, as theée peaks had
disappeared by the end of the reaction were plainly intermediates. As can
be seen from table 1.18, their direction and magnitude of shift from the
original GeH, and Ge,H; signals is consistent with dicobalt substitution of

germanium hydrides.

Table 1.18. 1H NMR data for some germanium hydride species.
Germanium Hydride Solvent Ge-H C-H ref.
8 ppm 3 ppm

GeH, C¢Hg 3.20 - 132
GeH;Co(CO) 4 CeHg 3.73 - 25
MeGeH, Cs, 3.45 0.29 133
MeGeH,Co(CO) 4 SiCl, 4.38 0.84 35
MeGeHCo, (CO) , SiCly 5.43% 1.21 35
Ge,Hg C¢Hg 3.08 - 28
Ge,H;Co(CO), CeHg 3.75/3.49 - 25
[H,GeCo(CO) 4], C¢Hg 4.31 - 134

A small amount of study has been carried out on '3C and '70 NMR
spectroscopy of these clusters. In particular, !'3C NMR spectra can give
useful information on the environments of individual carbonyl ligands. For

example, the low temperature !3C NMR spectrum of (PhP),Co,(C0),, showed two
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resonances at 238 § and 204 § with relative intensities 1/4 [104]. These
were assigned to the pair of bridging CO’'s and the eight equivalent
terminal CO’s, respectively, for the cluster core possessing idealised Dan
symmetry [104]. As the temperature was raised the two signals merged into
a broad singlet at 208 § indicating a rapid interchange of carbonyl groups

over the Co, core [104].

1.4.4. Mass Spectroscopy of Group 14-Cobalt Carbonyl Clusters.

Mass spectroscopy is an extremely useful aid in the identification of
new compounds. In the case of germanium, which has five reasonably
abundant isotopes, a characteristic pattern is observed throughout the
spectrum indicating the number of Ge atoms contained in the molecule. The

patterns of Ge,, Ge; and Ge, are shown in figure 1.29.

0 “s R 210 . F1n) ¢ 290 “ 300

Characteristic isotope patterns for germanium containing species
Figure 1.29.

Most of the clusters so far investigated are of sufficient volatility
to allow the recording of good mass spectra without excessive heating which
could lead to decomposition. Often, however, the peak arising from the
parent ion is of low intensity which may lead to complications in
assignment.

A high proportion of the total ion current is generally carried by ions
retaining the M,'(My skeleton and, commdnly, a stepwise loss of CO from the
parent ion is observed as a series of envelopes separated by 28 m.u. Where
methyl groups are present in the molecule, difficulties may arise as the
loss of two methyl groups overlaps with the loss of one éarbonyl. However,
it is usual that the methyl groups are retained on the metal skeleton until
all CO groups are lost.

For the molecule Ge,Co¢(C0O),,, where no X-ray crystallographic
structure determination was possible, the main basis for proposing the
structure as six GeCo, triangles was the mass spectrum [19, 20]. Here the

parent ion plus the fragment ions from the stepwise loss of the twenty CO
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groups carried 79% of the total ion current. Other prominent ions were
Ge,Co,", Ge,Co,* and GeCo,*' which strongly suggested that the structure was
based on linked GeCo, triangles. The peaks corresponding to Ge,Co;* and
GeCo;* were of very low intensity, unlike those observed in the mass spectra
of compounds of the form RGeCo,4(C0O), [49]. No peak corresponding to Ge,*

was observed thus it was unlikely that the molecule contained a Ge-Ge bond.

1.5 Overview of the thesis.

The work described in this thesis covers several areas within the field
of group 14- cobalt carbonyl chemistry. The first three chapters describe
the reactions of germanium hydrides with cobalt carbonyl species. Chapter
Two, which is essentially preliminary to the main work of this thesis,
extends the research previously carried out on the reactions of germanium
polyhydrides and of methylgermane with dicobalt octacarbonyl; Chapter Three
covers some studies of the reactions of mono- and dimethylgermane with
GeCo,4(CO),4 and GeCo,(CO),3; and Chapter Four describes the reactions of
mono—- and dimethylgermane with some more complex germanium-polycobalt
clusters. Chapter Five discusses the preliminary studies of the chemistry
of the Ge,Co, type clusters which have recently been synthesised at the
University of Waikato. These studies include carbonylation reactions and
some relatively straightforward ligand substitutions. Chapter Six
describes the reactions of germanium-cobalt carbonyl clusters with some
transition metal carbonyl anions. Chapter Seven is concerned with the
synthesis of some tin-cobalt carbonyl compounds. Finally Chapter Eight
brings together some general conclusions applicable to several of the
preceding chapters. -

Since each chapter is an individual project it is more convenient to
include a short experimental section describing the preparation of starting
materials within each chépter. Similarly, discussion is mainly confined to
the individual chapters. However, instrumental techniques and the
purification of solvents, processes which were used in all parts of this
work, are described together in Appendix One. Appendix Two gives a brief
review of the various preparations of mono and dimethylgermane available in

the literature which is intended to be of use to later workers in this area.
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Appendix three contains tables of final positional and anisotropic thermal
parameters for the various X-ray crystal structure determinations carried

out in this work, together with complete lists of the bond lengths and

angles determined for each molecule.

After the references, at the very end of the thesis, is a fold-out section
depicting the molecular structures of all the clusters commonly referred to
in this work. These are represented in the text by a letter of the

alphabet, enclosed in brackets, written after the formula of each cluster.
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CHAPTER 2: Further Studies of the Reactions of Some Polygermanes and Two

Monosubstituted Germanes with Dicobalt Octacarbonyl.

2.1 Background and aim

As described in Chapter 1, the reactions of germanium hydrides with

dicobalt octacarbonyl are well established. For example, equation 2.1.
Me;GeH + Co,(CO0)g — Me;GeCo(CO), + HCo(CO), (129] (2.1)

In an extension of this type of Ge-H + Co,(CO), reaction, where there
are two hydrogens attached to the germanium, a bridging carbonyl cén‘be
replaced by the R,Ge group with loss of CO and H,. (For example,
equations 2.2 and 2.3).

Me,GeH, + Co,(C0)g — Me,GeCo,(C0); + [Me,Gel,Co,(CO) (201 (2.2)
GeH, + 2Co,(C0)g — [(C0O),Co,]Ge[Co,(CO),]1(B) + 2C0 + 2H, {18(b)] (2.3)

Analogous processes are observed, together with Ge-Ge cleavage, in the
reactions of the polygermanes, Ge,H; or Ge;Hg, with Co,(CO)g (equations 2.4
and 2.5). These result in the higher homologue of the product obtained in

equation 2.3.

Ge,H¢ + 3Co,(00)y — [(CO),Co,]Ge[Co,(CO)4]Ge(Co,(CO),]1(E)
+ 3H, + 4CO0 [19,20] (2.4)

Ge;Hg + 4Co,(C0)y — [(CO),Co,]Ge[Co,(CO)¢]1Ge[Co,(CO)¢1Ge[Co,(CO),1(R
+ 4H, + 6C0 . [22] (2.5)

The three processes, shown as equations 2.3, 4 and 5, have been well
investigated and the optimum reactant ratios leading to these products have
been established (20, 21]. In each case it was never possible to obtain a
100% yield of these products and some proportion of the smaller germanium
cobalt carbonyl clusters, as well as Co,(C0O),,, was always found.

Various reactant ratios were tried for the reaction of Co,(C0Q)y with
Ge,Hq . The best yield of Ge,Co.(CO),o(E) (80 + %) was found for a Ge,H, to
Co,(C0)g molar ratio of 1:2.6-2.8 - slightly less than the product
stoichiometry [21]. For reactant Ge:Co ratios of 1:3 or higher,

substantial amounts of GeCo,(CO);,(B) were found leading to low recoveries
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of Ge,Co4(CO),, due to separation difficulties. In contrast, for a
reaction ratio of Ge,H, : Co,(CO)g of 1:2, although reasonable yields of
Ge,Co4(CO),, were obtained, evidence for partially substituted hydride
species was also reported [21]. Similar observations have been made for
low ratios of Co,(CO0)g to GeH,, and further substitution of GeCo,(CO),, is
not favourable (20].

In the reaction of Ge;Hg with Co,(CO)y it was found that an initial
Ge:Co ratio of 1:2.5-2.65, again slightly less than the product
stoichiometry, provided the optimum yield of Ge;Co043(CO),4(G), while higher
ratios favoured formation of the smaller homologue, GeCo,(CO),,(B) and
Ge,Co¢ (CO) 5o (E) ™ [21].

Although the first three members of this series are well estabiished
the next homologue, Ge, Co,,(C0);,, has not been found, neither in the
systems described above nor in a preliminary study of the reaction between
GeH;¢ and Co,(CO)g [39].

It was desirable to conduct a further investigation into these systems
to determine by how great an extent the products obtained are dependant on
the reaction ratio. For example, could a polygermanium hydride starting
material of germanium chain length Ge, produce a Ge, ., polycobalt product
(n = 2,3; x =1,2) if the appropriate reactant ratio were employed? It was
of particular interest to establish whether Ge Co,,(C0);, could be observed
in any of these systems, and a further study of the reaction between GeH,,
and Co,(C0O)g has been carried out.

In the previous studies of these systems cobalt carbonyl hydride,
HCo(CO),, has always been qualitatively observed among the volatile
components. However, the quantity of this was never determined due to the
difficulty of its separation from solvent. It was, therefore, desirable to
make quantitative measurements of this species to evaluate its importance in
the reaction pathway.

Also described in this chapter is.é detailed study of the reaction of
MeGeH; with Co,(CO)g. This system has previously been investigated by
Graham and co-workers [35] who reported the major product to be

MeGeCo, (CO),(A) (figure 2.1).
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The reaction has been studied over molar ratios of MeGeH; to Co,(CO)4
ranging from 1:2 to 2:1, and at room temperature was found to proceéd
rapidly. For example, in a 'H NMR study of a 1:2 mixture, no further
reaction was observed after 5 minutes when all the MeGeH, was consumed (35].
During the 'H NMR experiments, several intermediates were observed in the
system but not identified. HCo(CO), was always observed among the products
but it was not conclusively determined how this was involved in the reaction
scheme. Similarly, no analysis of the incondensable gas evolution was
made.

It was therefore desirable to undertake an additional examination -of
this system in an attempt to clarify the reaction process, with particular
emphasis on HCo(CO), production and incondensable gas evolution. Also of
interest was the effect of a larger ratio of MeGeH; to Coz(CO)e and a H NMR
study of a 4:1 mixture was undertaken. The effects of longer reaction
times and varying concentrations have also been investigated here, and a
detailed examination of the vibratiopal spectrum of MeGeCo4(C0),; has been
carried out.

The final section of this chapter is a brief study of the reaction
between H;GeCo(CO), and Co,(CO)g. The reaction of H;GeMn(CO)s with
Co,(CO)g is known to provide (CO)SMnGeCo3(CO)9 (figure 2.2) as the major

product [43] and it was of interest to determine if the analogous reaction

would be observed.

Mn(CO)
Ge
<« v
(COxCao —|— Co(CO)
/

N\

Co
(Co)

Figure 2.2
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2.2 Preparation of starting materials

Monogermane was synthesised by the acid hydrolysis of an aqueous
germanate solution with sodium borohydride as described by Jolly [135].

This process also yielded ca. 10-20% Ge,H¢ and ca. 5% Ge;Hy but these, and
GeH,,, were more profitably prepared by the action of a silent electric
discharge on monogermane [136]. This process yielded ca. 50% Ge,H,, 30%
Ge;Hg and 10% Ge,H,;, on the basis of GeH, consumed. The Ge4H,, produced in
this manner was expected to be of reasonable purity with respect to higher
nuclearity germanium hydride species, as these would be too involatile to
distil from the vacuum line to the reaction vessel, although it was quite
likely that the tetragermane consisted of a mixture of the n- and i-isomers
in unknown proportions.

Methylgermane was prepared by the lithium aluminium hydride reduction
of MeGeCl; in di-n-butyl ether. - MeGeCl; was supplied by the Laramie
Chemical Co. and was found to be of sufficient purity (by 'H NMR
spectroscopy) for use without further treatment. LiAlH, was purified by
Séxhlet extraction to ensure its highest possible réaétivity.

H3;GeCo(C0O), was prepared by the coupling reaction of H;GeCl and
KCo(CO), [12]. H;GeCl was prepared by passing GeH, over a deficit of SnCl,
[137] and purification was achieved by fractionation of the resulting
mixture through baths held at -127 and -96°C. KCo(C0), was produced by the
reduction of Co,(C0)g with Na/K alloy in diethyl ether [12].

Dicobalt octacarbonyl was sublimed under vacuum at 30°C to ensure
freedom from Co,(CO),, and cobalt (II) species, then stored under N, at

-30°C.
2.3 General experimental techniques

All of the reactions were performed in a similar manner. The hydride
(the amount either calculated by volume or by weighing under vacuum) was
condensed onto a thoroughly degassed hexane solution of dicobalt
octacarbonyl.

In the reactions of the polygermanes with Co,(C0)g the mixture was
sealed in a glass ampoule capable of withstanding up to 10 atmospheres
pressure. This was stored at room temperature in the dark for the duration
of the reaction - generally several months. A rubber sleeve, fitted with a
tap adaptor, allowed the ampoule to be opened without loss of gas or contact

with the air. At this point, the incondensable gases were removed from the
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frozen reaction mixture by a Toepler pump and measured in a gas burette. A
full description of this technique is given in Appendix 1.

For those reactions of MeGeH, with Co,(C0)g where regular incondensable
measurements were made, the reaction mixture was contained within a vessel
fitted with a Kontes greaseless tap.

For the 'H NMR studies of the MeGeH, and Co,(CO)g reaction the samples
were contained in glass tubes of 5 mm o.d. These tubes could be opened
under vacuum and the contents recovered.

All of these reactions were worked up similarly. Any incondensable
gases were removed by Toepler pump and measured, then all volatiles were
removed from the reaction mixture and fractionated through slush baths at
temperatures of -22°C, -63°C, and -127°C to separate any unreacted ﬁydride,
solvent and, as far as possible, produced HCo(CO0) 4. The various fractions
were identified by infrared spectroscopy. Cobalt carbonyl hydride was
returned to an ampoule, generally with some_solvent from which it could not
be separated, and heated to form first Co,(Cb)a and H, [138], followéd by
the decarbonylation of Co,(CO)g to Co,(CO);,. The amount of HCo(CO), was
determined from the weight of Co,(CO),, obtained.

The involatile species were dissolved in dichloromethane and
transferred, under N,, to a nitrogen-flushed vessel. After removal of
solvent these products could be separated by extraction with hexane and/or
dichloromethane depending on their solubilities. In most cases this
process was sufficient, but on occasion a mixed fraction was obtained where
the solubilities of the products were too close to allow complete
separation. Here an approximate yield could be determined by comparison
with the infrared spectra of standard mixfures.

Since all of the species found are well established, it was possible to
characterise them simply by comparison of their infared active carbonyl
stretches. (Co,(CO);, [139]; GeCo,4(CO), 4 [18(b)]; Ge,Co.(CO),, [19];
Ge;Cog(CO),¢ [22] and MeGeCo,(CO),, [35]).
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2.4 Reactions of some polygermanes with dicobalt octacarbonyl
2.4.1. Experimental Details and Results.

The results of these reactions are summarised in Table 2.1 at the end

of this section.
2.4.1.1. Reaction of Ge,H, and Co,(C0)g in the ratio for Ge;Cog(CO),((G).

Ge,H, (0.255g; 1.70. mmoles) and Co,(CO)g (1.55g; 4.53 mmoles),

(Ge:Co = 1:2.66) were allowed to react in hexane (10 mls) for sixteen weeks.
Incondensable gases (7.71 mmoles) were removed, of composition 51%-C0, 49%
H,. No unreacted Ge,H; was found among the volatile components.

HCo(CO), (0.24 mmoles from its subsequent decomposition to Co,(CO),,
(0.034g; 0.0b mmoles)) was observed.

