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SUMMARY



The work described, which is concerned with various aspects of organo-

germanium chemistry, is presented in four parts.

Part 1. Cermanium Halides and Grignard Reagents.

Grignard reagents provide one of the most versatile and widely used
methods of forming germanium-carbon bonds, but in individual cases complications
occur. The reactions between germaﬁium tetrachloride and isopropylmagnesium
chlotide, and germanium tetraiodide and isopropylmagnesium bromide were
examined with the object of obtaining a more detailed picture of the Grignard
reaction for this sterically hindered case. Typically, an excess of the
Grignard reagent gave some 25 volatile products, many of which were identified.
The main features of the reaction are: (i) stepwise alkylation, giving di-,

tri-, and tetra-substituted products

lgeCl. + ProGeCl + Pr-

+ Pr MgCl —— Pr,GeCl, 3 A

GeCl Ge;

4
(ii) isomerisation of isopropyl groups during the course of the reaction,

leading to PrlGePrn;

3
(iii) formation of germanium hydrides, probably via germyl Grignard reagents
, . H,O .
i i 2 i
Pr3GeCl ——>Pr3GeMgcl —>Pr3GeH;

(iv) formation of di- and oligo-germanes in small amount, possibly by a
coupling reaction

ProGeMgCl + Pr;Gecl —pr

3 1Ge etc; and

6 2
(v) the production, on hydrolysis of polymeric material containing Ge-0

and Ge-H bonds.

Reaction mechanism requiring a dimeric form for the Grignard reagent are

suggested, and infrared spectra of some isopropyl and n-propyl germanes are

A\ PRI 7
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Part 2. Organogermanium - Transition Metal Complexes.

A number of compounds have been described in ﬁhich_germanium is bonded to
a transition ﬁetal, and some of these particularly those containing germanium
bonded to platinum, have some unusual reactions. The present study examines
the formation, stability and reactivity of representapive compounds containing

Ge-Mo and Ge-W bonds.

R.GeX +- rr—CSHS(CO)3I'1Na — rrCSHS(CO)3MGeR

3 3

M =Mo,W. R=Me, Et, Pr"

All these complexes are stable to water but undergo aerial oxidation as solids
and in solution: all are thermally stable up to 200° and sublime readily in
vacuo.. The proton magnetic resonance spectra of the ethyl complexes indicate
an effective electronegativity close to that of hydrogen for the germanium atom.
‘Displacement of one carbonyl group occurs with "w-acid" reagents, EtzPH reacts
quantitatively, Me3P and CSHSN incompletely, and Ph3P gives an equilibrium from
which the eight-coordinate molybdenum complex nCSHS(CO-)B(PPh3)MoGeR3 may be
isolated. HC1, CZH4Br2, and 12 all cleave the metal-metal bond, and iodine
reacts further, displacing a carbonyl group to give nCSHS(CO)zMIB. MgBr2 and
the tungsten complexes yield ﬂC5H5(00)3WMgBr.THF which, in benzene solution,
probably contains a three coordinate magnesium atom.HgCl2 gives ﬂCSHS(CO)3WHg01,
which may be used to establish W-M bonds by cleavage of further M-Ge units.

This reaction is extended to other systems, including those involving Pt-Ge

. . 1
bonds, which yield [(R3P)2Pt(GeR 3)]2.

Part 3. Mass Spectra of Polyisotopic Molecules.

The fragmentation'behaviour of polyisotopic molecules from the work in parts

1 and 2 under .70v electron impact is described and discussed. Organo mono-, di-,

5




" tri-, and tefra-germanes give small parent ions which decompése.to yieid pre-
dominantly electron-pair bonded ions. The molybdenum- and tungsten-germanium
compounds and their phosphine derivatives show much more complex breékdown
patterns, involving considerable intraionic rearrangements, and the ease of
rupture of the M-Ge bond is markedly dependent on the ligands surrounding it.

In all cases,.mostsqf the ion. current is carried by metal-containing species

and those compoundslwhich contained a metal-metal bond, other than the

phosphine complexes, show intense ions containing these bonds intact. Ions

are ‘identified by higﬁ-resolution mass measurement and comparison of experimental

and calculated isotope abundance patterns.

Part 4. -Computational Techniques.

The characteristic isotope patterns'prodﬁced in the mass'spectra of
molecules contéining a number of polyisotopic elements cannot be obtained by the
stralghtforward arithﬁetic involved in dealing with the mass spectra of orgénic
compounds. Interpretation of the mass spectra of polyisotopic molecules is,
however, greatly facilitated if precise masses and abundance values for the
peaks in these patterns are readily available. Three computer programs are
presented which produce mass and abundance data for both high and low resolutipn
applications covering most requirements in . the field of the mass spectrometry of
organometallics. Precise data may be obtained for aggregates of any four
elements (a,b,c,d) within the composition range él-lO bO-lO €0-10 dO-lO and low
resolution data for a single element without limit to the:ngmber of atoms.
Correction routines for the heavy isotopes of C,H,N, and O may be applied. Three
further programs use information from the previous procedures to help in fitting
chemical formula to measured masses, and one of these provides possible structural

formulae directly from experimental masses. 6




PART 1

GERMANIUM HALIDES &
GRIGNARD REAGENTS



THE numerous methods of establishing germanium-carbon bonds cover the

whole range of techniques of synthetic organometallic chemistry. An

understanding of the mechanisms of these reactions is of fundamental

importance, yet in many cases these mechanisms are wholly mysterious: few
preparations have been examined in detail; minor products which can be of
considerable theoretical interest often completely escape atteqtion. Even
the exact nature of the initial reactants is sometimes in doubt, especially
when these}are generated and used in situ. Grignard reagents are perhaps
the most important organometallic synthetic intermediates encountered in
general chemical practice, but despite their familiarity, their reactions
form priﬁe examples of those whose detailed workings are almost entirely
unknown.. In the particular instance of their use with germanium halides
yields of as low as 5% of the desired material have been obtained, with
scaréely any comment. The deserved popularity of Grignard reagents, however,
is apparent only in comparison with other available methods and it is here
appropriate to review briefly the major synthetic routes applied to the

formation of germanium-carbon bonds.

1.1. PRIMARY METHODS

Synthesis or organogermanes from unsubstituted germanium halides.

1.1.1. Preparation using organo- zinc, cadmium, and mercury compounds.

The action of diethylzinc on germanium tetrachloride was used by
Winkler® in 1887 to prepare the first synthetic germanium compound,
tetraethylgermane, in confirmation of Mendeleeffs predictions

GeC14 + ZRZZn —————»-R4Gg + ZZnC12



Nowadays the inconvenience of making the extremely air-sensitive organo-
zinc compound is usually sufficient to offset any advantages of a cleaner
and less complex reaction than the Grignard synthesis. This method can
be of value when small quantities of pure tetraorganogermanes are required
and tetramethylgermane has been prepared9 in quantitative yield in this
way. A more useful compromise which has been employed successfully for
all three tetratolylgermanesIo is the addition of zinc chloride to the
corresponding Grignard reagent, followed by germanium tetrachloride, the
organozinc compound being used without isolation. 1In the case of the
o-tolyl group, the Grignard reagent will not substitute more than three
. chlorines to any extent."

Tﬁe organo derivatives of cadmium and mercury are less reactive.
No direct synthesis from a germanium halide using an organocadmium
compound has been reported, but diethylcadmium reacts at 180° with tri-
ethylgermane to give bis(triethylgermyl)cadmium|2

(C2H5)2Cd + 2Et,Gel ——— (Et, Ge),Cd + 2C,H,

The mercury analogues of this compound, (Me3Si)2Hg, (Me3Ge)2Hg, bis-
trimethyl-silyl and germyl mercury, prepared from the organometallic
halides and sodium amalgam Hﬁve proved most useful synthetic intermediates
in the production of germanium-transition metal bonds.”