The in{ﬁired spectrum of a solution of the involatile products in
CH,Cl1,/C¢H; (,showed a mixture of Co((C0);,, GeCo,(C0)((B), a small amount
of GeCo,(C0),3(I) (the condensation product of GeCo,(CO0),,) and
Ge,Co4(C0),0(E). No Ge;Cog(C0),¢(G) was observed at this stage but, after
partial separation had been achieved, an infrared spectrum of the less
soluble fractions showed a trace of Ge;Cog(C0),, to be present
(characteristic carbonyl band at 2093 cm~! [22]). Repeated washings with a
1:2 mixture of CH,Cl,/C.H;, allowed a pure sample of Ge,Co¢(C0O),, (0.5502g;
0.52 mmoles) to be separated from the mixture. The remaining amount of
GeZCoé(CO):o was estimated by comparison with the infrared spectra of
standard mixtures to be approximately 0.35 mmoles. On the basis of
consumed Ge,H¢ this represents a yiéld of 51% Ge,Co¢(CO),q-

The yields of the minor products - Co,(C0),,, GeCo, (CO),4, GeCo,4(CO),;
and Ge;Cog(C0),¢ - were not determined since complete separation was not
achieved. However, it is possible to state that the amount of each present
was: GeCo,(CO),;, > Co (CO)y, >> GeCo,(CO),;; > Ge;Coy(CO),¢- These

products appeared to account for the remaining germanium and cobalt.
2.4.1.2. Reaction of Ge,H, and Co,(CO)g in the ratio for Ge,Co,(CO);,
Ge,H¢ (0.214g; 1.43 mmoles) and Co,(CO)g (1.22g; 3.57 mmoles) (Ge:Co =

1:2.5) were allowed to react in hexane (10 mls) for 23 weeks.

Incondensable gases (7.27 mmoles) were recovered of composition 53% CO, 47%
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H,. A trace of unreacted Ge,H, (ca. 0.2 mmoles) was observed among the
volatile components but could not be separated from solvent. HCo(CO),
(0.16 mmoles from 0.023g; 0.04 mmoles Co,(CO),,) was also observed.

From the infrared spectrum of a solution of the involatile products in
CH,Cl,/C¢H,, it could, again, be seen that a mixture of Co,(CO),,,
GeCo4(CO) 4 (B), GeCo (CO),;(I) and Ge,Co,(CO),,(E) had been produced.
Neither Ge;Cog4(C0),4(G) nor Ge,Co,,(C0O);, were observed. After the
products had been separated as completely as possible a pure sample of
Ge,Co4(CO),o (0.402g; 0.38 mmoles) was obtained which, together with the
small amount remaining in a mixed fraction, represents an approximate yield
of 34% on the basis of consumed Ge,Hq.

The yields of the minor components were, again, not.determined but the
amount of each present was in the following order: GeCo,(C0),, > Co,(CO),,
>> GeCo((CO0)4 ;.

2.4.1.3. Reaction of GejHg and Co,(C0)g in the ratio for Ge, Co;q(C0);,.

GezHg (0.17g; 0.76 mmoles) and Co,(C0)g (0.975g; 2.85 mmoles)

(Ge:Co = 1:2.5) were allowed to react in hexane (10 mls) for 81 weeks.
Incondensable gases (8.28 mmoles) were removed of composition 57% CO, 43%
H,. The volatile fraction contained no unreacted GejHg. HCo(CO), (0.07
mmoles from 0.0lg, 0.018 mmoles Co (CO),,) was found, while the remainder of
the volatile fraction was solvent.

An infrared spectrum of a solution of the involatile products in
CH,Cl,/C¢H,, showed the major product to be Ge;Cog(CO),((G). The solution
also contained a trace of both Co,(CO),, and GeCo4(CO),4(B),"t6gether with a
larger proportion of Ge,Co4(C0O),q(E). No new species were observed.

After the best possible separation of these products had been achieved a
pure sample of Ge;Cog(CO),, (0.666g; 0.47 mmoles) was obtained. This,
together with an estimate (ca. 0.05 mmoles) of the amount of Ge;Cog(CO),
remaining as a mixed fraction, represented a yield of 69% on the basis of
consumed Ge;Hg.

The yields of the minor products were not calculated but the amount of

each present was in the following order: Ge,Co,(CO),, >> CeCo4(C02,4 =
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2.4.1.4. Reaction of Ge4H,, and Co,(CO)yg.

Ge4H;o (0.14g; 0.47 mmoles) and Co,(CO)g (0.804g; 2.35 mmoles) (Ge:Co =
1:2.5) were allowed to react in hexane (10 mls) for 42 weeks.

Incondensable gases (3.92 mmoles) were removed, of composition 55% CO, 45%
H,. No unreacted Ge,H,, was found. The volatile fraction contained
HCo(CO), (0.03 mmoles from 0.004bg, 0.008 mmoles Co,(CO),,).

An infrared spectrum of the involatile products in a CH,Cl,/C(H,,
solution showed the major product to be Ge;Cog(CO),((G). Also present were
a fair proportion of GeCo,(CO),,(B) and a lesser amount of each of Co,(CO),,
and Ge,Co¢(C0O),4(E). No new species were observed, even in an infrared
spectrum of a solid sample taken from the least soluble fraction. After
separation by washing, the yield of Ge;Cog(C0O),, (0.580g; 0.41 mmoles) was
determined as 65% on the basis of consumed germanium.

The yields of the minor products were not calculated but the amount of
each present was in the following order: GeCo,(CO),, >> Ge,Co4(CO),q =
Co,(C0O)4,.

Table 2.1 Summarised reaction conditions and results of the
polygermanes/dicobalt octacarbonyl systems

Polygermane Ratio of Ratio of Duration Inconden- HCo(CO), Major
(quantity poly- Ge to Co (weeks) sable gas (mmoles) product
in mmoles) germane (mmoles) (yield)

to Co,(CO)4

Ge,H, 1:2.7 3:8 16 7.71 0.212  Ge,Cog(CO),
(1.70) (51% CO) 51%
Ge,H 1:2.5 4:10 23 7.27 0.15 Ge,Co4(CO) 5
(1.43) (53% CO) 34%
Ge ;Hg 1:3.75 4:10 81 8.28 0.07 GeCog(CO) 5
(0.76) (57% CO) 69%
GeqHyo 1:5 4.10 42 3.92 0.03 Ge3Cog(CO) 54

(0.47) (55% CO) 65%
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2.4.2 Discussion of the Reactions of Polygermanes with Dicobalt
Octacarbonyl

2.4.2.1. Discussion of the reactions of Ge,H( or Ge;Hz with Co,(CO),4

The first objective of this study was to determine whether, by
employing the appropriate reactant ratio, a polygermanium hydride of chain
length Ge, could provide a germanium polycobalt product incorporating Ge,.,
in its structure, (n= 2,3; x = 1,2), or if the products were solely
dependent on the nuclearity of the germanium hydride starting material.

For the reactions of Ge,H; or Gej;Hg with Co,(CO), it appears that the latter
is, in fact, the case.

The reactant ratios which lead to the best yield of Ge2C06(C0526(EU
from Ge,H¢ and Co,(C0)g, and to Ge;Cog(CO),¢(G) from GesHg and Co,(CO)g have
been reported as slightly less than the stoichiometric ratios [21]. For
example, in the production of Ge,Co,(C0),4, a Ge,Hy to Co,(CO)g ratio of
1:2.6-2.8 is found to be most favourable {21]. The appropriate ratio of
Ge,Hy to Co,(CO)g for the formation of Ge;Cog(CO),¢, used in the run
de;cribed in section 2.4.4.1, is 1:2.7. As this is within the range
described as the optimum ratio for Ge,Co¢(C0),, formation it is perhaps not
surprising that only a trace of Ge;Cog(CO),, was observed. A lower Ge:Co
ratio of 1:2.5 howevér appeared to promote cleavage of the Ge-Ge bonds,
resulting in a larger proportion of the smaller clusters GeCo,(CO) 4 (B) and
Co,(C0);, and a significantly lower yield of Ge,Co(CO),,.

Similarly, the appropriate, stoichiometric ratio of Ge to Co for
formation of Ge, Co,o(C0);, from Ge;Hgs and Co,(CO)g, as used in the run
described in section 2.4.1.3, is 1:2.5. This falls just within the lowest
end of the range reported as the optimum conditions for Ge;Cogz(CO),4
formation [21]. Thus it is, again, not surprising that no higher
nuclearity products are observed.

It seems clear that thé formatidn of higher nuclearity products is not
favoured from these reactions and will only occur to a very limited degree.
It is possible that this results from the nature of the intermediates
involved in these processes. It is anticipated that the Ge-Ge bonds are
retained until the latter stages of reaction since, if this were nqt the
case, a much higher proportion of the smaller cluster, GeCo4(C0),:fB), would

be expected among the producis. Thus, an intermediate in the formation of

Ge,Co¢(C0) 4o (E), from the reaction of Ge,H, with Co,(C0)g, could be of the

form
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When carbonyl groups are taken into consideration as well, this type of
intermediate appears very crowded, thus addition of a further GeCo, fragment
would not be favoured.

In any event, from the results of these experiments it may be concluded
that the polygermanes Ge,H; and Ge;Hg follow the reactivity pattern of GeH,
in their reactions with Co,(C0)q. It is clear that the products obtained
from each system are primarily determined by the Ge, chain length of the
starting material, while the yield of the Ge, polycobalt product is
optimised by the use of a slightly less than stoichiometric Ge:Co ratio
initially.

2.4.2.2. Discussion of the attempted preparation of Ge4Co,o(C0)32

The second aim of this study was to establish if the formation of the
next homologue of this seéies, GeCo,¢(C0);,, could be observed. No
evidence for the presence of this species was obtained in any of the systems
studied, including that of Ge(H;, and Co,(CO)g.

As stated in section 2.1.3., it was posSible to characterise all of the
compounds found by comparison of their infrared active carbonyl stretches.
The infrared spectra of the three spééies, GeCo(CO) 4 ((B), Ge,Co,(CO),q(E)
and Ge;Cog(C0),4(G) are shown in figures 2.3 (a), (b) and (c). It is clear

from these that there is a pattern to the vibrational bands of these

species. In particular the high waveﬁumber mode of each (at 2079 cm™! in
(a), 2087 cm~! in (b) and 2094 cm™' in (c)) is very characteristic of this
series. As an extension of this, it could be expected that the analogous
band of Ge Co,q(C0);, would be observed at around 2100 cm™!. Hence, if a

peak were found in this area it would be strongly indicative of this higher

homologue.
As the solubilities of the established clusters diminish with chain

length it was expected that the desired product would be only slightly
soluble in dichloromethane. Infrared spectra of the least soluble
fractions were, therefore, recorded as nujol mulls. There was no sign of

any peak around 2100 cm™1!.
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As can be seen from figure 2.3. the relative intensity of the high
wavenumber band decreases as the number of carbonyl ligands on the cluster
increases. It is, therefore, possible that for Ge4Co,4(CO);, this band
would be of quite low intensity compared to the analogous mode of the
smaller clusters. However, it is felt that if at least 5% of the samp les
used for infrared analysis was Ge,;Co,,(CO);, then this peak should be at
least weakly observed. This was not the case.

It is, of course, possible, that GeCo,,(C0O);, would not follow the
vibrational pattern of the smaller homologues, however at no time were any
bands found in the infrared spectra of the products which could not be
immediately identified as known species.

It therefore seems reasonable to conclude that Ge,Co,,(CO);, ié'not
formed in any more than trace amounts through the reactions of any of Ge,Hg¢,
Ge;jHg or Ge H;y with Co,(CO)g.

This conclusion is not greatly surprising for the reactions of Ge,H¢ or
GesHg with Co,(C0)g since it appears that the reaction products are
determined primarily by the Ge, chain length of the starting hydride, and
formation of a higher nuclearity species is not favourable. It is more
noteworthy that Ge,Co;4,(CO);, is not formed in the reaction of GedH;, with
Co,(C0O)g.

The Ge,H;o used in this study was obtained from silent electric
discharge on a sample of monogermane. It was assumed to be free of Ge,,
Ge, and Ge; fractions, since these were easily removed due to their
relatively high volatility, and free of Ges, or higher, species since these
would be too involatile to distil from the discharge apparatus. However no
formal attempt was made at characterisation of this fraction and the
proportions of n- and i- tetragermané were not known. Statistically, it
would be expected that the n- isomer would be present in the higher
proportion however the iso form is the more volatile of the two thus this
form may have been enriched, relative to the n-isomer, by the distillation
from the discharge apparatus into the reaction vessel. According to the
original study of this process [136] the yield of the n-isomer of
tetragermane was 4-10 times greater than that of the iso-form. However, it
was stated that the sensitivity of the detector used was lower for branched
chain species, thus the yields of the iso form may have been underéstimated.
It is also possible that different initial pressures of GeH,, and longer

periods of discharge will result in different proportions of all isomers.
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The germanium backbone of iso-tetragermane i.e.

Ge

|
Ge
VRN
Ge Ge

would make it impossible for a straight chain product to form from the
reaction of this species with Co,(C0), thus Ge-Ge cleavage would be expected
to occur at an early stage in the reaction. Thus if the iso form were the
major component of the tetragermane fraction used in this experiment then
the absence of any Ge, containing products is not surprising.

The suggestion that the presence of the iso form of tetragermané is
largely responsible for the non-formation of Ge,Co,,(CO);, is supported by
the proportions of the products obtained from this system. The reaction
produced a 65% yield of Ge;Cog(CO),,(G) on the basis of consumed Ge H,,.

The remaining germanium was accounted for by the formation of GeCo,(CO),,(B)
and a trace of Ge,Co4(CO),4(E). Similar results were found in the previous
study of this system [39] where the major products were Ge;Coga(C0),, and
GeCo,(CO),4 with only a trace of Ge,Co4(CO),, observed. As the proportions
of the major products were in an approximately 1:1 ratio it was suggested
that the Ge,H;, starting material was breaking down in a 1:3 manner.

If the hydride exists in its straight chain form only, then there is no
obvious reason why the cleavage would not also occur between the two central
germaniums, resulting in a significant proportion of Ge,Co,(C0),, among the
products. However, if the hydride is mainly in the iso form, then cleavage
of any one Ge-Ge bond will result in a Ge; and a Ge; fragment, giﬁing the
observed products.

Although it may be assumed from the results of this study that the
branched isomer dominated the fraction of tetragermane, the straight chain
form would still be present in some proportion. As stated for the Ge,Hq
and Ge,H; systems, it is again possible that small amounts of Ge Co,,(CO),,
would not be observed in the infrared spectra of the product mixture.
However, it is equally possible that some other factor prevents the
formation of this cluster. This could result from steric hindrances within
the Ge-Co intermediate involved, or alternatively, the desired product,
Ge,Co,,(C0);,, may be too sterically crowded for its production from this

process to be favoured. It is possible however that the desired cluster

could be obtained by an entirely different route. For example, the
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reaction of Fe(CO;,(GeMeH,), with Co,(CO), produces the cluster
[MeGeCo(CO) ],Co0,(CO), shown in figure 2.4 [31].

(CO)
Co

Heo, |\ .aCo(CO)
(/Ge Ge -
(0CLCo AN / e
Co

(CO)
Figure 2.4 [31]

If a species such as Fe(CO),(Ge,Hs), were reacted with Co,(CO)s it is
conceivable that Ge, Co;,(C0);, would be produced. Similarly, it is known
that Me,Si(GeH;), reacts with Co,(CO)g to produce Ge,Co4(CO),4(E) in almost
quantitative yield [20]. It may thus be envisaged that the reaction of a
species such as Me,Si(Ge,Hg), or Si(GeH;), with Co,(CO)s; would produce the

desired cluster.
2.4.2.3. Discussion of the minor reaction products.

The final objective of this investigation was to survey fhé lesser
reaction products, HCo(CO), and Co, (CO),,, in a more quantitative manner
than has been carried out previously, to determine their importance in the
reaction pathway.

The amount of incondensable gases recovered from all of these systems
show that H, and CO production are a significant part of these reaction
processes. These measurements have not been considered in great detail as
thorough studies of the incondensable gas evolution have been previously
reported [21]. In fact, the amounts of gas found here show slight
discrepancies from the expected values, however, this is anticipated to
result from errors in measurement, rather than from some secondary process.
Fortunately, these results are not of‘particular importance in this
examination and not too much is lost by their unreliability.

The amount of HCo(CO), produced in each system, shows this to be only a
minor component. It is possible that a small amount of HCo(CO), may have
been lost by decomposition occurring before it was transferred from the
vacuum line to a reaction vessel where the process could be monitored.
However, this would not markedly affect the results obtained as the
decomposition process was observed to take several months to reach
completion at room temperature. It is, of course, also possible that, with

the long reaction times involved, decomposition of HCo(CO), had already
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begun in the~reaction vessel. This possibility is emphasised by the fact
that the decomposition of HCo(CO), to H, and Co,(CO), is catalysed by
Co,(C0)g (153] which would have been present in large proportions at least
in the early stages of reaction. However, the presence of large amounts of
CO and H, resulting from the reaction of the polygermane with Co,(CO)y would
be likely to inhibit the decomposition process, and it would be expected
that considerably larger amounts of HCo(CO), would be observed at completion
of the reaction if this were a by-product of the major reaction pathway.

It therefore seems probable that the observed HCo(CO), is produced in a
side reaction and is not formed directly as a result of the mechanisms
involved in the formation of the major products. Thus, of the reaction
pathways introduced in chapter 1, that involving HCo(C0) ¢ formation (scheme
2.1) is not likely to be a favoured route for the production of these

germanium polycobalt species and will not occur to any significant degree.

RyGet + Co)(COYy ———p RyGeHCo(COY + HCo(CO)

l Cox(COY

R2GeCax(CO); + HCo(CO) + CO

Scheme 2.1

The formation of Co;(CO)lz in these reactions is commonly observed.
Although it has not been possible to measure the exact amount of this
species as a result of its very similar solubility to GeCo,(CO),((B) it is
certainly only a minor product in these systems. It is unlikely that its
formation occurs through decompositigﬁ of HCo(CO), for.the reasons discussed
above. It is more probable that it results from the decarbonylation

reaction of the dicobalt octacarbonyl starting material as shown in equation

2.6.
2C02(C0)3 - C04(C0)12 +4C0 [140](2.6)
Finally, the overall amounts of the products obtained account
reasonably well for the consumed starting material. Although exact

quantities of the minor components, such as GeCo,(CO);, and Co,(C0§12. could
not be determined as a result of separation difficulties, the total

involatile products appeared to correspond well to the consumed germanium.
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2.5 Reactions of methylgermane and dicobalt octacarbonyl

2.5.1 Experimental Details and Results

Run 1: MeGeH,; (0.997 mmoles by volume) was allowed to react with Co,(CO)g
(0.34g, 0.995 mmoles) (1:1 ratio) in hexane (5 mls) for 9 hrs at room
temperature. Incondensable gas evolution was monitored at regular
intervals and the results of this are shown in table 2.2 and figure 2.5.
The total incondensable gas measured was 0.98 mmoles. The volatile
components were fractionated to yield MeGeH; (0.31 mmoles) together with a
small amount of MeGeH; (ca. 0.1 mmoles) which could not be separated from
the solvent. HCo(CO), (0.44 mmoles from its subsequent decomposition to
Co,(CO);, (0.064g; 0.11 mmoles)) was also present.

On workup the involatile products were characterised by carbonyl region
infrared spectroscopy to be virtually pure MeGeCo;(CO),,(A) [35] with only a
trace of unreacted Co,(CO)g. 0.22 mmoles of initial Co,(CO)gy was found as
HCo(CO),. This then gives the yield of MeGeCo;(CO),; (0.284g; 0.496
mmoles) as 96% based on initial Co,(CO)g. Based on consumed MeGeH; (taken

as ca. 0.587 mmoles) this gives an approximate yield of 84%.

Table 2.2 Incondensable gas evolution over time from run 1.

Time interval Gas evolved %CO %H, Cumulative time Total gas
(mins) (mmoles) (mins) (mmoles)
35 0.21 61 39 35 0.21
30 0.13 73 27 65 0.34
30 0.12 97 3 95 0.46
30 0.12 2 98 125 0.58
30 0.08 3 97 155 0.66
40 0.11 60 40 195 0.77
45 0.08 * * 240 0.85
45 0.07 66 34 285 0.92
60 0.03 42 58 345 0.95
155 0.03 53 47 540 0.98

* Not measured

Run 2: MeGeH,; (1.96 mmoles) and Co,(CO)g (0.667g; 1.95 mmoles) (1:1 ratio)
were allowed to react in hexane (10 mls) for 13 hrs at 10°C. The
incondensable gas evolution was again monitored at regular intervals and the
results of this are shown in table 2.3 and figure 2.6. The total
incondensable gas measured was 1.99 mmoles. Fractionation of the volatiles

gave MeGeH; (0.78 mmoles) with a small amount (ca. 0.2 mmoles) remaining
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with the solvent. HCo(CO), (0.88 mmoles from 0.127g, 0.22 mmoles
Co,(C0),,) was also present.

Again, the involatile products, characterised by infrared spectroscopy,
were found to consist solely of a trace of unreacted Co,(CO)y and
MeGeCo; (CO),, (0.509g, 0.89 mmoles; 88% yield based on 1.51 mmoles Co,(CO),
consumed after HCo(CO), production accounted for; ca. 91% yield based on ca.

0.98 mmoles MeGeH; consumed).

Table 2.3 Incondensable gas evolution over time from run 2.

Time %nterval Gas evolved %CO %H, Cumulative time Total gas
(mins) (mmoles) (mins) (mmoles)
20 0.29 52 48 20 0.29
20 0.17 * * 40 0.46
20 0.15 67 33 60 0.61
30 0.24 89 11 90 0.85
30 0.17 83 17 120 1.02
45 0.25 51 49 165 1.27
45 0.22 23 77 210 1.49
60 0.18 13 87 270 1.67
60 0.10 38 62 330 1.77
130 0.10 * * 460 1.87
320 0.12 49 51 780 1.99

* Not measured

Run 3: MeGeH; (1.98 mmoles) and Co,(CO)g (0.677g, 1.98 mmoles) (1:1 ratio)
were allowed to react in hexane (5 mls) for 9 hrs at 10°C. The results of
monitoring the incondensable gas evolution are shown in table 2.4 and figure
2.7. The total incondensable gas measured was 2.25 mmoles. The volatile
components were fractionated to yield unreacted-MeCeHa (0.71 mmoles) with a
small amount (ca. 0.2 mmoles) remaining with the solvent. HCo(CO), (0.88
mmoles from 0.124g; 0.22 mmoles Co,(CO),,) was also present.

The involatile products, characterised by infrared spectroscopy, again
proved to be a mixture of a trace of unreacted Co,(C0)g and MeGeCo,4(CO), (A)
(0.516g; 0.902 mmoles; 88% yield based on 1.54 mmoles consumed Co,(CO),
after HCo(CO), production accounted for; ca. 84% yield based on ca. 1.07

mmoles consumed MeGeH,).



64

Table 2.4: Incondensable gas evolution over time for run 3.

Time ?nterval Gas evolved %CO %H., Cumulative time  Total gas
(mins) (mmoles) (mins) (mmoles)
30 0.49 50 50 30 0.49
30 0.44 55 45 60 0.93
30 0.31 68 32 90 1.24
30 0.22 67 33 120 1.46
45 0.30 35 65 165 1.76
45 0.21 40 60 210 1.97
45 0.15 50 50 255 2.12
60 0.06 * * 315 2.18
90 0.04 * * 405 2.22
135 0.03 * * 540 2.25

* Not measured

The graphs shown as figures 2.5, 6 and 7 depict the results of tables
2.2, 3 and 4 more clearly. Where the percentage composition has not been
measured estimated values have been used. These results will be discussed

in section 2.5.2.2.

Run 4: MeGeH; (0.06 mmoles) was allowed to react with Co,(C0); (0.05g; 0.15
mmoles) (1:2.5 ratio) in ds benzene and the reaction followed.by 'H NMR
spectroscopy. All MeGeH; could be seen to have reacted within 10 minutes.
Unfortunately the spectra obtained from this experiment were ill-resolved
and did not yield any useful information. After two hours the reaction
mixture was worked up and an infrared spectrum of the involatile products in

hexane showed a mixture of MeGeCo;(CO),,(A), and unreacted Co,(CO)g.

Run 5: MeGeH, (0.52 mmoles) and Co,(CO)g (0.04g; 0.12 mmoles) (4:1 ratio)
were allowed to react in d, benzene at 10°C and the reaction was again
followed by 'H NMR spectroscopy. A complicated series of peaks were
observed and several of the spectra obtained are shown in figures 2.9 (a) to
(e). These will be discussed in section 2.5.2.3.

After 72 hrs the MeGeCo;(CO),; could be seen to have virtually all
reacted. Workup confirmed this showing a mixture of involatile products
which could not be separated to allow identification as a result of the

small amounts involved.
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2.5.2. Discussion of the Reactions of MeGeH; with Co,(CO)g

2.5.2.1 Discussion of the reaction scheme

When MeGeCo,;(CO);,(A) was first prepared by the reaction of MeGeH; with

Co,(CO)g [36] the proposed reaction scheme was as shown in equation 2.7.
MeGeH; + 3Co,(C0)g — MeGeCo,4(CO),, + 3HCo(CO), + CO [(36] (2.7)

The results found in the study described here, however, do not appear to be
consistent with the above formulation.

Firstly, the plots of incondensable gas evolution against time (figures
2.5, 6 and 7) clearly indicate that hydrogen evolution is an important part
of the reaction process. The amounts involved make it unlikely that this
H, is produced solely by HCo(CO), decomposition. Observation of this
decomposition process, used to determine the amount of HCo(CO), present in
product mixtures, has shown it to be extremely slow relative to these
reactions at room temperature or lower. Similarly, a separate experiment
showed the production of HCo(CO), itself, from H, and Co,(CO)g, is a slow
reaction and any equilibrium of the form shown in equation 2.3 takes an

extremely long time to become established under the conditions used here.
H2 + C02(C0)3 = 2HCO(C0)4 (2.8)

The overall quantity of incondensable»gas produced in each experiment
is approximately 1 mole of gas per mole of Co,(C0)g consumed, and is
composed of roughly equal proportions of CO and H,. This volume of gas is
not accounted for in the formulation proposed by Graham (equation 2.7) [36].

Secondly, the amount of HCo(CO), found in each experiment does not
correspond with this scheme. Approximately % mole of HCo(CO), is found for
each mole of reacting Co,(CO)g. As mentioned above, it is unlikely that
produced HCo(CO), is breaking down to form H, and Co,(CO)g over the
relatively short time scale of these reactions.

A new scheme consistent with the results of this study is therefore

proposed.

MeGeH3 + 2C02(C0)3 - MeGeC03(CO)11 + HCO(C0)4 + H2 + CO (2.9)
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This scheme is particularly interesting in that it suggests the
occurrence of two individual pathways. (i) The reaction of a R,GeH, species
to replace a bridging carbonyl as observed for Me,GeH, with Co,(CO), [17]
and (ii) Cleavage of a Co-Co bond by an R;Ge-H group to form R;GeCo(CO), and
HCo(CO), as seen in the reaction of trisubstituted silanes with Co,(CO),
[16(a)].

Consider the reactions of various monogermanium hydrides with Co,(CO)g:

(i) Where there is only one hydrogen attached to the germanium Co-Co
bond cleavage is observed, resulting in the formation of R;GeCo(CO), and

HCo (CO) , . For example, equation 2.10.
Me,GeH + Co,(C0)g — Me,;GeCo(CO), + HCo(CO), (129] (2.10)

(ii) Where there are two hydrogens attached to the germanium,
replacement of a bridging carbonyl results with release of H, and CO. For

example equations 2.11 and 2.12.

PhGeH, + Col(COY —» PhyGe CoO + CO + W, (141] (2.11)

Me,GeH, + 2Cq(CO¥ > ﬂezGe\ /Geﬁez + 2C0 +« 2K,
Co

(COX (201 (2.12)

(iii) For four attached hydrogens replacement of a bridging carbonyl is
again observed resulting in the formation of two GeCo, triangles sharing a

germanium apex. (equatioﬁ 2.13) (18(b)]

(COJs (COdXs

/Co\ /Co\
/

GeHy + 2CoC0yy —» OC Ge
ﬁ\\Co/// \\\Co

(COds (COX

co =+ 2c0 « 2H, [18(b)] (2.13)

Now, in the case of MeGeH,, where there are three attached hydrogens,
it appears that both the replacement of a bridging carbonyl group to form a

GeCo, triangle with loss of H, and C0, and Co-Co bond cleavage with
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formation of HCo(CO), and a Co(CO), terminal unit, are occurring together.
These observations suggest the following hypothesis: “Where an even number
of hydrogens is attached to a germanium group they will react with Co,(CO),
primarily to replace a bridging carbonyl group resulting in the formation of
a GeCo,(CO), unit. Where an odd number of hydrogen atoms is attached to a
germanium group Co-Co bond cleavage will also occur, resulting in the
formation of Co(CO), terminal groups".

Clearly this is a generalised statement and several factors may
influence this. For example, in the reaction of MeGeH,Co(CO), with
Co,(CO)g, according to the above hypothesis this hydride should react
directly with the Co-Co bond replacing the bridging carbonyl to form a GeCo,
triangle giving MeGeCo;(CO),,(A), with release of H, and CO. However,
although this cluster is the major product of the reaction [35], it is also
reported that 80% of the released hydrogen is found as HCo(CO),.
Additionally, the fully open form of this cluster, MeGe[Co(CO),];, is
observed among the products. Although the latter feature of this reaction
may be explained by subsequent addition of evolved CO to MeGeCo,;(CO),4, it
is clear that the major production of HCo(CO), may only be rationalised by
this reaction proceeding primarily via Co-Co bond cleavage. This may be
attributed to the original presence of both the methyl group and the Co(CO),
unit which could sterically hinder the substitution reaction. Thus, if the
above statement is qualified by the addition of "where there is no steric
effect” it should stand.

These observations contrast with the germanium halide coupling
reactions with [Co(CO)J~ [12] which result, at least initially, in the
formation of only terminal Co(CO), units. However, since an entirely
different mechanism is involved in these processes it is not surprising that

different products are observed.

2.5.2.2. Discussion of the incondensable gas evolution and the effect of

reaction conditions.

The plots of incondensable gas evolution against time shown in figures
2.5 and 2.6, are very similar. Clearly CO is released predominantly in the
early stages of the reaction, while H, evolution takes over later. Towards

the reaction end, overall gas production diminishes with both H, and CO

being released in similar quantities.
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These results suggest that the process of formation of the GeCo.
triangle begins with the release of the bridging carbonyl ligand before the
hydrogens from the methylgermane are removed. For example, this could be

of the. form shown in scheme 2.2

(o) (CO)s
Co ftetiGe—Co
/l( // AN -CO
Hcl{Gc\ . ocC co ’ /CO
H \c 0/ H—Co
(COYs (CO)g
(COX —t
Co
N
HeHGe Co
Co
(CO)s

Scheme 2.2.

The point at which the single Co(CO), unit becomes attached to the
germanium atom, with formation of HCo(CO),,_canhot.be discerned from this
study.

Although the incondgnsable gas figures from runs 1 and 2 correspond
very well with the values expected from scheme 2.2, those of run 3 give a
total gas valde somewhat higher than anticipated. Although it is possible
that some decomposition reaction was occurring in run 3 which would result
in the additional gas this seems unlikely since no other products were
observed on work-up. More probable is that there may have been an error in
one of the readings. Unfortunately, time did not permit a repeat of this
study, however as the value is only slightly above that anticipated it may
be assumed that this does not affect the overall picture provided by this
experiment.