Unsubstituted dialkyl- and diaryl-mercurys are only sufficiently

reactive to effect monosubstitution of germanium tetrachloride
o

80 _ _ 14
(CHZ—CH)ZHg + GeCl, —— CH,=CHGeCl, + CH,=CHHgC1
Ph g + GeCl, _140° PhGeCl, + PhigCl s

and only in moderate yields. A mixture of products is given with the diiodide

8




Ar Hg + GeIz-—————>-ArGeIB, Ar,Gel, (major product, 40-70%), ArBGeI.
The halogen of (m—t01y1)3GeI is not substituted by (m-tolyl)ZHg.'6
Functionally substituted dialkyl mercurys are, however, much more reactive
towards germanium halides. They have been used in the preparation of
17,18
unsymmetrical tetraorganogermanes cleanly and in good yield. 1In these
cases, both R-Hg units react
n n n n
Bu3GeI + (Pr OOCCH2)2Hg —_— Bu3GeCH2COOPr + Hel,

The high toxicity of organomercury compounds is an obvious drawback to

their routine use.

1.1.2. Organoaluminium Syntheses.

The alkylation Of a number of metal halides by organoaluminium
compounds has been studied at some 1engthl9 These reactions are often
complicated; the equilibria set up with tin and silicon halides may be
displaced by the addition of an alkali metal halide resulting in the
precipitation of the stable complex salt MA1X4. Descriptions of reactions
of trimethyl-, triethyl-, triisobutyl- aluminium, and ethyl aluminium
sesquibromide, Et3A12Br3, on germanium tetrachloride, sometimes with the
addition of sodium chloride, report yields of up to 80%2°"'The reactions
have been carried out in donor and hydrocarbon solvents, and without
solvent; 78% of tetraethylgermane being isolated on heating Et3A1 and GeC14
together for six hours at 120-130°. Germanium tetrachloride, triethyl-
aluminium and sodium chloride in refluxing hexane are reportedzzas giving
907 of tetraethylgefmane according to the equation

3GeCl, + AEt3A1 + 4NaCl ————> 3Et4Ge + 4NaA1C14

4

1t is also claimed that ethylchlorogermanes may be prepared in this manner.

9




A recent and more detailed studyzaindicates that several equilibria
are set up and that this class of reactions shows similar complications
to the Grignard and organolithium syntheses. It was found that the rate
of monoalkylation of germanium tetrachloride is slow compared to
subsequent alkylation stages and consequently intermediate alkylchloro-
germanes normally cannot be isolated, and that addition of sodium chloride

to the Me_Al-GeCl, system increases the rate of formation but not the yield

3 4

of MeGe. Ethereal solvents lead to undesirable complications, notably the
production of solvent-cleavage materials and a reduction in yield of tetra-
organogermane. In the case of methyl aluminium sesquichloride, refluxing
with germanium tetrachloride in ether or diethyleneglycol dimethyl ether
(diglyme) have only 10% of mixed alkylchlorogermanes. Addition of sodium
chloride gave 65% of tetramethylgermane. This action of donor solvents
contrasts with the case of tin tetrachloride and aluminium trialkyl
reactions where their presence proved advantageous. In all cases with

GeCl di- and poly- germanes are produced the proportion increasing with

4

the chain length of the aluminium alkyl. Reactive intermediates, of a type

similar to the more firmly established germyl Grignards, containing Ge-Al

bbnds, are postulated,

R3GeC1 1
R,GeCl + R Ale————— R, Ge *AIR, —— R Ce, + E(RZAICI)Z.

3 3 3 2

Increased temperatures lead to reduction of Ge-Cl bonds during the reaction

with higher alkyls by intermediates formed by thermal decomposition

i i
2Bu3A1 -—————b-(BuzAlH)2 + 204H8

Germanium diiodide and trimethylaluminium yield a mixture of non-cyclic
polymers contalnlng'MelzGeS,Mel4Ge6, and Me16Ge7, whereas triphenyl

aluminium etherate and germanium diiodide have been described as giving

10




bhenyl—germanium polymers containing residual halogen.

A number of alkyl aluminiums are now available commercially and, despite
its complications, the method is perhaps to be preferred for those cases in
which the corresponding Grignard reaction gives poor yields or when the

Grignard reagent itself is only difficultly accessible.

1.1.3. Syntheses using organo -lithium, -sodium, and -potassium compounds

Reactions of germanium tetraghalides with organo alkali metal compounds
suffer from the drawbacks of greater difficulty of preparation'of the
starting material than the corresponding Grignard and the lower yields of
the symmetrical tetra-organogermanes produced?4 Detailed studies are
lacking but, in the reaction of ethyl lithium with germanium tetrachloride;zs
side reactions predominate, much polymeric material being formed. Dis-
counting aerial oxidation and reaction with solvent, several processes

including halogen-metal exchange, and reduction to germanium (II), could take

place.
. . R GeCl
cecl, Rty R cect Blo R geni —2— %" R Ge-GeR C1 ———— etc.
4 3 3 3 n 3-n
GeCl4 E—» GeCl2 RLL polymer

One exception to this behaviour is phenyl lithium, 907% yields of

tetraphenylgermane are reported from phenyl lithium and germanium tetra-

chloride. The perfluoro analogue is not quite so satisfactory?®:?’
o
. -65
4CgF Li + GeCl, ———— (C,F),Ge + (C4F;),GeCl

A single example of tetrasubstitution by an ethynyl lithium is
reported, the preparation of (C6H5CEC)4Ge,2e but a number of unsymmetrical

olefinic and acetylenic germanes have been made from di- and tri- alkylhalo-

N



. . . 29 - . . .
germanes and the corresponding organolithium. Several interesting spiro-

germanes have been prepared using dilithio reagents, including

Ph Ph _ Ph Ph
\. ’ , _/
-Ph Ph ‘
2 Li |
Li + GeC|4 - > Ge ...33
/ % il “Ph #\
Ph ’
Ph Ph Ph
[ ]
2 Et N \\\
CZHS - N + GeCl4 — - | Ge .34

e

-
|
N

and a carborane compound via the lithium derivative ¥

Ph C C H

v\\i:i// + pufLe GeCl4

Yy

The major use of organo lithium compounds is in the prepération of
uqsymmetrical organogermanes, especially in cases where substitution of
a halogen is difficult. Arylation of the halides (C6H11)3GeBr, and
(l-napthyl)BGeBr by phenyl lithium and l-napthyl lithium respectively

36
occurs, when the reagent is used in excess, to give (C6H11)3GePh, (75%)

12




and (1-napthy1)4Ge (38%). No further substitution of these halides can be
achieved using the corresponding Grignard reagents. Even isopropyl lithium,
however, fails to give tricyclohexyl isoprppylgermane.37 In one reaction at
least lithio derivatives are more selective than Grignard reagents, tri-
mefhylchlorogermane being produced from dimethyldichlorogermane in high
purity 38
MezGeCI2 + CH3Li — Me3GeC1 + LiCl

The corresponding G;ignard reaction yield is only 12%.

No reactions are reported in which a sodium or potassiﬁm derivative
has been prepared:” for use prior to reaction with an unsubstituted germanium
halide, but a number of organo- sodium and potassium compounds with tri-
alkylhalogermanes are useful e.g. the preparation of the germyl ferrocenes
[ﬂ—C5H4GePh3]2Fe and ﬂ-CSHSFe(n-CSHAGePh3)39 and of acetylenic germanes.*°

The closely allied Wurtz-Fittig reactions, although used early in the
development of oréanogermanium chemistry have not achieved any great |
importance as primary reactions. Both tetraphenyl- and tetra p-tolyl
germane were prepared by this method in 1927 '

Et,0

2
C6H5Br + (;eCl4 + Na ———s (C6H5)4Ge + NaCl

Preparation of spirogermanes is a more useful application of the Wurtz

reaction, especially for four-membered rings, where diGrignard syntheses

fail.*?

anjc1 + va 22 L 6T

R GeCl2 + ClCHZCH —oFlox

2 2
The method is, however, most often applied to the formation of digermanes

(see p.61) where good yields and straightforward reactions are reported.