It is of interest to compare the:gas evolution profiles of runs 1 and
2. If the measurements from run 1 are doubled to allow for the fact that
approximately double the quantities of MeGeH; and Co,(CO)g used here were
used in run 2 - Although the overall concentrations were the same - then, as
shown in figure 2.8, only a very small reduction in the speed of é;s
evolution is observed as a result of the lower reaction temperature of run
2. Clearly, this lower temperature does not affect the activity of the
reacting species to any large extent. This observation is, perhaps, not

too surprising when it is considered that, at least in the early stages of
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run 1, the reaction mixture was frequently frozen down in liquid nitrogen to
allow the gas measurements to be made, thus it would have been at lower than
room temperature for much of the time.

Runs 2 and 3 were conducted under identical conditions, other than a
concentration difference. From figure 2.8 it is clear that doubling the
concentration from run 2 to that in run 3 results in a dramatic increase in
the rate of the reaction. However, the slight discrepancy in the
incondensable gas measurements of run 3 makes it impossible to state if this
effect is directly proportional to the concentration increase.

The overall reaction duration in these studies is much longer than
those of the previous investigations [35]. At that time small amounts of
partially substituted hydrides were also observed in the product mixture.
Despite using an excess of MeGeH; in the studies described here, at no time
was any species other than MeGeCo;(CO),;(A) found as a product (apart from
in the H NMR experiments which will be discussed in the following section)
and the excess MeGeH; was quantitatively recovered. It seems likely that
the longer reaction times employed here allow complete conversion to
MeGeCo4(C0O),4, particularly since the evolved gas is removed during the
reaction, the presence of which might inhibit its fo}mation tq some extent,
while the lesser substituted species previously observed were intermediates

in this process rather than the products of side reactions.
2.5.2.3. Discussion of the 'H NMR experiments.

Run 5, where MeGeH,; and Co,(C0)g were reacted in a 4:1 ratio, was
carried out to determine the effect of a high ratio of hydride to Co,(CO)g.
Several of the 'H NMR spectra obtained from this experiment are shown as
figures 2.9 (a) to (e). It is clear from these that this is a rather more
complicated reaction than might be anticipated.

The previous studies of this system [35] covered only the first, rapid
period of reaction - approximately up'to 2 hrs for reaction ratios ranging
from 2:1 to 1:2. The first stage of reaction was difficult to observe as
the signals were ill-resolved due to paramagnetic intermediates, but as the
reaction proceeded a similar pattern of signals to those seen here emerged.

The quartets at 0.28 & and 3.7 & (J=4.15 Hz) clearly result from
unreacted MeGeH;. According to the previous studies [35] the protons from
MeGeCo, (CO) ;4 (A) are observed at 1.92 & while in this survey the singlet at
1.96 & is attributed to the MeGeCo,4(CO),, protons. This discrepancy is due
to the different solvents used - SiCl, in the original study and d; benzene

here. For reference, in a 5% solution of TMS in



Figure 2.9. 'H NMR spectra from the reaction 72
of HeGeH3 with C02(C0)8.

(a) 16 minutes

Y

[ . 1 1 L 1 S ppm
s — e~ o O A AN O ©
#s [ K o ~ N T ~40~ N
‘\% < -3 l32) - A A OO0 O
-
(b) 1 hour
i
i
i
E
| .
. s 2 1 2 2 I O | 1 spp“
— — o~ o O 4 ~0~N O ©
q‘é ~ 3 ~ OV T O~
c D . - - e o e -
R = = o —~ —~« <00 O
o
"



Figure 2.9. continued.
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Figure 2.9. continued.
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benzene the protons are observed at 7.12 8, while in a 5% solution of
benzene in TMS the signal arises at 7.17 & [132]. This shift shows the
magnitude of the difference that is likely to be observed in other
comparative signals. The singlet at 4.71 & is attributed to evolved
hydrogen while that at -11.6 § arises from the HCo(CO)4 proton.

The triplet at 0.76 8 and the quartet at 4.47 § (J=3.42 Hz) are
assigned to MeGeH,Co(CO), (Lit. values 0.81 & and 4.3 §; J=3.3 Hz (solvent =
SiCl,) [35]). There is also a doublet at 1.11 § with the same J value of
3.42 Hz, but decoupling of these signals showed that this doublet is not
connected with the other peaks and this was purely coincidental. This
doublet is likely to have arisen from a MeGeH[Co,(CO),] species (x = 7 or 8)
where the quartet from the single proton is of too low an intensity to be
observed. In the original study [35] a doublet at 1.25 § was assigned to
MeGeH[Co(CO),], while a doublet at 1.4 § was assigned to MeGeHCo,(CO),.

Thus it is likely that the doublet at 1.11 & results from MeGeH[Co(CO),],
while that at 1.41 § results from MeGeHCo,(CO),. Here, again, the single
proton must give rise to a multiplet of too low an intensity to be observed.

This assignment is supported by the fact thét as the reaction proceeds
the intensity of the MeGeHCo,(CO), peak increases with réspect to that of
MeGeH[Co(CO),], which is consistent with the decarbonylation of the latter
to form MeGeHCo,(CO),; over the longer reaction time.

A third doublet is observed at 0.87 & (J=2.44 Hz) which is almost as
large as the methyl signal from MeGeH,Co(CO), at 5 minutes, is still
substantial at 1 hour of reaction, and has not completely gone after 5 hrs.
It is possible that as a result of the very large excess of MeGeH; a species
such as [MeGeH],Co0,(C0), is forming in the early stages and the single

hydrogens are then slowly displaced to form Ge-Co(CO), units as shown in

scheme 2.3.
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(COo)s
Me Co H
MeGeHs + Co(CO)y ——— \Ge/ e/
N1/ Ne
Co
(CO)s
Cox(COX
(c0)5
Co(Co),
\ /
(Co)Co \r1e
(c0)5
Scheme 2.3

The final product of this sequence is known to be formed from this
reaction [32] and this may account for one of the many methylisinglets that
are observed in the latter stages of reaction. These singlets may also
arise from MeGeCo;(C0),(H), the condensation product of MeGeCo3(C0),,(A);
MeGeCo3(C0),,, the fully open relation of MeGeCo3(C0),;; and
(MeGe) ,Co(C0),,(J), the condensation product of the final product of scheme
2.3. However, there are so many low intensity singlets and distortions of
the major peaks in the latter stages of reaction it is impossible to assign

these with any certainty.
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Table 2.5 shows the assignments which have been made.

Table 2.5 Summarised assignments from the 'H NMR spectra of Run 5.

Signal Multiplicity Jun Assignment
(8 ppm) Hz
0.28 4 4.15 MeGeH,
3.70 4
1.96 1 MeGeCo,4 (CO) 4 4
0.76 3 3.42 MeGeH,Co(CO) ,
4.47 4
1;11 2 3.42 MeGeH[Co(CO) .1,
4
1;41 2 3.17 MeGeHCo, (CO) ,
4
0;87 2 2.44 (MeGeH) ,Co, (CO),
4
4.71 1 H,
-11.60 1 HCo (CO) ,

The intensity of the singlet arising from HCo(CO), gradually diminishes
to zero once MeGeCo;(CO),,(A) has been completely formed - after about 8
hours. While this occurs the intensity of the singlet due to evolved H,
increases, thus it seems likely that the HCo(CO), is breaking down to form
H, and Co,(CO)g. As discussed in section 2.5.2.1. this process is usually
very slow, thus here it is probably promoted by some other species in
solution. In particular , at this stage no unreacted Co,(CO)g remained
thus the breakdown of HCo(CO), could be requfred so that further reaction
with MeGeH; may occur.

It is possible that HCo(CO), is reacting directly with a Ge-H species,
however it has recently been reported [142] that in the reaction of R;SiH
species with Co,(C0)g the addition of HCo(CO), does not affect the reaction
rate and is not observed to react directly with the silane.

Once the MeGeCo,(C0),,(A), singlet has reached its highest intensity it
also starts to diminish to reach virtually zero after 72 hours. Clearly,
from the corresponding decrease in the MeGeH; peaks it is reacting with the

excess hydride in some manner. This may possibly form a species such as

that shown in figure 2.10.
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Figure 2.10

This could then react further with Co,(CO)q4 returned to solution by the
decomposition of HCo(CO),. MeGeCo;(C0),, may also react with MeGeH,Co(CO),
to form either [MeGeCo(CO),],Co,(C0)¢ or (MeGe),Co,(CO),,(J) (see section
3.8).  As the peaks arising from MeGeH,Co(CO), appear to remain at much the
same intensity it seems that reaction with the ﬁydride is preferred.

Both MeGeH,Co(C0), and MeGeHCo,(C0), may be considered as intermediates
in the formation of MeGeCo3(C0),,. They would, therefore, be expected to
decrease in concentration as the MéGeCog(CO)ll is produced. With the large
excess of MeGeH; present in this experiment, however, the quantities of each
would be regularly replenished until all Co,(CO)g had reacted, atiwhich
point there would be no further depletion of either of these two species.

The formation of MeGeH[Co(CO),],, prior to that of MeGeHCoz(CD)7,
contradicts the proposal made in section 2.5.2.1. that two rea¢tion pathways
are being observed within this reaction i.e. both replacement of a bridging
carbonyl by the germanium with loss of H,, and Co-Co bond cleavage with
formation of HCo(CO),. However, since the peak assigned to MeGeHCo,(CO),
is present even at the start of this reaction, and H, evolution is clearly
of importance even before large scale HCo(CO), decomposition begins, it
seems likely that the formation of M;GeHCoz(CO)7 from MeGeH[Co(CO) ], is
only a minor route. It is also possible that the addition of the terminal
Co(CO), unit to MeGeHCo,(CO), is fast, resulting in the low concentration of
this species at all times. '

From these 'H NMR observations, tégether with the information obtained

from the other experiments, a proposal for a full reaction scheme for this

process may be made. That is
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__,23>4? MeGeH,Co(CO), + HCo(CO),

\

1b MeGeHCo, (CO), + H, + CO

MeGeH3 + C02 (CO)B

2a
MeGeH,Co(CO)4 + Co,(CO0)y ——> MeGeCo,(CO),, + H, + CO

2b
MeGeHCo, (CO),; + Co,(CO0)y ——> MeGeCo,(CO),; + HCo(CO),

Scheme 2.4
2.5.2.4. Discussion of the vibrational spectra of MeGeCo;(CO),;.
The infrared and Raman spectroscopy data for MeGeCo;(CO);,(A), are

recorded in table 2.6 while some of the spectra are shéwn in figures 2.11(a)
to (d).



Figure 2.11. Vibrational spectra of MeGeCo3(CO)11.
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Figure 2.11. continued.
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Table 2.6 Vibrational spectroscopy data for MeGeCo,4(CO),, (A).

Infrared (cm~1!) Raman (cm™1)
(C¢H;4 solution)[35] (nujol mull) (powdered solid)
2105 m 2103 w 2103 m
2082 s 2080 s 2081 w
2056 s 2053 s 2057 w
2046 w, sh
2030 s 2032 s 2040 s
2020-5 m 2022 s 2021 s
2017 m 2017 m 2013 s
2007 w 2010 m
2003 w, sh 2001 w, sh
1998 w 1997 s
1993 w, sh 1990 w
1850 m 1843 m, br
1838 w 1833 m, br 1834 w
577 w 585 w
555 w 565 m
529 m
495 w
473 m
448 m
413 s
383 s
363 w
255 w
204 w
182 m
103 s
80 w

MeGeCo4(CO),, may be assumed to have C, symmetry and will possess 84
fundamental modes of vibration. The C-H vibrations were not examined since
these modes are of little interest for this molecule. 76 fundamental modes

would then be predicted. Clearly, not all of these vibrations are

observed.
This is one of the few cases where both infrared and Raman data are

available for a fairly complex germanium - cobalt carbonyl cluster. Thus
the analysis, although fairly tentative since there is little background for
reference, is treated in some detail.

The most easily assigned vibrational mode of this molecule is the
stretching vibration of the bridging carbonyl. This results in the two
peaks observed at 1850 cm~! and 1838 cm™! in the solution infrared spectrum,
at 1843 cm~! and 1833 cm™! in the solid infrared spectrum, and in one peak,
at 1834 cm™!, in the Raman. The observation of two peaks suggests that two

possible isomers exist for this species as shown in figure 2.12.
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Two peaks are not observed in the Raman spectrum but this mode would be
expected to be weak here.

In the 'H NMR spectra (figures 2.9(a) to (e)) only one signal was
observed to result from the methyl protons of MeGeCo,(C0),, (at 1.96 8).
Clearly an interchange between the two isomers must occur in solution which
is too rapid to be observed under NMR examination (timescale ~10"% s ), but
is seen in the infrared experiment (timescale ~10"1° s).

A similar observation is reported for the bridging carbonyl vibrations
of the phenyl equivalent of this molecule, PhGeCo;(C0),, [37], where two
bands, at 1850 cm~! and 1835 cm~!, are observed in the infrared spectrum as
a result of these modes.

There is no other evidence from vibrational spectroscopy for the
presence of these isomers suggesting that the terminal carbonyl energies are
very similar for each.

There are two possible approaches to the analysis of the terminal
carbonyl vibrations. If the individual cobalt carbonyl moieties interact
across the germanium then analysis becomes very complicated; however, if
coupling across the germanium is assumed to be moderate, then the terminal
Co(CO), unit and the Coz(C0)7.unit may be considered separately.

Of the known species containing a terminal Co(CO), unit MeGeH,Co(CO),
is the most appropriatg simple compound for a comparison with MeGeCo4(CO) 4,

(see Table 2.7).

Table 2.7. Carbonyl region infrared data for MeGeHZCo(C0)4.(cxm“).

2106 (s) }

2047 (vs) } 3 2’ and a*
2017 (vs) }

2012 (vs) }

1982 (m) (13co)

Recorded from the gas [36].
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This might suggest that the bands observed at 2105 cm™! and 2046 cm™ !,
for MeGeCo,(C0),,(A) arise directly from the a’ vibrations of the Co(C0O),
unit carbonyls.

Similarly an interpretation of the Co,(CO)¢ group carbonyl stretches
may be made with reference to other, simpler, bridged Co,(CO), species.

Bor [130] has discussed the generalised infrared spectrum of ‘the carbonyl
groups of Co,(CO)4(pn,-X), compounds with idealised C,ov symmetry (see section
1.4.1.2.). The carbonyl region infrared data of Co,(CO) 4 (p,—CO),,
Co,(CO) ¢ (1,-CO) (,-GeMe,) and Co,(CO)4(n,~GeMe,), are shown in table 2.8.

Table 2.8. Carbonyl region infrared data for some Co,(CO) 4 (ny-X), species.(m-).

Bor symbol [130] Co,(C0)g [130] Me,GeCo, (CO), [20] (Mezce)2C02(C6)6 [17]

q (A;) 2111.8 2088 2072
s (B;) 2071.0 2048 2035
u (A;) 2044.0 2026 2014
v (®,) 2042.4 2008 1994
w (B;) 2034.8%* 1998 1984

1965 1964

* Calculated value [130]

These three compounds exhibit clearly resolved Bor spectra.
Me,GeCo,(C0); may be considered as containing a C6,(C0O), unit closely
related to that of MeGeCo;(CO),;,. Thus the bands at 2082 and 2056 cm~! for
MeGeCo;(C0O),; may be considered as resulting directly from the vibrations of
the Co,(CO)4 unit. These would then be Bor’'s q and s modes.

The remainder of the spectrum in this region may be considered as
overlapping of the lower frequency modes.

This analysis appears to work reasonably well, however it does assume
that there is little interaction between the various carbonyl ligands across
the germanium, which may well not be the case.: Although the positions of
the bands of MeGeH,Co(CO), match very well with those of the Co(CO), unit of
MeGeCo;(CO),,(A), the intensities do not correspond so closely. This
however, may be a result of a moderate interaction and it is felt that this
model gives a reasonable assignment of at least some of the terminal
carbonyl bands.

In either case, 10 terminal carbonyl modes are expected for this
molecule. The new Raman data shows the two bands at 1997 cm~! and
1990 cm-! are likely to be fundamentals. Previously, when only the
infrared spectra were available, these were assumed from their weak
intensity to result from !3CO vibrations [36]. Eleven bands are observed

in total in the terminal carbonyl stretching region, hence one probably does
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result from a !'3CO vibration. The two weakest bands in the infrared are at
2047 cm™! and at 2003 cm!. Since the band at 2047 cm~! corresponds so
well with position of an a’ mode of MeGeH,Co(CO), it is probable that it is
the band at 2003 cm™! which is due to the presence of 13CO.