Complications and poor yields with germanium tetrahalides are almost




certainly due, at least in part, to metal-metal bond formation of this type,

(=244

GeCl, + PhCH=CHBr + Na —— (PhCH=CH),Ge (174) + (PhCH=CH)Ge, (5%) 43

4

1.1.4. Direct Synthesis

.The preparation of organohalogermanes from alkyl halides and germanium
metal containing a small percentage of copper or, with a higher temperature,
silver, parallels the commercially important method of producing organohalo-

silanes.

cu/300°-400°

Ag/450% (n=0-4)

4RC1 + Ge

- RnGeC14—n

Germanium and methyl chloride react at 460° to give predominantly
MezGeCI2 and with copper present the reaction temperature may be lowered to
3400. Dimethyldichlorogermane is produced at this temperature, under optimum
conditions in 567% yield, with some methyltrichlorogermane.44 The proportion
of this latter component increases with temperature (up to 5500) and amount
of copper present. Ethyl chloride and methyl bromide react in a similar
manner at 320° and 340o with copper present; chlorobenzene requires a higher
temperature and a silver catalyst, diphenyldichlorogermane being the major
product. A more detailed investigatioﬁ“of the reaction with n-propyl chloride
found that no isomerisation occurred at the temperatures involved (3100—3300),
although it might be expected if free alkyl radicals were present. No iso-
ﬁropyl compounds were detected, but in contrast to the other preparations,
the predominant product was the trihaloorganogermane.

The first unsaturated organogermanes - allytrichlorogermane and 2-meth-

allyltrichlorogermane, were produced by direct synthesisfé




300°
Cl + Ge/Cu —— CH2=CHCH2GeC13

Methylene chloride and a germanium -~ copper mixture give a much more

CH2=CHCH2

complex mixture of products?’

370° - 390°

CH 012 + Ge/Cu

5 » CH GeCl3 (27%) + CHZ(Ge013)2' (28%) +

3
cyclo (CHZGeC12)3 18%

The method is suitable for the more simple aryl and alkyl halogermanes
but is best applied on a large scale. It would undoubtedly be the
industrial route to these compounds if they were ever required in quantity.

Closely related reactions include the uncatalyzed combination of alkyl
halides with germanium dihalides to give alkyltrihalogermanes in good yield
as typified by
sealed tube

MeI + Gel » MeGeI 48
2 3

and that ofGeCl4 or GeBr4 with iodobenzene in the presence of copper

catalyst to give phenyltri-iodogermane in 80% yieldf9 Caesium chloride and

germanium dichloride form caesium trichlorogermanate which can react with

organic halides to give organotrihalogermanes,>°

GeCl, + CsCl —— CsGeCl, Lt EtGeCl,

but the synthesis has not been developed.

1.1.5. The Grignard Reaction

The earliest syntheses of organogermanes using this method were
reported in 1925 when tetra-ethyl-, tetra-n-propyl-, tetraisoamyl-, and
tetraphenylgermane were preparedf“SISince that time the reaction has been
increasingly and extensively used in organogermanium chemistry.

GeX.4 + 4RMgX ————v--GeR4 + 4MgX2




R GeCl + (4-n)R'MgX >R GeR' + (4-n)MgX
n n n n

4o _ b= 2

The reagent is qsually employed in excess (50-150%), the germanium halide
often being added in benzene or toluene solution (the primary purpose of
which is intended to be the raising of the boiling point of the reaction
mixture, but see below), to the ethereal solution of the.Grignard. The
initial reaction is markedly exothermic and after this has subsided,
reflux is often maintained for periods of up to 24 hours to ensure complete
reaction. Work.-.up of tetraorganogermane preparations presents few
difficulties as the unsubstituted organogermanes are stable towards air,
dilute acids and alkalis, and hydrolysis of the mixture followed by ether
extraction is usually convenient and efficient. Choice of the correct ether
as solvent can be important from a preparative standpoint, especially when
the majbr product has a boiling point close to a particular ether as haé
tetramethylgermane (to diethyl ether). It is usual to employ di-n-butyl
ether for the Grignard preparation of this compoundszwhich, being the most
volatile product, may be distilled direct from the reaction, without
hydrolysis. Vinyl and mesityl halides do not form Grignard reagents easily
in di-ethyl ether and tetrahydrofuran (T.H.F.) is useful here. . T.H.F.
solutions of alkyl, aryl and a1ken§1 Grignards react with mono- and di-
alkyl germanium hydrides upon long reflux (2-3 days), substitution of one
of the hydrogen atoms occurring.53 One report of the use of a hydrocarbon
solventSAis that of the exothermic reaction between germanium tetrachloride,
n-butyl chloride and magnesium in toluene or petroleum ether which gives,
after two hours reflux, a 60% yield of tri-n-butylchlorogermane. Influence

of solvent on yields from Grignard reactions with germanium halides has




received no systemmatic attention at all. Differences in constitution of
the reagents in different solvents is almost certainly at the root of
corresponding variations both of mechanism and final product of the
reaction.

The constitution of Grignard”reageﬁts, both in solution and crystalline
form has been extensively investigated and there is now no doubt that for
dilute solutions, prepared in di-ethyl ether from alkyl bromides and iodides
the formulation-as discrete monomers, RHgX.ZEtZO, is correct. At higher
concenfrations, and with chloride even at low (0.04 molar) concentrations,
dimeric species preponderate, their general form being [RMgX.So]Z; both
symmetrical and unsymmetrical halogen bridged structures are proposed.
Higher polymeric forms are known and weakly donating solvents increase the
tendency to association. All the three halogen types are monomers in T.H.F.
Other species are present in solution and the present picture is one of
extended series of equilibria, the concentrations of each species being

determined by the factors mentioned

+ -
2RMg + 2X
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Two recent thorough reviews deal with these points in a detailed and

s 55,56
critical manner.

The mechanism of the reaction with metal halides has not been studied

closely and many fundamental pieces of evidence are lacking. Certainly in
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these cases the nature of the reactions entity is unknown. Complete
alkylation of a germanium tetrahalide is seldom achieved. The reaction
often gives surprisingly poor yields and only a few examples of
quantitative preparations are reported?zszwDiscounting the possibility: ..
of difficulties in work-up or inadequate technique, low yields may be
ascribed, in those cases which have been more thoroughly studied, to a
number of remarkable complications. Substitution of the four halogens

in the formation of R4Ge compounds is clearly a stepwise process, the
later stages being the slower. The slowing of the reaction is
particularly marked with the more sterically bulky groups and has already
been alluded to in the discussion on organo-lithium reagents'(page 13)
Rate of substitution is also a function of the halogen attached to
germanium, reaction being slower for iodides than for bromides which are
in turn slower than chlorides. Despite these differences and differences
in rate of substitution of successive halogens it is not normally possible
to isolate organohalogermanes merely by adju;ting the stoichiometry.

Some reactions with the higher alkyl Grignardévhave however achieved
moderate success in this way.ﬁl More often than not organohalogermanes are
undesirable by-products, e.g. phenylmagnesium bromide and germanium tetra-
.chloride have been reported to give tribromophenylgermane in 19% yield.b0
When halides are prepared in this manner, they are almost invariably
produced as a mixture of organo- mono-, di-, and tri-halogermanes which
can be difficlut to separate as they often form azeotropic mixtures. Two
general methods of separation have been employed; either reduction to the
hydrides with LiAlH, or NaBH, or hydrolysis to the oxides with NaOH, both

4 4

of which series of compounds are more easily separated by distillation
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R _GeCl + LiAlH, =~ R GeH
n n n  4-n

4- 4

R3GeCI + NaOH = R3GeOH —_— (R3

R,GeCl, + NaOH — R2Ge(OH)2  — (cheo)n, n=3,4

Ge)20

RGeCl, + NaOH —— (RGeOOH) -—»((Rceo)zo)n, n large.
Reconversion to halides is achieved by concentrated hydrohalogen acid for the
oxides or elemental halogen on the hydrides.

One major accompaniment of low yields of R4Ge compounds is the formation
of di- and poly-germanes, and even in the case of tetraethylgermane, usually
produced in ove? 80% yield, a small amount of hexaethyldigermane may be
isolated.?® This and other "side reactions" and mechanisms are discussed in
more detail below. Some specific types of Grignard reagents and reactions

peculiar to them are also considered.