The carbonyl stretching region of the infrared spectrum of the phenyl
equivalent of this molecule, PhGeCo4(C0),; [37], compares very well with the
data for MeGeCo,(CO),;. All the bands are represented other than the weak
shoulder at 2003 cm™! which supports the suggestion that this could result
from a 3CO vibration.

For the lower frequency modes, it has only been possible to make very
tentative assignments due to the very small amount of comparative data for
these types of molecules.

The band observed at 585 cm™! in the Raman spectrum is assigned to Ge-C
stretching. It is probable that the band at 577 cm™! in the infrared
spectrum arises from the same vibration as there is commonly a shift
observed between the two techniques. For example, the Ge-C stretch of
MeGeH,Co(CO), is assigned to bands at 587 cm~! in the infrared and 594 cm™!
in the Raman spectrum [36].

The bands from 565-363 cm™! are attributed to Co-C- O deformations and
Co-C stretching. Again, MeGeH,Co(CO), is the most convenient molecule for
comparison. For this bands ranging from 549-542 cm~! were assigned to Co-C-0
deformations while those from 504 to 413 cm™! were attributed to Co-C
stretching [36].

The three bands observed at 255 cm~!, 204 cm™! and 182 cm™! are
assigned to metal-metal stretching modes. For comparison, the Ge-Co
stretch of H;GeCo(CO), is reported to arise at 220 cm~! [143] while the Co-
Co stretch of Co,(C0)g is observed at 230 cm™! [145].

The metal-metal stretching vibrations of MeGeCo,;(CO),, must really be
considered to arise through motions of the whdle molecule. If the GeCo,
triangle is considered first this ideally has C,, symmetry which predicts

three vibrations (2A; + By). These modes are depicted schematically in

figure 2.13.
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Schematic representation of the 2A; + B, modes
predicted for the GeCo, triangle of MeGeCo,(CO),,
Figure 2.13.

From figure 2.13 it can be seen that while (a) is essentially a
stretching mode of the Ge-Co bonds it will also involve Co-Co stretch.
Similarly, the vibrations shown as (b) and (c), while considered as
stretching modes, will also require deformation about the Co-Ge-Co and/or
Ge—Co—Co bond angle. Thus these metal triangle vibrations cannot be
considered siﬁply as stretching or bending modes.

It is noticeable that the range of freqqencies over which the metal-
metal vibrations of MeGeCo;(CO),; are observed is greater- than the observed
range of 240-210 cm~! found for the Ge-M stretching modes of R;GeM(CO0),
compounds (7]. It is thus apparent that the metal skeleton of
MeGeCo,(C0),,; undergoes vibrations of both higher and lower energy than
those observed for simpler species.

When the Co(CO), unit is included the modes are further complicated.
It may be anticipated that the highest energy band observed would result
from symmetric stretch of the entire.metal framework of the molecule, as

shown in figure 2.14.

A

(io

Ge

/\

Co Co
., .\
4 \

1 4 |

Figure 2.14.

The band observed at 255 cm™! is, therefore, assigned to this

vibration.
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The Raman spectrum of GeCo,(CO),,(B) has been recorded (see section
3.4.2.3.) and the lower frequency peaks are shown in table 2.9.

Table 2.9  Raman spectrum of GeCo,(CO),, from 220 - 93 cm"!.
220 (s)
201 (w)
181 (w)
148 (m)
136 (m)
93 (w)
Recorded from a solid sample.

Two of the bands observed for this molecule, at 201 cm™! and 181 cm™ !,
correspond quite closely to the bands assigned as metal framework vibrations
of MeGeCo;(CO);;. However, the two mutually perpendicular GeCo, triangles
of GeCo4(CO),4 would be expected to give rise to a more complicated
spectrum, as observed.

The two lower bands of MeGeCo,(CO),,, at 103 cm’{1 and 80 cm™! are
thought to arise through motions of the metal framework, such as twisting
about the germanium.

Table 2.10 repeats the vibrational data for MeGeCo,;(CO),,(A) showing

the assignments that have been made in this analysis.

Table 2.10 Vibrational data for MeGeCo;(CO),,(A) with assignments.

Band Activity Assignment

Cem=-t)

2105 IR(m) R(m) a’' of Co(CO), unit CO stretch

2082 IR(s) R(w) q mode of Co,(CO); unit CO stretchx*
2056 IR(s) R(w) s mode of Co,(CO); unit CO stretch*
2046 IR(w) a’' mode of Co(CO), unit CO stretch
2030 IR(s) R(s) }

2020-5 IR(s) R(s) } Overlapping modes

2017 IR(m) R(s) } Terminal CO stretching.

2007 IR(m) }

2003 IR(w) 13C0 vibration

1998 IR(w) R(s) } Overlapping modes

1993 IR(w) R(w) } Terminal CO stretching
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Table 2.10 continued

1850 IR(m) } Bridging carbonyl stretch

1838 IR(m) R(w) } of two isomers.

585 R(w) }

577 IR(w) } Ge-C stretch.

565 R(m) }

555 IR(w) }

529 IR(m) ‘ } Co-C-0 deformation

495 R(w) } +

473 R(m) } Co-C stretch

448 R(m) }

413 R(s) }

383 R(s)

363 R(w) }

255 R(w) }

204 R(w) } Metal-metal wvibrations
182 R(m) }

103 R(s) } Skeletal deformation
80 R(w) } modes e.g. twisting

* From [130]

2.6 Reaction of germyl cobalt tetracarbonyl with dicobalt octacarbonyl
2.6.1. Experimental Details and Results

Run 1: H;GeCo(CO), (ca. 0.19 mmoles from volume of ClGeH,; used in its
preparation - see section 2.2) and Co,(CO)s (0.018g; 0.55 mmoles) (1:3
ratio) were allowed to react in hexane (5 mls) for 5 weeks. Incondensable
gas (0.65 mmoles) was removed, of composition 75% CO, 25% H,.
Fractionation of the volatile components showed no unreacted H;GeCo(CO),,
however HCo(CO), (0.16 mmoles, based on its subsequent decomposition to
Co,(CO);, (0.029g; 0.04 mmoles)) was observed.

A carbonyl region infrared spectrum of the involatile products in
hexane solution showed a mixture of unreacted Co,(C0)g, GeCo,(CO),4(B) and a
lesser amount of Co,(CO),,. These products could not be separated_due to

their similar solubilities and their presence in similar quantities.

Run 2: H,;GeCo(CO), (ca. 0.54 mmoles) and Co,(CO)g (0.342g; 1.00 mmoles)
(1:2 ratio) were allowed to react in hexane (5 mls) for 4 weeks.
Incondensable gases (1.51 mmoles) were measured, of composition 67% CO, 33%

H,. Fractionation of the volatiles yielded only solvent and HCo(CO), (0.50

mmoles, from Co,(CO),, (0.071g; 0.125 mmoles)).
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The involatile products were kept at 10°C at all times to stabilise
any open species which might have formed, such as [ (CO),4Co,],GeCo,(CO),.
A carbonyl region infrared spectrum of these products in hexane solution
showed the major product to be GeCo,4(CO),4(B). A small amount of unreacted
Co,(CO0)y was also observed, together with a trace of Co,(CO),,.
GeCo,4(CO),, was separated from the mixture as far as possible, by fractional
crystallisation from hexane solution at -15°C, which gave 0.336g, 0.48

mmoles pure GeCo,(CO),,, an 89% yield on the basis of consumed H3;GeCo(CO),.
2.6.2. Discussion of the Reaction of H;GeCo(CO), with Co,(CO)4.

From the results described above, it appears that the reaction between
H;GeCo(CO), and Co,(CO)g follows a similar path to that of MeGeH,; and
Co,(CO)g.

The second run provided a good yield of the major product,
GeCo,(CO);4, and only a small amount of unreacted Co,(CO)g remained. This
run was carried out using a Ge:Co, reactant ratio of 1:2 which is the likely
reactant ratio of the MeGeH;/Co,(CO)g system.

H, and CO evolution are clearly an important part of this reaction
process. In run 2 approximately 3 moles of gas were evolved for each mole
of reacting H;GeCo(CO), - that is, one mole of H, and two of CO. In run 1
the proportional amount of gas was much higher, which is likely to result
from decarbonylation of unreacted Co,(CO)g to give Co4(CO);,. The amounts
of both unreacted Co,(C0); and Co,(CO);, were much higher in run 1 than in
run 2, and this rationalisation of the higher gas evolution measurement for
run 1 is also supported by the increased proportion of Co.

The quantity of HCo(CO), produced in each run also correlates with the
reaction pathway of MeGeH; and Co,(CO)g. For every mole of reacting
Co,(CO)g, approximately % mole of HCo(CO), is observed.  Although Co,(CO),,
was observed in comparatively large quantities in run 1, it was only present
in a trace amount in run 2, thus thié species is mdSt likely to result from
an unrelated side reaction - the decarbonylation of unreacted Co,(C0)g -
rather than as a direct result of the overall reaction pathway.

These results suggest the formulation shown in equation 2.14.

H,GeCo(CO), + 2C0,(CO0)y — GeCo,(CO),;4 + HCo(CO), + H, + 2CO
(2.14)
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Other than an extra CO among the products this is identical to the
reaction scheme proposed for the MeGeH,/Co,(CO), system. The additional CO
is likely to result from decarbonylation of an initially formed intermediate
to give GeCo,(CO),,.

As was the case for the MeGeH; and Co,(CO)g reaction, two individual
pathways are apparently occurring together. Replacement of a bridging
carbonyl ligand on Co,(CO)g by a GeH, group to form a GeCo, triangle with
release of CO and H,, and Co-Co bond cleavage to form HCo(CO), and a Ge-
Co(CO)4 unit. This supports the hypothesis put forward in section 2.5.2.1.
which stated that, on reaction with Co,(C0O)y, the presence of two attached
hydrogens on a germanium group will give rise to a GeCo, triangle while a
single Ge-H unit will result in the formation of a Ge-Co(CO), terminal group
and HCo(CO),.

The only germanium containing product found in this system was

GeCO4 (Co) 14 (figure 2.15) -

Figure 2.15

As a Co(C0O), terminal unit was already present in the germanium hydride
starting material it was possible that a semi-open species might be

obtained, such as GeCo,(CO),s shown in figure 2.16.

(COoX
Co

y \G »Co(COoY

ocC

AN / °~ Co(COY

Co
(CO)5

Figure 2.16

Carbonyl region infrared spectroscopy would be expected to indicate the

presence of this type of species. Characteristic of the terminal Co(CO),

groups are intense bands at relatively high wave number, arising through an
a’ vibration of this unit (see Section 1.4.1.1.). However, no such band

was observed. In fact, no bands were found which could not immediately be



assigned to known species.
favoured.

Although GeCo,(CO),
observed as a product of t

intermediate in the produc

This form of a GeCo, species is obviously not

does not appear to be stable enough to be
his reaction, it is presumably formed as an

tion of GeCo,(CO),, as depicted in scheme 2.5.

(CO)
Co
N\ .+ Co(COy
HyGeColCO), - 2C04(C0)y — OC Ge
? ‘ e N\ |/ Tcoccoy
Co
(COX + HCo(CO),
/ - Hy + CO
(Coy
Co ‘g”s/co
oc/ 6\ / + Co
//, ~~cCo
Co (Co)
(coy
Scheme 2.5
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The reaction of H;GeMn(CO)s with Co,(CO)g produced [(CO)SMn]GeCog(CO),

as the major product [43].

Also observed among the involatile products of

the reaction was a species whose carbonyl region infrared spectrum suggested
that it could be of the form [(CO);Co,]GeXY and it was suggested to be the
open-skeleton analogue of [(CO);Mn]GeCo;(CO),, that is
[(CO)sMn]Ge[Co,(CO);][Co(CO),] (figure 2.16).

(COX
(0CxMn . Co—, co
Ge /
~ Co
(0C)4Co (COX
Figure 2.17

In this study of the H;GeCo(CO),/Co,(CO)g reaction the fully closed

species, [(CO),ColGeCo,;(CO),, was not observed.

It is likely that while

the first steps of these reactions are identical, the final product is

dependent on the metal carbonyl group attached to the germanium hydride

starting material, as depicted in scheme 2.6.
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In the H;GeCo(CO), system a bond is easily formed between the two Co(CO),
terminal groups giving GeCo,(C0),, as product. However, in the H;GeMn(CO),
reaction, an equivalent species is not possible since it is not favourable
for manganese to be involved in the metal framework of the cluster. Thus,

the open intermediate condenses in the alternative sense.

2.7 Conclusion

This chapter has mainly been concerned with further investigations of
established systems. In the polygermane and Co,(CO),; reactions it has been
found that the products are primarily Qetermined by the nuclearity of the
starting germane. Altering the reactant ratio from the optimum situation
will promote cleavage of the Ge-Ge bonds resulting in an increased

proportion of the smaller clusters, lowering the yield of the larger

germanium polycobalt species.
In the reactions of MeGeH; with Co,(CO), the detailed study of the

incondensable gas evolution, HCo(CO), production and the 'H NMR exﬁ%riment

have allowed a new proposal for the reaction pathway - that is

MeGeH, + 2Co,(C0)g —— MeGeCo;(CO),, + HCo(CO), + H, + CO
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This in turn has suggested the hypothesis that "where there is no steric
effect, if an even number of hydrogens is attached to a germanium group this
will react with Co,(CO)y primarily to replace a bridging carbonyl group
resulting in the formation of a GeCo,(CO); unit with evolution of H, and CO;
where there is an odd number of hydrogens attached Co-Co bond cleavage
will also occur, resulting in the formation of terminal Co(CO), groups and
HCo(CO),".

This statement is supported by the results of the reaction between
H;GeCo(CO), and Co,(CO)g which follows a very similar route to that of
MeGeH; and Co,(CO)g. That is

H,GeCo(CO), + 2Co0,(C0)y —> GeCo,(CO),, + HCo(CO), + H, + 2CO°
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CHAPTER 3: Reactions of Mono- and Dimethylgermane with GeCo,(CO),, and
Related Systems

3.1. Background and aim

The reaction of dimethylgermane and GeCo,(CO),4(B) in a low molar
ratio has been examined by Foster [20,79]. It was reported that the
hydride replaces a bridging carbonyl ligand on the cluster in an analogous
manner to that observed in the reactions of germanium hydrides with Co,(CO)q
[79]. The reaction process, which yields (Me,Ge)GeCo,(CO) ;3 as the major

product, is depicted in equation 3.1

% (coy % (o
AT C\o co N e c()——- co
MeyGeH, «  OC Ge ——» MeyGe Ge /
(o] C o (Co
oy  ‘COs (CO%s s

+« CO +« Haz

(3.1) (20, 79]

Only one of the available bridging carbonyl ligands was observed to be
replaced and, at that time, this was attributed to a contraction of the Co-
Co bond across the central germanium when the opposite Co-Co bond had been
bridged by a large group [20].

Similarly, the reaction of monomethylgermane with GeCo,(CO),, produced
the monosubstituted cluster (MeHGe)GeCo,(CO),; [20]. Also observed as a
product of this reaction was the new:closo—hexanuclear cluster,

(MeGe) ,Co,(C0O),, (figure 3.1) (20, 87].

je
e
(CO),;C(%—- :'—CO(CO)z
// \ [Jco
(COXxCo — =— Co(CO)
N\ /
Ge
Me
(MeGe) ,Co(CO) 4,

Figure 3.1. [20, 87]
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It was of interest to study both of these reactions further to
determine if the monosubstituted species were the sole extended chain
product , or if the second bridging carbonyl could be replaced by the use of
higher molar ratios of hydride to cluster.

Secondly, it was desirable to clarify the MeGeH; reaction to establish

how the formation of the closed cluster, (MeGe),Co,(C0),,, occurs.
3.2. Preparation of starting materials.

GeCo,4(CO),,(B) was prepared by the room temperature reaction of GeH,
with Co,(CO)g in hexane for ten days [34]. It was purified by fractional
crystallisation from a CH,Cl,/C¢H,;, solution stored at -15°C.