1.1.5(a) Grignard reagents derived from unsaturated halides (alkenyl and

alkynl Grignards)

For the greater part, these reagénts behave in exactly the same way as
-the alkyl Grignards. Vinyl magnesium bromide and germanium tetrachloride
after a 20 hour reflux in T.H.F. give an appreciable yield of hexavinyl-
digermane (26%)° in addition to the tetravinyl compound {35%). Reaction
of trialkylbromogermanes with acetylene moneGrignard requires 15 hours
stirring in T.H.F. > The most common use of unsaturated Grignard reagents is
the preparation unsymmetrical organogermanes of R3GeR' type.

(b) DiGrignard reagents

Short chain or stereochemically rigid diGrignard reagents behave in the

manner expected when reacting with R3GeX compounds, e.g.

2Et,GeBr + BrMgC=CMgBr —— Et,GeC=CGeEt, 62
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Polymeric.materials might be anticipated from diorganodihalogermanes, but
with 1,4-dibroﬁobutane or 1,5-dibromopentane the germanacyclanes are
produced in about 257 yield.

.EtzGeBrz + BrMg(CH,), MgBr — Etngj -+ 58,63
This method does not produce the corresponding four-membered rings?
however, for which the more reactive lithio derivatives must be used.

Germanium tetrachloride and the four or five carbon atom di-Grignards give

a mixture of the dihalogermanacyclane and the spiran

(;ecl4 + Bng(CH2 ) ,MgBr ——— GeX, + OG

Separation is achieved by reduction of .the halide with LiAlH4 followed by
distillation.

1,1-Ferrocenylene di-Grignard reacts with triphenylbromogermane in
ether to givg primarily the monosubstituted compound, ﬁ—CSHSFeﬂ-C5H4GePh3
1,40

and a trace of the disubstituted materia

(c) Halide exchange in Grignard syntheses

This process is particularly favoured when the Grignard reagent has a
bulky organic group or the reaction with the germanium halide is slow. It
is often advantageous to use a single halogen throughout a synthesis where

possible - some interesting results have been observed -

Me‘zGeCI2 + MeMgBt ——» MeBGeC1 + MezGeBr2 - 64
127 25%
Me3GeC1 + MeMgBr ——» Me3GeBr + Me4Ge ~~~~~~ 65
22%
Me(CH,C1)GeCl, + MeMgI — Me,GeCH, I .. 64,65
MezGe(OMe)2 + MeMgl — MeBGeI ...... 66
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As the overall rate of a Grignard reaction and the émount of coupling éo
digermane and polygefmanes are influenced by the nature of the halogen it
is clear that complications such as the above should be avoided when seeking '-
to produce the tetraorganogermane.

(d) B-Elimination in Grignard reactions

o« or ¥ Chloroalkylhalogermanes and B-chloroalkenylhalogermanes react
normally with Grignard reagents.

¢
C1CH=CI-IGeC13 + CH,MgBr —— C1CH=CHGeCH

3 3

B-Chloroalkylhalogermanes form the symmetrical tetragermane and the
alkene

ClCH,CH GeCl3 + 4CH

,CH, MgBr — C.H, + (CH3)4Ge

3 24

CHBCH(Cl)CHzGeCI3 + 4CH MgBr —— CH,CH=CH, + (CH3 )4Ge .78
This elimination reaction becomes more facile as group IV is descended, and
has found application, in germanium chemistry, in the determination of the
site of addition of trichlorogermane to unsymmetrical olefins. A unimolecular

5-coordinate transition state mechanism has been proposed.

(e) Mixed Grignard Reagents

A recent study,® employing gas chromatographic methods of analysis, of
the reaction between gérmanium tetrachloride and mixed Grignard reagents has
shown that for the non "sterically hindered" cases, the tetraorganogermanes
are produced in roughly statistical proportions. The method has been
extended to conditions under which polygermanes are formedf” on addition of
two alkyl halideé and germanium tetrachloride to magnesium in diethyl ether.
Tt is of interest to note that a small yield of trigermane was identified.

(f) Sterically hindered systems and germyl Grignard reagents

Grignard reactions invoiving bulky organic groups have thrown some light
21







on the nature of the reactive intermediates and to a certain extent their
mode of formation and action. The slow speed of these reactions especially
in their later stéges, gives opportunity for the build up of higher
concentrations of intermediates which are not normally detected in the
faster instances. A number of examples are known which, for all practical
purposes, stop at the trisubstituted state; reference has already been made
to the cyclohexylﬂﬁnd l—napthnyCases where further substitution, even

with a large excess of the Grignard and a long reaction time, does not occur.
The ability of less bulky organic groups, e.g. methyl, ethyl, n-propyl,
benzyl, in the form of Grignard reagents, to effect substitution of the
final halogen7]has been advanced in support of the hypothesis of steric
crowding at the germanium atom. Although such tetrasubstituted germanes
are undoubtedly rather cluttered, (see plates 1 and 2) these arguments

must be viewed with some reserve as the corresponding lithio derivative
does substitute tri-l-naphthylbromgermane and the organozinc compound
reacts with tri-o-tolylbromgermane to give good yields of tetra-o-tolyl-
germane.'0 The only reported compound containing the even more bulky t-butyl
group bonded to germanidm is t-butyltrichlorogermane, prepared by direct
synthesis.72 t-Butyl magnesium bromide and germanium tetrachloride are
reported to give only low yields of this compound, much polymeric material,
and no other volatile organogermane. It is difficult to find steric
reasons why at least the disubstituted compounds, (t-butyl)zGeXZ, should
not exist, but apparently none has ever been isolated (Butz:GéI2 is
illustrated in pl.l). Considerable emphasis has been placed on the steric
crowding of groups when bonded to germanium?Jgut the points just mentioned

suggest that the major effect of bulky groups is not after the formation of
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the tetraorganogermane (i.e. in the physical impossibilify of its stable
existence) but rather during its formation. Thus these crowded organo-
germanes are only slowly produced (or not at all formed) because of
"steric inhibition" of the mechanism. Multi-centre transition states and
reactions at metal surfaces would both suffer from this effect.

One problem raised by the Grignard reaction, and sometimes accentuated
in the slow “sterically hindered’ cases, is that of the formatién of di-
and polygermanes. A coupling reaction involving a germyl Grignard reagent
R,GeMeX, fits the awilable evidence

+ Ge.
R3GeX RBGeMgX —_— R3 e GeR3 + MgX2

No method has yet been devised for the isolation of such a compound, or
even to produce one in good yield for subsequent reaction, but there is
considerable strong evidence for their existance as intermediates in a number
of systems. This type of intermediate was first postulatedblto account for
the formation of hexavinyldigermane from vinyl magnesium bromide and
germanium tetrachloride. A reaction scheme involving reduction of the
halide to a germanium (II) compound was proposed,

GeCl,+ 2CH

4 2
GeC12 + 2CH

=CHMgBr ——» GeCl2 + CH2=CHCH=CH2 + 2MgClBr

2=CHMgBr —— (CH,=CH),Ge + 2MgClBr

(CH2=CH)2Ge + CH,=CHMgBr ——— (CH2=CH)3GeMgBr

2
(CH2=CH)3GeMgBr + (CH2=CH)3GeCl —_— (CH2=CHI)6Ge2

Divinyl germane is unknown as such but is a possible reactive
intermediate, and addition of an organometallic to a germanium (II) compound
has been reported.73 Reduction of a (transition) metal halide to a lower

valence state was also cited as supporting evidence (the formation of bis-

arene chromium(0) complexes from CrCl3 and PhMgBr).
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: 73
Subsequent attempts to prepare trimethylgermyl magnesium chloride by
reacting trimethylchlorogermane with metallic magnesium failed: similarly,
reactions74based on analogy with the well-known action of an organo-

lithium on g triorganogermane.

RLi + Ph3GeH —— RH + Ph3GeLi
met with failure when the magnesium compounds were used. Allyl- and n-butyl
magnesium halides were also investigated in this system (in diethyl ether)
with no success. When, however, allyl magnesium chloride and triphenyl-

germane were refluxed in T.H.F. and the mixture carbonated and hydrolysed,

triphenylgermyl carboxylic . acid was isolated.
co

Ph,Gell + CH,=CH-CH,MgCl ———s CH)=CH-CH, + Ph, GeMgCl —2->Ph3GeCOOMgC1

2 2
o

Ph3GeCOOH

and some 4-hydroxybutyltriphenylgermane, formed presumably by a cleavage

reaction.