MeGeH; and Me,GeH, were produced by the lithium aluminium hydride
reduction of MeGeCl,; and Me,GeCl, respectively, in di-n-butyl ether. The
Me,GeCl,, supplied by the Laramie Chemical Co., had, on occasion, to be
separated from ca. 10% MeGeCl, by fractionation on a vacuum line. Other
sources of Me,GeCl, and Me,GeH, are discussed in appendix 2.

CO was produced by the addition of 80% formic acid to concentrated
sulphuric acid [146]. Before use this was slowly passed thréugh two traps

immersed in liquid nitrogen to remove CO,, H,0 and volatile acids.

3.3. General experimental details.

Experiments were carried out in the same manner as those described in

chapter 2 (see Section 2.3). R

3.4. Reactions of excess dimethyl- or monomethylgermane with

GeCo4 (Co) 14 (B).

The following reactions between Me,GeH, or MeGeH; and GeCo,(CO),, were
carried out to determine if substitution of both bridging carbonyl ligands

on the cluster could be achieved by the use of a large excess of hydride.
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3.4.1. Experimental Details andvResults

These experiments are summarised in table 3.3
Run 1: Me,GeH, (0.9 mmoles by volume) and GeCo,(CO),, (0.063 g; 0.09
mmoles) (10:1 ratio) were allowed to react in hexane (10 mls) at room
temperature. After 3 weeks thé vessel was opened to yield incondensable
gas (0.14 mmoles) of composition 68% CO, 32 % H,. The volatile components
were removed to a vacuum line and an infrared spectrum was recorded of the
involatile species in hexane solution. This showed a mixture of products,
indicating the reaction was not complete. Both the volatile and involatile
species were returned to a vessel where regular incondensable gas
measurements could be taken. The results of these measurements are shown
in table 3.1. After a further 12 weeks the reaction seemed complete.
Total incondensable gases measured were 0.33 mmoles, of composition 59% CO,
41% H,. Me,GeH, (0.67 mmoles) was recovered on fractionation of the
volatiles with a trace (ca. 0.05 mmoles) not separated from the solvent.

All of the involatile products were soluble in hexane other than a
trace of dark-coloured material which showed no carbonyl vibrations in an
infrared spectrum recorded as a nujol mull. This was assumed to be a
decomposition product and was discarded. An infrared spectrﬁm of the
soluble fraction in hexane showed only one carbbnyl containing species which
was subsequently identified as the disubstituted compound,
(Me,Ge) ,GeCo,(CO),,- Its characterisation, by infrared, Raman, 'H NMR and
mass spectroscopy and by an X-ray crystal structure determination will be

discussed in section 3.5.

Table 3.1 Incondensable gas evolution over time from run 1.

Time interval Gas evolved % CO 9%H, Cumulative time Total gas evolved

(days) (mmoles) (days) (mmoles)
27 0.144 68 32: 27 0.144
14 0.065 60 40 41 0.209
14 0.055 45 55 55 0.264
14 0.029 50 50 69 0.293
14 0.015 51 49 83 0.308
14 0.015 47 53 97 0.323
14 0.008 * * 111 0.331

* Not measured
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Run 2: Me,GeH, (0.65 mmoles) and GeCo,(CO),, (0.065 g; 0.093 mmoles) (7:1
ratio) were allowed to react in hexane (10 mls) for 20 weeks at room
temperature. Incondensable gases (0.343 mmoles) were measured, of
composition 52% CO, 48% H,. Unreacted Me,GeH, (0.47 mmoles) was recovered
from the volatile components the remainder of which was solvent.

The involatile products showed only a trace of the insoluble
decomposition product and an 86% yield (0.068 g; 0.08 mmoles) of
(MeGe) ,GeCo,(CO),, on the basis of initial GeCo,(CO) 4 -

Run 3: Me,GeH, (0.040 mmoles) and GeCo,(CO),, (0.011 g; 0.016 mmoles)

(2.5:1 ratio) were allowed to react in ds benzene (2 mls) at room

temperature. The reaction was followed by !H NMR spectroscopy and some of
the spectra obtained are shown in figures 3.6(a) to (f). These will be
discussed in section 3.4.3.2. After 38 days the reaction seemed complete
and the system was worked up. The incondensable gases were not measured.

Examination of the volatile species showed a trace of remaining Me,GeH, but
this was not separated from the solvent.

The involatile products were all soluble in hexane other than a trace
of an insoluble decomposition product. A carbonyl region infrared spectrum
of the soluble species in hexane showed the major carbonyl containing
species to be (Me,Ge),GeCo,(CO),,, but also present was a minor amount of
(Me,Ge)GeCo,(CO0),3(C). These products could not be separated. No
unreacted GeCo,(C0),, was observed. The total weight of the soluble
products was 0.012g.

Run 4: MeGeH,; (0.5 mmoles) and GeCo,(CO),, (0.019 g, 0.03 mmoles) (16.5:1
ratio) were allowed to react in hexarfe (10 mls) for 8 weeks at 10°C.
Incondensable gases were removed but not measured. MeGeH; (0.3 mmoles) was
recovered on fractionation of the volatiles with a small amount (ca. 0.15
mmoles) remaining with the solvent.

The involatile products were ali soluble in hexane and an infrared
spectrum of the hexane solution showed a mixture of (MeHGe)GeCo,(CO),; [20]
and a new compound,- later characterised by comparison with the
dimethylgermyl equivalent as (MeHGe),GeCo,(CO),,. This will be discussed

in section 3.5. These products could not be separated.

Run 5: MeGeH; (0.45 mmoles) and GeCo,(CO),4 (0.063 g; 0.09 mmoles) (5:1
ratio) were allowed to react in hexane (10 mls) for 13 weeks at room
temperature. Incondensable gas evolution was monitored at regular

intervals and the results of this are shown in table 3.2. The total amount o*t
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incondensable gas measured was 0.30mmoles, of composition 54% CO, 46% H,.
Unreacted MeGeH; (0.2 mmoles) was recovered from the volatiles while a small
amount (ca. 0.05 mmoles) could not be separated from the solvent.

The involatile products showed a trace of an insoluble decomposition
product, while the remainder was soluble in hexane. An infrared spectrum
of the soluble fraction in hexane showed only one carbonyl containing
species, (MeHGe),GeCo,(CO);,. On the basis of initial GeCo,(CO),, the
yield was 82% (0.061 g; 0.074 mmoles).

Table 3.2. Incondensable gas evolution over time from run 5.

Time interval Gas evolved %CO %H, Cumulative time Total gas evolved

(days) (mmoles) (days) (mmoles)

3 0.10 60 40 3 0.10
10 0.05 55 45 13 0.15

7 0.02 15 85 20 0.17
14 0.04 80 20 34 0.21
14 0.03 15 85 48 0.24
11 0.02 70 30 59 0.26
17 0.03 * * 76 0.29
14 0.01 * * 90 0.30

* Not measured

Table 3.3. summarises the results of these experiments.



Table 3.3 Summarised reaction conditions and results for the reactions of Me,GeH, or MeGeH; with GeCo,(CO),,.

Run Duration
(weeks)

1 15

2 20

3 5

4 8

5 13

Temp.

R.T.

R.T.

R.T.

10°C

R.T.

Initial ratio
of hydride to
cluster

10:1

CT:1

2.5:1

17:1

5:1

mmoles of
cluster
reacted

0.09

0.09

0.02

0.03

0.09

Reacting ratio
of hydride to
cluster

Ca.

2:1

Ca.

ca.

2:1 °

1.7:1

2.2:1

Incondensable
gas evolved
(mmoles)

0.33
(59% CO)

0.34
(52% CO)

0.30
(54% CO)

Yield of
disubstituted
product

Ca. 80%

86%

Ca. 75%

Ca. 50%

82%

66
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3.4.2. Characterisation of the New Clusters (Me,Ge) ,GeCo,(CO),, and
(MeHGe) ,GeCo, (CO) , , (D).

3.4.2.1. Handling of (MeHGe) ,GeCo,(C0O),, and (Me ,Ge) ,GeCo,(CO),, (D).

These compounds are very similar in their handling characteristics.
They are both bright orange solids which are stable at room temperature in
the absence of air. In the presence of oxygen decomposition will occur,
however they may be handled in air for short periods with little appreciable
decomposition.

Their solubility in non-polar solvents, such as hexane, is much
greater than that of the parent cluster, GeCo,(C0),,, which may be
attributed to the addition of hydrocarbon groups. Naturally, they are both
very soluble in more polar solveﬁts such as dichloromethane.

The only physical difference between these two compounds which is
easily observed is their ability to crystallise. (Me,Ge) ,GeCo,(CO) ;,
readily crystallises from hexane solution cooled to -15°C, while
(MeHGe) ,GeCo,(C0O),, was not observed to crystallise from solution under any
of the conditions attempted. Solid that came down from solution tended to
be of the form of coagulated powder. This may be attributed to the number
of isomers available for (MeHGe),GeCo,(CO),, resulting from the various
orientations of the unsymmetrical bridging germanium groups. These isomers

are shown in figure 3.2.

H H
AN /“e AN _~He
Co Ge Co Ge

‘ I \ -~ < H—Ge/—lﬁe\ce“ @
\I/e\\c/ NZ \\CO/

Me
N\ _H
Co ] Ge
/l\ _,Co//
l/ \Co

Isomers of (MeHGe),GeCo,(CO),,
(Carbonyls omitted for clarity)
Figure 3.2
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The existence of isomers in unsymmetrically substituted clusters of
this type has been observed in low temperature 'H NMR studies of species

such as [MeGeH]GeCo,(CO);; and [MeGeCl]GeCo,(CO),,(C) [32]

3.4.2.2. Infrared spectra of (MeHGe) ,GeCo,(C0O),, and
(Mezce)QGeC04 (CO) 1 Q(D) .

These two clusters show very similar patterns in the carbonyl region
of the infrared spectrum, while individual peaks are shifted by an average
of 4 cm™! to lower frequency on replacement of Ge-H by Ge-Me. This
corresponds well with the change observed for the monosubstituted species
(MeHGe )GeCo, (CO) ;3 and (Me,Ge)GeCo,(CO),; where a shift of 3 cm™! to lower
frequency is observed on replacement of Ge-H by Ge-Me [20].

Figures 3.3 (a) and (b) show the infrared active carbonyl stretches
recorded for each compound in hexane solution. The absence of any band
arising from bridging carbonyl stretches was a strong indicator that these
were the disubstituted species. A detailed discussion of the carbonyl
region of the vibrational spectra will be given in section 3.6.

For (Me,Ge),GeCo,(CO),, solid phase infrared spectra of both the

1

carbonyl region and the region between 900 and 400 cm™' were also recorded.

These spectra are shown in figures 3.3 (c) and (d).

While the solution carbonyl spectrum shows only five bands, up to ten
bands are resolved from the solid state spectrum. (Me,Ge) ,GeCo,4(CO),, has
idealised C, symmetry where the two fold axis passes through the central
germanium and bisects the angle between the two bridging Me,Ge units. This
symmetry predicts 12 carbonyl bands (6A + 6B) and, together with the modes

observed in the Raman spectrum (see following section), these are all

observed.

1

The lower region - between 900 and 400 cm™' - consists mainly of bands

resulting from Ge-C and Co-C stretching vibrations and various deformation
modes. Very little comparative data from this region is available for
molecules of this type, however the gas phase infrared spectrum of
Me,GeHCo(CO), has been reported [152]. Bands between 900 and 700 cm™! are

1

assigned to methyl rock, bands between 630 and 580 cm™' are assigned to Ge-C

stretching while those below 580 cm~! are ascribed to various Co-C

stretching vibrations and Co-C-0 bending modes.
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Figure 3.3. continued.
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3.4.2.3. Raman spectrum of (Me,Ge),GeCo,(CO),,(D).

The Raman spectra shown in figures 3.4 (a) and (b) were recorded from
a crystal of (Me,Ge),GeCo,(CO),,. The carbonyl region will be fully

discussed in in section 3.6.

The lower region - below 650 cm™! - contains bands resulting from Ge-C
stretching, Co-C stretching, metal-metal stretching modes and various
deformation modes. These bands are listed in table 3.4 together with the

same region of the Raman spectrum of the parent cluster, GeCo,(CO),4(B).
Tentative assignments have been made by comparison with the vibrational

spectra of some other germanium-cobalt carbonyl species.

Table 3.4. Raman spectra of (Me,Ge),GeCo,(CO);, and GeCo,(CO),;4 from

650-150 cm™!
(Me2G6)2G6C04(C0)12 GeCO4(CO)14

585 w Ge-C stretch

570 m Co-C-0 deformation

520 w

470 m Co-C stretch
420 w

382 w

265 s Metal-metal

230 s stretching 221 s
200 vs modes 201 w

180 m 181 w

120 m Deformations of 148 m

110 s metal framework 136 m N
90 vs eg. twisting - 93 w

75 s

60 m

Both recorded from the solid phase

The assignments made for metal-carbon stretching and deformation modes
of (MeZGe)zceCo4(CO)12 have been made by comparison with the vibrational
spectra of MeGeH,Co(CO) 4 [36]. These bands compare very well and are thus

assigned unambiguously (see also the infrared analysis of this region in the

previous section).
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The assignment of the various metal-metal stretches and deformations
within the two GeCo, triangles of each molecule must be carried out by
considering the entire metal framework. For comparison, the Co-Co stretch
of Co,(CO)g is observed at 230 cm™' [145] and the Ge-Cc stretch of
H;GeCo(CO),4 arises at 220 cm™! [143]. The Raman spectrum of
MeGeCo;(CO),, (A) has been discussed (section 2.5.2.4.). The GeCo, triangle
was considered as having C,_ symmetry where 2A, + B, modes were predicted
and it was found that each of these vibrations would contain elements of
both stretching and bending. Now, GeCo,(CO),,(B), containing two mutually
perpendicular GeCo, triangles, may be considered as ideally having D,,
symmetry. Seven Raman active vibrations of the metal framework are
predicted (2A; + B, + 2B, + 2E). Where the symmetry is reduced to C, the
two E modes will split giving nine possible bands. Of these, six would be
expected to arise at the high energy end of the metal-metal stretching
region while three would result from low frequency modes such as twisting
about the germanium. It is clear from table 3.4. that not all of these
modes have been observed.

In the case of (Me,Ge),GeCo,(CO),, the two additional GeCo, triangles
would be expected to further complicate the spectrum and, as can be seen
from table 3.4, three extra bands are observed in this region.. As
suggested for MeGeCo;(C0);,; (section 2.5.2.4.) the highest frequency band is
likely to arise from a symmetric stretch of the entire metal framework.

Thus the bands at 265 cm™! in the spectrum of (Me,Ge),GeCo,(CO),, and at 221
cm~! for GeCo,(CO),, are anticipated to arise from this type of mode.

These are depicted schematically in figure 3.5.

(2) \\ » (b) A * - I/
“Co Co”~ ' \ _Ge
\Ge ,q\“ /Co \ “ CO
/ N\ \ ~¢--6e Ge " \
Co Co_ \\ / \\NCO
P LN Go )

g y \
Schematic representation of highest frequency vibration of the

metal framework of (a) GeCo, (CO),, and (b) (Me,Ge),GeCo,(CO),,
Figure 3.5.
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3.4.2.4. Mass Spectrum of (Me ,Ge) ,GeCo, (CO),, (D).

The significant peaks of the mass spectrum of (Me ,Ge) ,GeCo,(CO),, are

listed in table 3.5. These showed the characteristic intensity pattern of
Ge; containing ions. No peak corresponding to (Me,Ge),GeCo,(CO),,*, which
would arise at m/e = 844-854, was observed. The highest mass observed was

at m/e = 833-844 but from this a stepwise series from the loss of 12 CO

units was clear. Approximately 65% of the total ion current was carried by
this series. The high mass peak at m/e = 833-844 corresponds to the parent
ion after loss of one methyl group. Ions corresponding to the loss of

further methyl groups were only of significant intensity when most of the CO
had been lost. The Ge;Co, skeleton remains whole with only one cobalt loss
of sufficient intensity to be observed.

Alternative fragmentations are through the loss of CH, or CH,
moieties, and this process may account for the few moderate intensity peaks
observed very close to the higher intensity peaks shown in table 3.5. For
example peaks with highest intensity bands at m/e = 652, 660, 613, 519, and
448 were noted, and these may, presumably, be accounted for by different
fragmentation patterns of the methyl groups.

It should be noted that the mass spectrometer used to record this
spectrum is rather old and it is possible that instead of an initial Me loss
the calibration was actually 15 m.u. too low. However, the overall pattern
of the spectrum is still clear.

The mass spectrum of the monosubstituted compound, (Me,Ge)GeCo,(CO),3-
[20] shows a similar pattern to that observed here, except that a peak
corresponding to the parent ion [Me,Ge,Co,(C0),;]* is also found. Peaks
corresponding to loss of Co and Ge from the metal skeleton were also of

sufficient intensity to be observed for this molecule.
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Table 3.5. Mass spectrum of (Me,Ge) ,GeCo,(CO),,

m/e relative intensity Assignment
ggg_ggg 48 Me;Ge;Co,(CO), 5"
41 Me;Ge;Co,4(CO) 4,
780-791 69 Me ;Ge;Co,4(CO) ;4"
754-765 76 Me,Ge3Co,4 (CO) 4 *
728-742 61 Me ;Ge3Co,4 (CO) 4 *
701-714 74 Me ;Ge ;Co, (CO),*
674-687 100 Me,Ge3Co, (CO) ( *
645-660 80 Me ,Ge ;Co, (CO) , *
616-630 94 Me ;Ge ;Co, (CO) ,*
587-602 50 Me ;Ge ;Co, (CO) ,*
573-587 26 Me ,Ge ;Co, (CO) ,*
558-574 36 Me ;Ge ;Co, (CO),*
544-557 17 Me ,Ge3Co, (CO),*
530-545 12 Me ;Ge ;Co, (CO)*
503-517 41 Me,Ge;Co,4(CO)*
489-503 9 MeGe;Co,(CO)*
475-487 54 Me,Ge ;Co, +
463-474 59 MeGe;Co, *
448-459 81 Ge;Co,*
402-414 20 MeGe;Cog*
389-399 34 Ge3Coy "

3.4.2.5. 'H NMR spectrum of (Me,Ge),GeCo,(CO),,(D).

The 'H NMR spectrum of (Me,Ge),GeCo,(CO);, in ds benzene was recorded
and showed one singlet at 0.76 §. This has been assigned to the protons of

the four methyl groups.
3.4.2.6. X-Ray crystallographic study of (Me,Ge),GeCo,4(CO),, (D).

Single crystals of (Me,Ge),GeCo, (CO),, suitable for study were grown
from a hexane solution slowly cooled to -15°C. A bright orange oblong
crystal was mounted in Araldite on a glass fibre. Preliminary precession
photography indicated triclinic symmetfy. Intensity data was collected at

the University of Canterbury on a Nicolet P3 diffractometer. Table 3.6.
records the crystal data for (Me,Ge),GeCo,(CO),,.
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Table 3.6. Crystal Data for (Me,Ge) ,GeCo, (CO),, (D).

Formula: Cl 6H1 2C04G€3012
Mr: 849.77
Spacegroup: Triclinic, PT.

9.607 (3) A b

a . = 14.796 (4) A c =9.476 (3) A
a = 95.83 (2) B =91.94 (2)° y = 98.83 (2)°
U = 1322.4 (6)A3

Dcalé =2.14 g cm™?3 D,y s = Not measured

Z =

F(000) = 816 w(Mo-ka) = 57 cm™!

T = 293 K A(Mo-ka) = 0.7107

A total of 5192 unique reflections in the range 4°<26<45°, with.0<h<11,
-16<k<16, -11<1<11, were collected. Of these, the 3353 having I>20(I) were
used in all calculations. The intensity data were corrected for Lorentz,
polarisation and absorption effects (based on a series of ¢ scans). The
transmission factors were Max = 0.949 and Min = 0.736.

Solution of the structure was achieved by direct methods. The heavy
atoms of the unique molecule were found with ease whilé é;bsequent
refinements and difference maps gave the positions of all of the carbonyl
groups and the methyl carbons. The hydrogen atoms were incl@ded in |
calculated positions and all atoms were made anisotropic. Full matrix
least squares refinement to convergence gave R = 0.044, RW = 0.0399 with
w = (c2F + 0.000325 F2)-1. At this point the largest parameter shift not
involving hydrogen atoms was 0.lo, while the final difference map showed no
new peak having greater than 0.5 electrons A-3.

The final positional and anisotropic thermal parameters of
(Me,Ge) ,GeCo,4(CO),, are given in Appendix 3 together with a complé%e list of
the bond lengths and angles determined for this molecule. The observed and

calculated structure factors have been archived by the University of

Waikato.

3.4.3. Discussion of the Reactions of Excess Mono- and Dimethylgermane

with GeCo,(CO),4(B).
3.4.3.1. General discussion of these reactions.

The new clusters (MeHGe),GeCo,(CO);, and (Me,Ge),GeCo,(CO),, appear to

be produced almost quantitatively from the reactions of GeCo,(CO),, with a

large excess of MeGeH; or Me,GeH, respectively.
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The incondensable gas evolution monitored in runs 1 and 5 show similar
results for the two hydrides, where gas release is fast in the early stages
but slows down towards the reaction end. The values for percentage CO and
H, in each case appear to be somewhat random. Since the amount of gas
measured at each stage of these reactions was very small, particularly
towards the reaction end, it is possible that these figures are unreliable.
However, these results may indicate that there are different stages during
the reaction where CO release predominates over H, evolution and vice versa.
This may be compared with the results for the reactions of MeGeH,; with
Co,(C0)g described in Chapter 2, where CO release was observed to dominate
in the early stages of reaction while later H, evolution took over. This
suggested the release of the bridging carbonyl prior to the loss of hydrogen
from the germanium group. The results from the incondensable gas
monitoring of run 1, in the reaction of Me,GeH, and GeCo,(CO),, show a
similar pattern, although this is not as clear as in the reaction of
Co,(CO)g with MeGeH,.

Overall, the incondensable gas measurements for these reactions give.
values which appear to be somewhat low. For example, in run 2 0.34 mmoles
of gas were measured where at. least 0.36 mmoles would have been anticipated,
since all the GeCo,(CO);, was observed to have reacted. Howéver the values
obtained are within reasonable experimental error.

In all of these reactions the overall composition of the gas seems
reasonable, since a slightly higher percentage of CO relative to H, would be
expected as a result of the small amount of decomposition product obtained.

In run 2, where all unreacted Me,GeH, was recovered from the volatile
components, it was found that 0.18 mmoles of Me,GeH, had reacted with 0.09
mmoles of GeCo,(CO),4- This corresponds exactly with the product of this
system being (Me,Ge),GeCo,4(CO) ;. In runs 2 and 5 the exact amount of
reacted hydride could not be determined since some was not separated from
the solvent. However the estimated values are consistent with the observed
product.

In run 1 the reaction duration was 15 weeks while that of run 5 was 13
weeks. These may be considered as very similar reaction times since run 1
had no incondensable gases removed for the first 3 weeks of reaction which
would be likely to inhibit it [20]. As run 1 had an initial ratio of
hydride to cluster of 10:1 while that of run 5 was only 5:1 it appears that
as long as a sufficient excess of hydride is present to allow the formation

of the disubstituted species, any further excess of hydride will not result

in a faster reaction.



111

Any comparison between the reactivities of MeGeH,; and Me,GeH, is not

possible from this study and would require a further examination of these

systems.

3.4.3.2. Discussion of the formation of {(Me ,Ge) ,GeCo, (CO),, and
(MeHGe)2C04 (CO)12 (D) .

The earlier studies of the reactions of MeGeH; and Me,GeH, with
GeCo,4(CO),4(B) [20] suggested that only the monosubstituted clusters,

(MeHGe )GeCo, (CO),; and (Me,Ge)GeCo,(CO),,(C) respectively, could be obtained
from these systems. This observation was rationalised by the suggestion
that once one Co-Co bond had been bridged by a larger group the second Co-Co
bond would contract preventing further substitution [20]. However, in
these studies only low ratios of hydride to cluster were employed which
would not have been high enough to promote formation of the disubstituted
clusters, (MeHGe),GeCo,(CO),, and (Me,Ge)GeCo,(CO);,(D). Clearly, it is
the initial ratio of hydride to cluster which primarily determines which of
the two possible products is formed.

It is possible that the earlier rationalisation is, at least, partially
true since in the previous studies of the reactions of these hydrides with
GeCo,(CO);, only the monosubstituted products were observed, rather than a
mixture of the disubstituted species and unreacted GeCo,(CO),,. It may
thus be concluded that the new clusters (MeHGe),GeCo,(CO),, and
(Me,Ge) ,GeCo,(CO),, will only form where there is sufficient hydride to push
the reaction past the monosubstituted stage.

It seems likely that the disubstituted product is formed subsequent to
the monosubstituted species, since the product mixtures of runs 1 and 4,
observed before the completion of reaction, showed the presence of both the
mono—- and disubstituted compounds.

This suggestion is also supported by a brief study of the reaction of
(Me ,Ge)GeCo,(CO),; with excess Me,GeH, which showed the product to be
(Me,Ge) ,GeCo,(CO);, [32]. Hence, the monosubstituted compounds may be

considered as intermediate in the formation of the disubstituted species, as

shown in scheme 3.1.
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It is apparent that formation of the monosubstituted species occurs
faster than that of the disubstituted product. If this were not so, it
would be unlikely that the monosubstituted compounds would be observed.

This again supports the original hypothesis that after one Co-Co bond is
bridged by a large group then the opposite Co-Co bond contracts, causing the
second substitution to occur comparatively slowly.

This type of process is also observed for the reactions of phenyl- and
ethylgermane with GeCo,(CO),,(B) [32], where, at low molar ratios of hydride
to cluster the major product is the monosubstituted species -
(PhGeH)GeCo,(C0),; and (EtGeH)GeCo,(CO),; respectively - while at higher
than a 2:1 ratio of germane to cluster the major product is the
disubstituted compound - (PhGeH),GeCo,(CO);, and (EtGeH),GeCo,(CO),,.

Further evidence for the monosubstituted compounds being intermediates
in the production of the disubstitutéd species was obtained from run 3 where
the reaction between Me,GeH, and GeCo,(CO);4 (2.5:1 ratio) in d4 benzene was
followed using 'H NMR spectroscopy. Some of the spectra obtained from this
experiment are shown in figures 3.6(a) to (f). The triplet observed at
0.31 & with a second component at 3.89 8 (J = 3.81 Hz) are assigned to the
protons of MézceHz while the singlet at 4.71 8 is attributed to molecular
H,. Over the duration of the reaction the peaks resulting from Me,GeH,
diminish to almost zero intensity while that of H, gradually increases,

reflecting the consumption of Me,GeH, by reaction with GeCo,4(CO),,, which,

in turn, produces H,.
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Figure 3.6. continued.
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From an early stage in the reaction a singlet is observed at 1.12 §.
This is the observed position of the methyl protons of the monosubstituted
species (Me,Ge)GeCo,(C0),;(C), in d, benzene which was recorded separately.
This peak remains at much the same intensity until near the reaction end
where it diminishes to almost zero. A second singlet at 0.76 § increases
in intensity to become by far the strongest peak in the spectrum by the end
of the reaction. This second singlet results from the methyl protons of
the disubstituted product, (Me ,Ge) ,GeCo 4 (CO),, (D). This 'H NMR experiment
thus supports the suggestion that the formation of (Me ,Ge) ,GeCo,(C0O),, is a
stepwise process, proceeding via the initial formation of the
monosubstituted compound, (Me,Ge)GeCo,(CO),,.

Several other peaks are observed in the !H NMR spectra of this reaction
of Me,GeH, with GeCo,(CO),,. A medium intensity doublet at 0.54 & with a
second component at 5.57 8§ (J = 2.64 Hz) is observed. The signals attain
reasonable resolution and remain at much the same intensity throughout the
reaction. These peaks presumably result from the C-H and Ge-H protons of a
species of the form Me,GeHX. At the end of the reaction the intensity of
the doublet at 0.54 § is much greater than the singlet resulting from
(Me,Ge)GeCo,(CO),;3;. A trace of the latter was observed in the carbonyl
region infrared spectrum of the involatile product mixture recorded after
work-up, thus it is likely that the species giving rise to the doublet
either contains no carbonyl groups or is a volatile species which was pumped
away when the volatiles were removed from the reaction mixture. The fact
that the intensity of these peaks remains the same throughout the reaction
suggests that these result from an impurity which is either not involved in
the reaction at all, or forms very quickly in the early stages and then
takes no further part. For example; if a small amount of Co,(CO)g were
present among the GeCo,(CO),, startiﬁg material this could possibly react
with Me,GeH, to produce Me,GeHCo(CO), which would give the observed pattern
of signals. This is unlikely however,-since the GeCo,(CO),, was very
carefully purified before use to ensure its freedom from any impurities.
Also, the 'H NMR spectrum of Me,GeHCo(CO), has been recorded in SiCl, [152]
and the peaks are observed at 1.06 & and 4.97 & with J = 3.2 Hz. Although
some shift would be expected because of the different solvent used, it would
be unlikely to be this large. A more reasonable assignment of these peaks
is to Me,GeHCl. This species could be present as a result of incomplete
reduction of Me,GeCl, by LiAlH, during the preparation of Me,GeH,. The 'H
NMR spectrum of Me,GeHCl recorded in CCl, solution shows a doublet at 0.8 &
and a septet at 5.55 & with J = 2.70 Hz {154]. Once allowance is made for

solvent shift these signals correspond very well with those observed here.
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The presence of Me,GeHCl would explain the fact that although a small excess
of Me,GeH, over GeCo,(CO),;, (2.5:1) was used, at the time of workup the
Me,GeH, was almost completely consumed while a small amount (Ca. 10%) of the
monosubstituted product, (Me,Ge)GeCo,(CO),;, still remained.

It is interesting that Me,GeHCl does not appear to react with
GeCo,4(CO),, itself. It seems that replacement of the bridging carbonyl is
the favoured reaction and since this path is not available to Me,GeHC1, as
it has only one attached hydrogen, it takes no part in the reaction process.
It has been observed that an attached Cl does not become involved in this
type of neutral substitution reaction. For example, in the reaction of
MeGeH,Cl with GeCo,(CO),, the major products are [Me(Cl)Ge]GeCo,(CO),; or
(Me(Cl1)Ge] ,GeCo,(CO),,, depending on the initial reaction ratio [ 32]. It
is also possible that the presence of the Cl atom on Me,GeHCl makes this
species tophindered to allow an approach to the cluster. In any event, it
is clear that reaction of GeCo,(CO),, with Me,GeH, is much preferred to
reaction with Me,GeHCl.

Also observed in the 'H NMR spectra recorded of this reaction are
comparatively low intensity singlets at 1.47 § and 4.54 §. Again, these
remain at much the same intensity throughout the reaction and it is
anticipated that these also arise from some minor impurities present in the
reaction mixture although the exact nature of these is unknown.

Table 3.7. lists the observed peaks with assignments and shows the

relative intensity of each during the reaction.

Table 3.7. 'H NMR data from the reaction of Me,GeH, with GeCo,(CO) 4.

Signal Ju-u Multiplicity Assignment Approximate
(8 ppm) (Hz) Relative Intensity

24 hrs 75 hrs 31 days

0.31 triplet

3.89 3.81 septet Me ,GeH, 8.0 4.5 0.8
4.71 - singlet H, 0.1 0.3 0.6
1.12 - singlet (Me,Ge )GeCo,4(CO) ;4 1.5 1.5 0.9
0.76 - singlet (Me,Ge) ,GeCo,(CO),, 0.4 2.0 9.5
0.54 2.64 doublet Me,GeHCl1 2.5 2.5 2.5
5.57 septet

1.47 - singlet ? 0.4 0.4 0.4

4.54 - singlet ? 0.2 0.2 0.2
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3.4.3.3. Discussion of the carbonyl region vibrational spectra.