( 5 H,0
Ph3GeMgcl + N0 —» Ph3Ge(CH2)4OMgC1 _— Ph3Ge(CH2 )401{

Higher yields of this material were obtained on prolonged reflux, and
phenyl magnesium bromide and triphenylgermane gave only the cleavage
product and no Ph3GeCOOH on carbonation and hydrolysis. n-Butylmagnesium
bromide was reported to have no reaction at all.

Closer examination of the system PhMgBr + GeCl4:] yielded evidence for
the production of the germyl Grignard Ph3GeMgX by two routes; reaction of
the trisubstituted halogermane and free metallic magnesium,

Ph3GeC1 + Mg _——7T> Ph3GeMgCI

and a slower elimination reaction involving the Grignard itself

Ph3GeC1 + PhMgBr —— PhCl + Ph3GeMgBr
' 24



Evidence was obtained that the reactive finely divided magnesium sludge
present after preparation of the Grignard was more effective than free
magnesium in bulk. Separation from this sludge by filtration reduced
recovery of hexaphenyldigérmane (formed presumably by the coupling reaction
mentioned above) from 69% with magnesium present to zero after filtrationm.
Examination of the reaction' of the three tolymagnesium bromides, both
filtered and unfiltered,Awith germanium tetrachloride gave more evidence
for the formation of the germyl Grignard; the production of significant
yields of digermane, the isolation of the triorganogermane on hydfolysis
and the triorganogermanium carboxylic acid on carbonation all supporting

this view

“0
1 (CH.C H, ).Gell

P M

( CH,C,H, )3GeMgX
002,320 (CH,CH, ),6eCO0H
Isolation of the germane and carboxylic- acid indicates that formation
of the:germyl Grignard is faster than its coupling to give digermane.
Separate work76had established that the hydrides were not produced before
hydrolysis or by the magnesium-acid reduction of the halides. The
unfiltered organogermanium halides gave a much higher yield of digermane
especially with the bulky, less reactive &-tolyl reagent, and it was
suggested that the slow "halogen-metal exchange" could be an equilibrium,
the‘RX species possibly being removed by Wurtz type reactions
(o-tolyl)BGeBr + (o-tolyl)MgBr ——= (o—t01y1)3GeMgBr + o-tolylBr
this being largely responsible for the production of the significant (apﬁrox.
6%), amount of digermane formed in the absence of reactive magnesium sludge.
In view of the difficulties encountered in removing colloidal metal from

suspension and the well characterised production of magnesium in this form
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during the preparation of Grignard reagentsAto give solutions of varying
degrees of clarity and colour; it is doubtful whether all free magnesium
could be removed from these reactions by filtration alone. It is possible
that these small amounts of free magnesium remaining, essentially in
solution, could accountvfor the small yields of digermane as large excesses
of the Grignard were us%d. Separation of the reagents by cfystallisation
could provide a means of avoiding these complications.

A re-examination in 1959 ”70f the reaction of isopropyl magnesium bromide

and germanium tetrachloride, which earlier’had been reported as yielding
i

3
i

considerable amount of Pr3GeH was also formed, thus demonstrating the likely

after hydrolysis Pr_GeOH, (Pr;GeO)B, and (Prlce)n, showed that a

i
3

Grignard and the triisopropylchlorogermane present was not observed and no

existance of Pr GéMgX in this system. The coupling reaction of this germyl

hexaisopropyldigermane was isolated despite conditions being apparently

;GeOH (from Pr§GeX) and 367 of Pr;

i
3

emphasis was apparently placed on the steric factors operating in the, as

favourable - 127 of Pr GeH, the major

reaction product (from Pr GeMgX) were found after hydrolysis. Again

then hypothetical, tetraorganogermane, rather than during the course of
the reaction.

Analogous Grignard type intermediates have also been postulated in
reactions of alkylhalosilanes, and as early as 1933 7?a mechanism involving
a silyl Grignard reagent was invoked. for the production of dicyclohexyl-
phenylsilane from trichlorophenylsilane and cyclohexylmagnesium bromide

PhSiC13 + 2C6H11MgBr  — Ph(C6H11)281CI

Ph(C6H11)SiC1'+ CH, ,MgBr —— Ph(C6H_11)281MgBr + C6H11C1

. H20 )
Ph(CGHll)SlMgBr —— Ph(C6H11)81H
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Later work’showed that dicyclohexylphenylsilane was present before hydrolysis
and the isolation of cyclohexane led to the proposal of a reductive mechanism
for the formation of the organosilane, with an elimination process

participating

11)25101 + C H,  MgBr —— @ + Ph(C6H11)SiH + MgClBr

Higher temperatures were reported to favour the production of silicon hydrides.

Ph(C6H

A study of the action of alkali metals and magnesium on triarylchloro-
silanes in T.H.F." showed that the silyl-metallic compounds were formed with
the group I elements, but with magnesium present, Ph38101 yielded hexaphenyl
disilane. Again formation 'of a silyl Grignard was proposed

SiMgCl ~——» Ph,Si, + MgCL,

3 6 2

Ph33101 + Ph

The action of a number of Grignard reagents on triphenylchlorosilane
was examined. High yields of hexaphenyldisilane were obtained and with
cyclohexylmagnesium bromide, cyclohexane and cyclohexene were also detected.
In the same series of experiments, it was reported that mixtures of trimethyl-
chlorosilane, triphenylchlorosilane and phenylmagnesium bromide under reflux
gave 147 of 1,1,1-triphenyl 2,2 ,2-trimethyldisilane. Mechanisms advanced
for all these reactions involved participation of silyl Grignard reagents
and the authors suggested that, as no coupling (to give the disilane) was
observed on refluxing Me35i01 and PhMgBr, aryl groups were required to
stabilise the silyl Grignard. They also reported that experiments had
ruled out participatién of Ph3SiH.

A brief re-examination of this reaction in connection with the tolyl-
germanium work previously mentioned showed a dependence on the presence of

metallic magnesium - a more likely controlling factor.

The proposed formation of the germanium-magnesium intermediate in the
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vinyl reactions led to a suggestion that germanium had a higher electro-
negativity than silicon and that this was a decisive factor in the
formation of the Ge-Mg bond. More frequent interpretation of silicon
reactions subsequent to this in terms of silicon-magnesium intermediates
positively discounted this argument.

Similar reactions with triorganohalostannanes and some other tin
reactions (nqtably the cleavage of Ph6Sn2 by Mg) have also been ¥
interpreted in terms of tin-magnesium intermediatés of the R2Mg and RMgX
type and also reactions of Pb(II)aryls with Grignard reagents at low
temperatures.

Drawing together major points, then, it would seem that there are
fewer geﬁuine examples of steric hinderance in simple organogermanes than
was formerly thought ‘to be the case. Steric influeﬁces can make themselves
felt at three stages, in the substrate, reaction intermediates or activated
complexes, and reaction products. Undue emphasis has been placed on the
latter consideration in the past, and as most of the substrates do react
fairly readily with some reagents (e.g. that with metallic magnesium) it
would seem that steric control appears to exert its influence during the
reaction, in the intermediates. Steric factors have not rightly been
seﬁaratedAfrém other points which influence reactions of Grignards under
normal circumstances.

Although never directly proven, the existence of germyl Grignard

reagents R_,GeMgX, can be considered firmly established. It is'certainly

3
o
extremely difficult to formulate routes to many reaction products without
their admission. The presence of reactive magnesium metal increases the

vield of materials formed via germyl Grignard intermediates and is almost

certainly responsible for the greater part of the formation of the germanium-
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magnesium bond. Evidence for their production by Grignard exchange is less

soundly based, but cannot be entirely discounted.

Summary of the Grignard synthesis for organogermanes

The relative ease with which the Grignard reagents can be‘preparéd,
handled and used on the large scale undoubtedly plays the largest part in
making them the most commonly used primary synthetic intermediate. Their
added advantages include the moderate conditions required for reaction and,
for the simple germanes and other special cases, their high yield of the
tetrasubstituted material. The nature of the fﬁlly substituted germanes,
apart from those containing functional groups in the organic portion -
which would often be unsuitable for Grignard synthesis in.-any case - makes
for an ease of separation with a miniumum of tedious work-up procedures.
The availability of di-functional reagents can also be a particular
advantage. Use of suitable secondary methods for substitution of the final
halogen, or carefully controlled conditions can relieve difficulties in the
"sterically hindered" systems, and complications from elimination and
halogen exchange reactions can be obviated or minimised again by careful
choice of reagents and conditions. The method is in general unsuitable for
the preparation of organohalogermanes other than certain trisubstituted
compounds, but can under controlled conditions furnish high yields of
digermane.