As mentioned in Chapters 1 and 2, Bor has discussed the generalised
infrared spectrum expected for the carbonyl stretches of M,(CO)¢(u-x),

specles of idealised C,, symmetry [130]. This generalised spectrum is

depicted in figure 3.7.
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Figure 3.7. {130]

Table 3.8. records the carbonyl region infrared data for
(C:O) (}Li—m)I, Coz(CO) (‘Lz—m)(ﬂ.z_ceMez) (I) and COI(CO) (‘Lz—GeMez)z
(I1). These exhibit Bor spectra with well resolved main bands (q, s, u and

v on figure 3.7.).

Table 3.8. Terminal carbonyl stretches in the infrared spectra of
Co,(C0) ¢(—X), species. (em-').

Bor mode Co,(C0),(x—C0),(a) Coz(CO);(u;CO)(g—GeMe,)(b) Co,(C0) ¢ (u—GeMe, ) 2 (<)

q 2112 s 2088 s 2072 s

s 2071 vs 2048 vs 2035 vs

u 2044 vs 2026 vs 2014 vs

v 2042 vs 2008 vs 1994 vs

w 1998 sh, w 1984 m
(x or y) 1965 sh, ww 1964 vw
(a) [(130] (b) [20] (c) [17]

All recorded in hexane solution.
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Also clear from table 3.8. is that replacement of one CO by GeMe, in
(I) results in shifts to lower frequency of between 17 and 35 cm™! (average
28 cm™!') and on the second replacement, in (II), a further shift of between
16-21 cm™! (average 18 cm™!) is observed.

Since the new clusters (MeRGe),GeCo,(C0O),,(D) (R = H, Me) have become
available it is of interest to compare the vibrational spectra of these, and
that of the parent cluster, GeCo,(CO),4(B), with Bor's idealised system.

If these compounds are written as {(x-X)Co,(CO),},Ge where X = CO(III) or
GeRMe(IV) then it is obvious that these are related to the molecules.
discussed above. In fact they may be considered as "Double-Bor" systems
where (III) is analogous to (I) and (IV) to (II). If the coupling of the
two Co,(CO)¢ units through the central germanium is moderate, then it is
possible to regard the resultant vibrational modes as the in- and out-of-
phase combinations of the Bor modes. .In Chapter 2 it was shown that
interpretation of the carbonyl vibrations of the infrared spectrum of
MeGe[Co(C0) (]Co,(C0O);(A) is possible in terms of the Co(CO), and the
Co,(CO); units.

Of further help in this analysis is the fact that if the bridging X
groups are neglected and all Ge-Co distances regarded as equal then the
Ge[Co,(CO)¢], unit has D,y symmetry. Although the molecular symmetry in
the solid is only C,, the selection rules for the higher symmetry should
give a guide to intensities.

The correlation found is shown ;ﬁ table 3.9. Since the two Co,(CO)q
units are mutually perpendicular the local x and y axes exchange so that, in
the local C,, symmetry, a By mode in one unit is a B, mode in the other.

This reconciles the B, + B, (in C,,) with E (in D,4) correlation.
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Table 3.9.  Correlation between M,(CO),(u-X), and [ (u-X)M,(CO) 1, (s -E)
carbonyl vibrations.

Bor Unit Vibrations Double-Bor Unit Vibrations
Bor symbols Symmetry and Symbol Symmetry and Activity*x*
Activity

v; q A; (IR, R) q’ A; (R) vy

q" B, (IR, R) Vg
vy S B, (IR, R) s’ E (IR, R) vy
v, u A, (IR, R) u’ A; (R) v,

u" B, (IR, R) vy
vg Vv B, (IR, R) v’ E (IR, R) vg
vy W B, (IR, R) w' E (IR, R) Vg
vy Z* A, (R) z' A, (inactive) v,

z" B, (R) v,

* The infrared inactive A, mode was not designated by Bor [130] and the
symbol z is introduced. r, t, x and y were used to denote !'3CO modes.

** Based on idealised D,4 symmetry.

The carbonyl region of the vibrational spectra of (III) and
(Me,Ge) ,GeCo,(C0),, are depicted in figures 3.8 (a) to (d) with the "Double
Bor" modes assigned.

It is clear from table 3.9. and from the resulting assignments on the
spectra shown in figure 3.8 that the analysis leads to a consistent

correlation where the lower true symmetry leads to the following effects:

(i) The A; modes appear in the infrared spectra, but only weakly.

(ii) The A, mode is very weak or absent with the observed mode due to
13¢Co.

(iii) The B, mode is absent from'the infrared spectra.

(iv) The B, modes are stronger in the infrared than in the Raman

spectra.

Any splitting of the E modes is very small but the main anomaly arises
for these in that: s’ is very strong in the infrared for both compounds
while v’ and w’ vary between the two molecules but at least one is much

stronger in the Raman than in the infrared. Since the Bor unit parent
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Figure 3.8. Carbonyl region vibrational spectra of
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modes, v(B,) and w(B,), are very close and of quite different intensities it

is not surprising that the simplified approach breaks down in this region.
A comparison of the frequencies of the infrared active carbonyl

vibrations of the molecules GeCo,(CO),,, (Me ;Ge)GeCo, (CO),; and

(Me,Ge) ,GeCo,(CO),,, listed in table 3.10, shows replacement of 1-CO by p-

GeMe, leads to shifts to lower frequency of between 18 and 7 cm™! (average

13 cm™!) and on the second replacement shifts of between 17 and 10 cm™!

(average 14 cm™!) to lower frequency are observed. These are comparable

with those found in the substitution of Co,(CO),.

Table 3.10 Terminal carbonyl infrared stretches of GeCo,(CO),,,
(Me ,Ge )GeCo,4(CO);; and (Me,Ge) ,GeCo,4(CO) ;5. Cemn~1).

GeCo,(CO) 44 (a) (Me ,Ge)GeCo 4 (CO) 45 (b) (Me ,Ge) ,GeCo, (CO) ,,

2096 m 2"?1 m

2080 s 2064 vs 2054 vs

2061 vs 2054 vs 2037 vs
2043 vs

2040 m 2027 m 2015 m
2021 sh, w

2032 m 2016 s 2002 m

2020 w 2002 w

2004 w 1987 w

(a) [34] (b) [20]
All recorded in hexane solution.

3.4.3.4. Discussion of the structure of (Me,Ge),GeCo,(CO),,

The asymmetric unit contains a discrete molecule of (Me,Ge),GeCo,(CO),,.
A perspective view of the structure isfgiven in figure 3.9 while a stereo
view of the molecule is depicted in figure 3.10.

As expected the molecule comprises a central GeCo, unit where each Co-Co
bond has been bridged by a Me,Ge unit, which replaces the original bridging
carbonyl ligands. This results in the cluster containing four GeCo,
triangles linked by Co-Co edges and germanium apices.

The bond lengths and angles of the metal skeleton of (Me,Ge),GeCo,(CO),,
are shown in table 3.11 together with those recorded for the two unique
molecules of the parent cluster, GeCo,(CO0),, [18(b)]. Figure 3.11 depicts

the molecular structure of each showing the labelling system used. In each
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structure Co, and Co, are closer to the bridging group of the opposite Co-Co
bond than Co, or Co,.

(a) (Me,Ge),GeCo,(CO),, (b) GeCo,(CO), 4
(H's omitted for clarity)

Figure 3.11

Table 3.11 .Selected bond lengths and angles for (Me,Ge),GeCo,(CO),;, and

GeCo,4(C0O) 44
GeCo,4(CO), 4

Bond (A) (Me,Ge) ,GeCo,(C0O) 4, 1 2
Ge;-Co; 2.367 (1) 2.372 (3) 2.379 (3)
Ge;-Co, 2.387 (1) 2.344 (2) 2.341 (3)
Ge,-Cos 2.383 (1) 2.348°(2) 2.339 (2)
Ge;-Co, 2.372 (1) 2.381 (3) 2.387 (2)
Ge,~Co, 2.378 (1)
Ge,—Co, 2.349 (1)
Ge;—Co, 2.363 (1)
Ge;—Co, 2.372 (1)
Co,-Co, 2.639 (1) 2.570 (3) 2.559 (3)
Co;-Coq 2.644 (1) 2.564 (3) 2.552 (3)
Bond Angles (°)
Co,Ge,Co, 67.5 (1) 66.0 (1) 65.7 (1)
Co,GeCoy, 138.3 (1)
C()ICoz(_]e1 55.9 (1) 57.5 (1) 57.9 (1)
Co,Co,Ge; 56.6 (1) 56.5 (1) 56.4 (1)
Co,Ge,Co, 67.9 (1)
Ge,Co,Ge;, 82.6 (1)
Ge,Co,Ge, 82.8 (1)

Dihedral Angles

Ge1C01C02-Ge1C03C04 101.07 96 97
Ge,Co,Co,-Ge,Co;Co, 105.39

Ge,Co04Co,~Ge;Co;3Coq 105.32
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As would be anticipated, the replacement of the bridging carbonyl
ligands of GeCo,(CO),, by the much larger GeMe, units to provide
(Me,Ge) ,GeCo,4(CO),,, lengthens the Co-Co bonds quite markedly. The
observed lengthening is of an average 0.081(2) R . For comparison, in the
molecule Ge;Cog(CO),4, which may be considered as a central GeCo,(CO),, unit
where each Co-Co bond is bridged by a GeCo, (CO); group, the Co-Co bond
lengths of the two inner triangles are 2.664 (2) A [22, 23], slightly
greater that that observed for (Me,Ge),GeCo,(C0),, at 2.642 (1) A.
Presumably the larger groups attached to the bridging germanium in
Ge;3Cog(CO),¢ result in this slight increase in Co-Co bond length. In the
anion {[(CO),CoHg]GeCo,(C0),5}, the Co-Co bond bridged by the mercury atom
is further enlarged at 2.751 (2) A [80] which reflects the increased size of
the bridging group.

In (Me,Ge),GeCo,4(CO),,, a corresponding opening of the Co-Ge;-Co bond
angles to compensate for this Co-Co bond lengthening is also found but this
is surprisingly small, at an average of only 1.6° (1). This may be
explained by the observation that the Ge;—-Co bond lengths are also enlarged
relative to those of both the parent cluster (by an average 0.016 A) and the
outer Ge-Co bond lengths of (Me,Ge),GeCo,(CO),;, (by average 0.012 A), which
presumably arises to avoid steric strains which would be promoted by the
opening of the Co-Ge;-Co bond angles. A similar situation is observed for
Ge;Cog(C0),¢(G) where the Co-Ge;-Co angles are larger than those of
GeCo, (CO),, by an average of only 2° while the Ge,;-Co bonds are considerably
lengthened by an average 0.019 A [22, 23].

The dihedral angle between the two inner GeCo, triangles of
(Me,Ge) ,GeCo,(CO),, is also larger than that of the parent compound by an
average of 4.5°. This is likely to-result from the large size of the
bridging groups requiring the cluster to open out slightly so that these may
be kept at a distance from one another.

The dihedral angles between the inner and outer GeCo, triangles of
(Me,Ge) ,GeCo, (CO);, are almost identical at 105.39° and 105.32°.  In the
molecule Ge;Cog(CO),¢ (G) the dihedral angles between the inner and outer
GeCo, triangles are 120.4° [22,23], larger than those observed here.

Clearly the methyl groups attached to the bridging germanium of
(Me ,Ge) ,GeCo, (CO),, exert less steric influence on the molecule than
attached Co,(CO); units, thus smaller dihedral angles are possible.

For both of the clusters GeCo,(CO);4 and (Me,Ge),GeCo,(CO);, the
central GeCo, triangles are clearly asymmetric, although for
(Me,Ge) ,GeCo, (CO),, this effect is less pronounced, and the long and short

Ge-Co bonds are the opposite way round from the case of the parent cluster.



128

That is, in GeCo,(CO),,, Ge,Co; and Ge,Co, are relatively long bonds while
Ge,Co, and Ge,Co; are relatively short, however for (Me,Ge),GeCo,(CO),,,
Ge,-Co, and Ge,-Co, are the relatively short bonds and Ge,-Co, and Ge,-Co,
are relatively long.

In order to rationalise these observations it is necessary to consider
the bonding within these types of molecules. A discussion has been
reported [148] of the bonding within (n-Me ,Ge) ;Fe, (CO),. In the D,, point
group, where the Fe-Fe bond of a GeFe, triangle is taken as the z direction,
the main bonding interactions are (i) a,;’ and e’ combinations of the metal
d,? and the dy,, dy, pair with an inward-pointing hybrid orbital on each
germanium; (ii) an e'’ interaction between one
p orbital on each germanium and the d,, orbital on each iron so that the two
irons are antibonding towards each other, but bonding to the germanium.

The latter is shown in figure 3.12 for one GeFe, triangle.

Figure 3.12

The a;’ and e’ effects stabilise o;bitals bonding between the Fe(CO),
fragments, while the e" contribution stabilises orbitals which are Fe-Fe
antibonding. Hence, instead of a clear division of orbitals into Fe-Fe and
Fe-Ge bonds there is an overall distribution of electron density throughout
the Fe,Ge units, involving centrally-and peripherally directed elements In
the general case, the precise contribution of each interaction depends
particularly on the M-M'-M angle and the M-M distance.

Now, for the two clusters under study here it may be considered that a
significant contribution to the bonding of the central GeCo, triangles of

GeCo4(CO),4 will be as shown in figure 3.13.
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Col ZA

For clarity the bonding of only one GeCo, triangle

is shown and most CO groups have been omitted.
Figure 3.13

This may be considered as equivalent to the e" interaction in a Dj,
treatment as described above. The second GeCo, triangle would bond in this
maﬂner through a second germanium p orbital perpendicular to that shown,
i.e. that coming out of the page.

From this diagram it becomes clear that the bridging carbonyl unit is
close enough, and in the correct orientation for a filled p=« or pw* orbital
to interact with the p orbital of the central germanium. This interaction
would, in turn, reduce the interaction between the germanium and Co,,
causing this bond to be lengthened relative to Ge;-Co,. Similarly, the
bonding between Ge; and Co, would be weakened by an interaction between the
germanium p orbital and the bridging carbonyl coming out of the page,
causing Ge;-Co, to be lengthened relative to Ge;-Co;.

In the case of (Me,Ge),GeCo,(CO),;, the same bonding diagram of the

GeCo, triangles may be applied, as im figure 3.14.

Figure 3.14

Here, however, the bridging Me,Ge group is a saturated species thus it
may not contribute electron density to the central germanium p orbital as is

suggested for a bridging carbonyl unit. In fact it is perhaps more likely
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that the bridging germanium unit may have a dw or an antibonding orbital in
the correct orientation to accept electron density from the central
germanium p orbital. This would allow the bond between Ge,; and Co, to be
strengthened, resulting in the comparative shortness of this bond with
respect to Ge,-Co,. Again, an identical effect will be observed for the
perpendicular Ge; p orbital and the GeMe, orbital coming out of the page,
resulting in Ge,-Co, being shortened relative to Ge,-Co,.

This postulate, although only suggested tentatively to explain the
observed asymmetry, is supported for (Me ,Ge) ,GeCo,(CO),, by two features.
Firstly, the Ge,;-Ge, and Ge;-Ge; non bonding distances are 3.132 A&, well
within the sum of their Van der Waals radii of 4.20 &, which clearly
indicates that an interaction exists between them. A comparison with
Ge3Cog(C0O),¢, shows that the analogous Ge-Ge non-bonding distances of this
molecule are longer by 0.1 A [23], although it should be noted that
Ge;Co4(CO),¢ is a much more sterically strained molecule. Further evidence
for this explanation comes from the fact that if the bridging germanium
groups were accepting electron density into an antibonding orbital
orientated towards the central germanium p orbital, then it would be
expected that the bond between the bridging germanium and the exo methyl
carbon, opposite this antibonding orbital, would be lengthened relative to
that of the second methyl carbon. Although the standard deviations
preclude any definite judgements, the bond lengths do suggest a lengthening
of Ge,-C, relative to Ge,-C; and of Ge;-C; relative to Ge;-C,.
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