Clearly much remains to be learned of the reaction of Grignard reagents
with germanium halides. That these, like most other of the Grignard
reactions are extremely complex is certain, and it seems likely that many
factors are involved, some whose importance was not formerly apparent. It

has, for example, only recently been fully appreciated that the donor solvent
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must be regarded as an integral part of the reagent and that an organo-
magnesium halide prepared in different solvents is essentially and
fundamentally a different reagent in each case. Careful studies of organo-
magnesium halide-germanium halide systems could provide a key to better

understanding of the whole field of Grignard reagent chemistry.

1.2. SECONDARY METHODS

Synthesis of organogermanes from compounds containing a germanium-
carbén bond.

Although these methods play an exceedingly important part in the making
of germanium-carbon bonds and germanium chemistry as a whole, they are in
general_irrelevant.to our present purpose and so will be mentioned only very
briefly for comparative purposes. The one exception - redistribution
reactions - will be dealt with in slightly greater detail as it bears some

relation to organoaluminium and organomagnesium reactions.

1.2.1. Synthesis from triorganogermanium-alkali metal compounds (R3GeM)

This is a widely used, and important method, both for making germanium-
carbon and germanium-metal bonds. Tts major disadvantage is the restricted
range of compounds of this type which can be prepared - M is usually Li, and

R only C CZH - or C.H CHZ— at present. Only triphenylgermyl-lithium

657> Calls 6'ls

and -sodium have been closely studied and much remains to be learned even about
these compotinds. None of this type of reagent has been isolated and all are
generated and used in situ, in either diethyl ether or 1,2-dimethoxyethane

(monoglyme) solution; triphenylgermyl sodium is more often used in liquid

ammonia.

The points relevant to the role of the solvent in the Grignard reaction
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(page 29) apply equally to these reagents and perhaps more so as these
compounds commonly react, over extended periods of time, with their solvent,
forming in some cases appreciable percentages of cleavage products.
Reaction with organic halides is usually straightforward with mono-
functional compounds
Ph3GeLi + C4H10C1 -—-——--—Ph3GeC4H10 + LiCl, '

but complications can occur with di- and poly-halides, and aromatic halides

in liquid ammonia - usually the production of di- and higher germanes %

NH
3
HCC13 + Ph3GeNa _— Ph6Ge2 + (PhBGe')ZC‘Hz
NH3
+ Ph3GeNa —_— Ph3GeNH2 + ClOHS + NaBr
Br IHZO
(Ph3G'e)20

These reactions are of little general use because of the greater ease with
which most unsymmetrical germanes can be prepared from the Grignard and the
halogermane:

Aldehydes and ketones reaét with triorganogermanium-alkali metals in a

manner analogous to their reaction with Grignards

H,0
2
i f ——» Ph CeCH OH - 88
Ph,GeLi + CH,0 ———= Ph,GeCH,0Li Ph,GeCH,0H
H,0
Ph,GeLi + Ph,0 ——— Ph,GeC(OLi)Ph, —=> Ph,GeC(OH)Ph, '7¢

It is not certain whether the addition takes place exclusively one way - c.f.
the silyl compounds where the reaction yields a silicon-oxygen bond. It is

of interest that the optically active lithio derivative, Ph(Me)(l-naphthyl)GeLi,
retains its configuration on reaction with benzophenone.N)This and other

reactions (e.g. carbonation) involving retention of configuration suggest a
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close ion-pair association, RR'R"Ge....Li, in solution.

Aromatic acyl halides at low temperatures give germyl ketones,

78 to -23°
Ph3GeLi + RCOC1l — - —:»PhBGeCOR + LiCl e 01

but aliphatic acid chlorides react with two moles of lithiogermane to yield the

bisgermyl-carbinol on hydrolysis. At higher temperatures addition to the more
stable aryl germyl ketones also occurs
Ph3GeLi + Ph3GeCOPh — (PhBGe)ZC(OH)Ph
Carbonation of the alkali metal reagents followed by hydrolysis leads to

the corresponding germylcarboxyllic acid which decarbonylates on heating

CO2 HZSO4 183°
PhSGeLi —_— PhBGeCOOLi —_— Ph3GeCOOH E——— Ph3GeOH + CO

The benzyl derivative spontaneously decarbonylates."2

1.2.2. Synthesis from organogermanium hydrides

Two major reaction types may be distinguished here
l.-Elimination reactions involving organometallics- usually organolithium
compounds and in certain cases elimination with organic halides

RBGeR' + LiH

RIX™~ R Ger' + HX

3

Both reactions are of considerable theoretical importance but little

practical value.
2.-Addition reactions with carbon-carbon multiple bonds. A well characterised
and extensively explored region, whose reactions show great versatility, allowing

a wide range of organogermanes to be produced with relative ease
o I

7 R, Ge-C-CH
SCC= e 3T
‘CEC

/
R3Ge-/C=C-H 32




Reaction of triorganogermanes with alkali metal derivatives are often
complex and markedly dependent on reaction conditions, - temperatures, solvent
and the reagent present in excess all having significant effects. Two courses
are open, and both are illustrated by the reaction of triphenylgermané and

ethereal phenyllithium.??>

Ph_GeH
PhLi(8 fold excess) ———-»Ph4Ge (70%)
Ph3GeH Wl’h6(}e2 (55-60%)

A number of examples of this competition of alkylation and "hydrogen-metal

exchange" are known,’? e.g.

(o]
Ph,GeH, + 2n-BuLi 1.4hr, -10, Z’EtBr; H, + Ph,GeEt

2 2 (2%)

2

thGe(Et)(n-Bu) (¢20%)
thGe(n-Bu)z,(IZZ) + (thEtGe)z,(zaz)

Griganrd reagents in diethyl ether have no reaction on germanium-hydrogen
bonds, but in T.H.F. there is some evidence for hydrogen-metal exchange. Two

isolated examples of alkylation are known33

(n-Bu),Gel, + CH,=CHCH,MgBr —Eﬂf;>(n3u)2(CH2=CHCH2)GeH

2 2 2

THF
H15)GeH + PhCH,MgBr —-———.-(nc7H15)(PhCH2)2GeH

(n-C 3 5

7
Both "hydrogen-halogen exchange" and alkylation reactions are possible with
organogermanium hydrides and organic halides. The latter predominate in the

. . 94-
case of unsaturated halides in ethereal solvents 5

CH2=CHCH2Br + HGeCl3 —_— CH2=CHCH2GeCI3
The reaction of germanium hydrides and olefins closely parallels the

more important hydrosilation processes. Many types of olefin react,
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usually under mild conditions which do not cause polymerisation, sometimes
alone and exothermically but more often only with added catalyst. Both free
radical and ionic initiators and catalysts are effective. Most studies
have involved terminal douBle bonds and all have been interpreted in terms
of terminal addition of the germanium entity. Little work has been done on
the detailed course of reaction or isolation of minor products.
The addition of trichlorogermane to l-hexane was the first reported
reaction of this type®® ‘
60°
HGeCl, + CH,=CH(CH,),CH, ———» Cl3Ge(CH2)SCH3 (22%.)

and much further work as involved this substrate. The two fivie carbon

cyclic olefins (few have been examined in this reaction) react rapidly with

‘ C/' O‘-Gecl3

HGeClB \
@ @-GeC13

The structure of this latter compound has not been unequivocally established.

trichlorogermane %°

Chlorinated olefins react in the expected (addition) fashion’?

(o]
clcH=cHCH, + HGecl, 20 L BT _ o1 GocH(CH )cH c1
3 3 3 37772
as do more complex mono-olefins®’
H,PtCl,
CH=c(c1)Sic13 + HGec13 ————————»-CIBSiCH(Cl)CH(Cl)GeC13

Diolefins give mixtures of linear and cyclic compounds.
Alkylhalogermanes RGe(H)X2 and R2Ge(H)X react readily and in good yield

with olefins under mild conditions, and the method can be useful for

preparation of symmetrical and unsymmetrial halogermanes'®®

CH3Ge(H)c12 + C2H4————————>-CH3(CZH5)GeC12 (90%)
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In general, they show greater reactivity than the simple hydrides e.g.
dibutyl chlorogermane adds to the double bond of allyl alcohol whereas
tributyl germane fails to do so’® and also react easily with diolefins to

3

give, in the case of diethylchlorogermane, good yields of the 1,4-addition

product'm'

EtzGe(H)Cl + C4H8 —_— Et_:zGe(Cl)CHZCH=CHCH

3

A great deal of work has been carried out on the systems of olefins and
triaryl- and trialkyl- germ:smes].oz-3 This is by far the most widely used of
the addition reactions, but yields are often no more than average, usually
abéut 50%. Iﬁ all cases terminal addition is postulated, but a different
reaction, e.g. formation of Ge-O bonds from unsaturated alcohols can be
04

achieved by the addition of copper powder.'

Some typical examples, from among many, include

(nPr),GeHl + CH,=CHCN —reflux (nPr),GeCH, CH,CN (42%)
(nPr)BGeH + CH2=CHCOOCH3 — (nPr)3GeCH2CH2COOCH3 (40%)

Dihydride and trihydride addition to olefins has also been studied'but in
less detailfgconditions can be adjusted to give simple trisubstituted and
tetrasubstituted germanes as well as polymeric material.

Reaction of germanium hydrides with>acety1enes proceeds in two stages;
isolation of the intermediate organoalkenylgermane usually being possible as
the second stage, further addition to these compounds, occurs only under
more drastic conditions,

R'C CH + R3GeH —_— R'CH=CHGeR3 + R3GeH — R3GeC(R' )HCHzGeR3

and this furnishes an important route to d-unsaturated germanes, often in

high yields. Initial terminal additions is again proposed, second addition
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. . 105 . .
occurring at the adjacent atom. Reaction temperatures vary in the range
0 o . : . .
507-200", and the addition of a catalyst, usually chloroplatinic acid

increases yields, especially in the case of the R.GeH compounds. Solvent

3
again plays an important part, diiution usually aiding the isolétion of the
monosubstituted product, but in certain instances complicating the reaction
e.g. HGeCl3 and acetylene in ether yield monosubstituted, disubstituted and
polymeric products. Polymeric material is also the major product with di-
and tri- hydride, but conditions can Ee moderated to give successive
substitution.

Compounds containing both double and triple bonds have also been
examined and in all cases it is the triple bond which reacts with a

deficiency of organogermane even when the double bond is terminal '°°

H,PtCl

CHBCH(OH)CECCH=CH2 + EtBGeH _—————————b-CH3CH(0H)C=CHCH=CH2

GeEt3 (59%)

1.2.3. Redistribution reactions

In principle, the interchange of halogen atoms and alkyl radicals in the

system

—————-
§4Ge + GeCl4 . R4_nGeC12 + RnGeCI4-n

is efficient and, if it can be controlled to yield only one desired product
attréctive. The preparation of starting materials presents no difficulties
but separation of a mixture of products could be tedious. A recent investi-
gation of the reaction using a number of tetraalkyl and tetraaryl germanes *
both in the presence and absence of anhydrous aluminium halides as catalysts |

has shown that although not completely general or extremely easily controlled,
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the method does provide good yields of triorganochlorogermanes, certain
diorganodichlorogermanes, and phenyltrichlorogermanes.

The reaction is usually carried out in a Carius Tube, the reactants
heing heated iﬁ the required proportions with 0.2 mole% of aluminium
trichloride to 200° for the alkyl compounds, 100°-125° for the phenyl
cbmpounds although it is also reported to procede at these temperatures in
vessels open to the atmosphere (with precautions against hydrolysis).
Several catalysts were investigated including ZnClz, BeClz, BC13, PC13
POC13, PCLS, but none of these was found to be effective at least for the

reaction with Bu Ge. Typical results quoted include

4
Alcl3 (0.2)
Et4Ge + GeCl4 2000, 53 hf§> EtzGeC12 + GeCl4 + other products
(0.98)  (1.19) (2.11)  (0.18)
. Alcl, (0.2) . .
Bu4Ge + GeCl4 2200’ 4% hI:;;Bul*GeCl + BuzGecl2
(1.00) (1.41) (0.33) (1.66)

(figures in parenthesis indicate mole %)
The reaction with tetra-n-propylgermane were also reported to procede
satisfactorily to give dichlorodipropylgermane at 200° (but see p.48)
Tentative suggestions which are almost entirely speculative, involve bridged

intermediates in which germanium has increased its co-ordination number to five

R cl, R\\\ R,
::jAl' . Ge AlT Ge
cl el c1’// ‘cl’

/1N
VAR

(1) (11)

It is argued that the electron releasing character of the R groups will tend

“toistabilise intermediates of type II by reducing the positive charge on
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germanium and thus weaken the bridging Ge-Cl bond, accordingly the alkyl
group has a greater tendency to stay on the germanium when more organic
groups are attached to it (i.e. suscepfibility to alkylation increases in
the series GeCl4 < RGeCl3 < R2GeC12). The stability arguments apply in
the opposite sense to intermediates of type I. This rather nebulous and
simplified explanation is, however, in accord with the experimental facts.
The analytical methods employed were not sensitive to small amounts of
by-products and so considerable information on reaétion mechanism could

have been lost. No kinetic information was obtained. In one instance

only were gaseous products examined.

1.3. GERMANIUM HALIDES AND GRIGNARD REAGENTS

FACTORS which have been cited as precluding good yields of tetra-
substituted organogermanes from the Grignard reaction include (a) low
reactivity of the organomagnesium halide, (b) bulky organic groups and the
presence of large halogen atoms, particularly iodine - steric interference -,
and (c) unreactive intermediate organohalogermanes which resist further step-
wise substitution. The usual outcome of the combined effect of these
restraints is the production of digermanes and higher polymers via germyl-
magnesium intermediates, and, under suitable conditions, the amount of di-
germane produced can be high. Overall yields greater than 80% for complete
substitution of germanium tetrachloride are rarely achieved. Aryl Grignard
reagents are, in general, less reactive than their alkyl couterparts, and
in controlled reactions give substantial amounts of digermane?s Coupling
reactions in the alkyl series have rarely been reported; only a small amount

of hexaethyldigermane can be isolated from the reaction of ethyl magnesium

38




bromide and germanium tetrachloride. The isopropyl group, however, should
provide sufficient steric hindrance to allow suitable conditions for coupling
reactions to occur, and possibilities of varying the halogen attached to
germanium could yield a means of directing the reaction course, if the
reasons instanced are the controlling factors.

Accordingly, an investigation of the system PrngX-GeX'4 was undertaken,
with a view to obtaining a greater understanding of the mechanism of the
reaction and a more detailed picture of the reaction products. Many of these
products were expected to be sufficiently volatile for V.P.C. separation and
characterisation. It was initially hoped that the system could be induced
to yiéld significant amounts of digermane, PriGe so that a study of the

62

properties of this congested molecule could -be made.

1.3.1. The system iso-propylmagnesium bromide-germanium tetraiodide, in

diethyl ether.

The reaction of iso-propylmagnesium bromide on germanium tetraiodide had
hitherto not been reported. Experiments were carried out under the following
conditions: (i) with excess Grignard reagent containing an excess of magnesium
present from the preparation of the reagent, mostly in the form of a fimely
divided sludge, (ii) with an excess of filtered Grignard reagent, and (iii)
with excess Grignard reagent and magnesium and the subsequent addition of
tertiary-butyl chloride.

Acid hydrolysis of the mixture from the reaction with the filtered
Grignard gave yields of between 9 and 11% of tri-isopropylgermane, whereas
approximately twice this amount (21%) was formed in the reaction containing
free magnesium sludge, even though reflux time was considerably reduced (by

75%). Again this indicates the extent of the more efficient attack on the
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trisubstituted halide in the presence of free magnesium to give the germyl

Grignard reagent.

HO

GeMgCl L» Pr;GeH

i

Pr;GeCI -ML-» Pr3

(although it does not necessarily imply attack by free magnesium). The
filtered solution of the Grignard was a clear green colour and so probably
contained colloidal or otherwise suspended magnesium and this, in the 2.5
fold overall excess of Grignard used, could have been responsible for the
hydride isolated from the former reaction (if direct attack by magnesium does
occur then the 'colloidal' magnesium would have to be present in 1/4 mole%).
Under all variations of experimental conditions listed, the major
product (50-65%), was a yellow solid, involatile at temperatures up to 220°
at 10_3—10_4 mm. Chromatography of a solution of this solid in benzene (the
material was readily soluble, cf. the description of (PriGe)n) on an alumina
column yielded various fractions on elution with solvents of increasing
stripping power, none of which could be characterised as a pure compound.
Molecular weights, determined by vapour pressure osmometer, did not show
consistency within individual samples but yielded 2,200 as a lower limit
and a probable average value in the region of 4,000. Infrared spectra of
the fractions showed broad ill-defined bands characteristic of vGe-0 in
éolymeric oxides, each fraction differing qualitatively from the next in
this respect in no systemmatic or readily assigned fashion. The most
interesting of these materials was that eluted with a 1:1 benzene-ethanol
mixture, a viscous yellow liquid, showing a medium intensity band in the
infrared assigned to a Ge-H stretching frequency. That this band was due to

Ge-H as an integral part of a polymeric structure (the material showed many
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features of the other polymeric oxides examined), was attested to by its

absence in previous and subsequent eluates and the displacement of the peak

from fhe "usual" range of 1990-2060 cm_l'to 1961 cm-l. This value lies

between that of the Ge-H stretching frequency in (Ph3Ge)3GeH (1953 cm-l)

and PriGeH (1988 cm_l) and suggests that the Ge-H group is incorporated as
Ge Pri ' Ge

Pr -Ge-H or Pr -Ge-H rather than Ce-Ge-H

Ge Ge Ge

The presence of Ge-H bonds in a polymeric material further suggests that
intermediates such as PriGe(MgX)X or PriGe(MgX)X2 are present in the reaction
mixture, indicating reaction of the germanium halide with magnesium (or some
means of Ge-Mg bond formapion) at an early stage of alkylation. Elemental
analysis of this polymer indicated a mean isopropyl content per germanium
atom of between 1 and 2. 30-507% of the solid chromatographed was strongly
retained on the alumina column, and could only be removed by protracted (5
days) Soxhlet extraction with chloroform.

The remainder of the total reaction product (20-30%) consisted in each
case, of material volatile below 200°C at 10_3mm. In those reactions which
had been hydrolysed with hydrochloric acid‘(SN), a small amount (2-4%) of
triisopropylchlorogermane was identified. No other monohalide was isolated.
No evidence was obtained for the presence of the digermoxane (PriGe)ZO, and
molecular weigh; measurements (V;P; osmometer, in benzene) on the next most
vélatile material to the chloride indicated a dimeric form of PréGeO, but
this degfee of association was not determined with absolute certainty. Only

one band was observed in the Ge-0 stretching frequency region of the infrared

(at 851 cm_l) which. is consistent with a four membered ring structure. Two
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further components of the central fraction of the reaction product, (PriGeO)3,
and, less satisfactorily, (Pr;'GeO)4 were identified. This latter material
was later shown to be a mixture of two compounds, probably (Pr;"Ge)4 and
(PréGe0)4, by vapour phase chromatography.

Treatment of a reaction performed with excess Grignard reagent and
magnesium with D20, gave on careful extraction, avoiding contact with water
and acids, PriGeD in similar yield to the previous experiments. The infrared
spectrum of the compound was recorded, characteristic bands being vGe-D,

1429 cm-l, 8Ge-D, 504 cm-l, ratio vGe-H/vGe-D. 1.399:1 Contact with

dilute hydrochloric acid for four weeks at room temperature produced no
significant change in the relative intensities of the Ge-H, Ge-D bands present
in this material (the former from H20 in the D20) indicating no significant
D-H exchange between HCl1 and PriGeD.

3

In none of the experiments was any hexaisopropyldigermane or tetraiso-
propylgermane detected. Examination of the volatile components of the
reaction at a later date by vapour phase chromatography (V;P;C;) confirmed
the absence of significant amounts of these materials.

An attempt to increase the yield of hydride or encourage the formation
of digermane from the germyl Grignard present, by elimination reactions of
the type

R,GeMgX + Me,CCl ——» Me,C=CH, + MgX, + R GeH

+ 2MgX, + R, Ge, + H

2R_GeMgX + 2Me_ CCl ——» 2Me,C=CH , + ReGe, + 1,

3 3 2 2

proved unsuccessful. Addition of t-butylchloride to the reaction mixture

42




-after an initial period of reflux, although appearing to proceed exotherm-
ically (perhaps dilution or other solvent effect) gave no overall change in
the ratios of products as determined by the classical methods then employed,

and no digermane. The mixture was not re-examined by V.P.C.

1.3.2. The system iso-propylmagnesium chloride-germanium tetrachloride in

diethyl.ether/benzene.

Previous work with isopropyl Grignard reagents and germanium tetra-
chloride had employed the organomagnesium bromide, and only three products,
PrgGeOH, (Pr;GeO)3, and (PriGe)n, wergfcharacterised after alkaline hydrolysis
of mild condition reactions. Later the presence of Pr%GeH in this system was
detected (see p.26). The present experiments were performed (i) with an
excess of Grignard reagent containing the excess magnesium from its
preparation, largely as finely divided sludge (ii) with excess Grignard from
which the bulk magnesium had been filtered and (iii) with excess Grignard
containing excess magnesium, and subsequent addition of lithium aluminium
hydride. A separate Wurtz-Fittig type synthesis of hexaisopropyldigermane
from tri-isopropylchlorogermane and sodium-potassium alloy was also studied.

The major proportion of the reaction product from each of the Grignard
reactions was volatile, only 7=16% of involatile polymeric material, closely
similar to the major product of the GéI4-PrngBr reaction, being: formed.
Separation, analysis and characterisation of the components of these complex
volatile mixtures was achieved by vapour phase chromatographic'techniques
(see p.l&Q and products from supporting syntheses were also characterised

in this way. Extensive use was made of mass spectrometry to establish the

exact elemental composition of some components; this is discussed more fully
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Vapour-phase chromatog

able 1

a .
raphy of reaction products

Approximate %

Com- Ret;zzion (relative area)®
ponent (min.) A B C D
1 1.58 } 5 ~3 } 5 - Isopropylbenzene
2 1.59 ~% - n-Propylbenzene
3 2.12 10 35 39 d Pricen
4 4.65 <1 <1 <1 16  PriCeOH
5 5.65 47 31 8 3 Pricec1
6 6.75 12 4 10 3 Pprigepr”
7 7.80 5 20 15 5 Price
8-11 1 <1 <1 4 ¢, 3 peaks
11.7 - - <1 8 ¢
13.2 - - 1 7 ¢
8 14.0 d d 3 24 (mPriGe),
9 21.6 d d d 2 Price,
10 26.6 d d d 7 (Price),0
11 42.0 6 <1 - - (Prige0),
32-39, 3 <1 - - ¢, oxides
45-51 .
12 56.9 < <1 4 - Price,
13 65.0 7 1 - - (PriGe0),
Involatile residue 7 7 16 - Polymeric oxides
From hydrolysis of GeCl, + PrngCI (b.p. up to 1000/10_6mm.).

B. From hydrolysis of GeCl, + Pr MgCl + Mg (b.p. up to 100°/10”

From hydrolysis of GeCl4 + Pr'M
10-5mm.).
D. From Pr-GeCl + Na/K in toluene.

3
* (b.p. up to 110°/10

from Pr6Ge2

aPye 104, dual columns (5 ft.,
detectors and Kent "Chromalog" inte
L on 100-120 mesh Celite. Ny carri
12 min., 24°/min. rise to 200°. gM
CUnidentified. dPresént,
isothermal runs.

but not measured.

6

mm. ).

gCl + Mg + LiAlH, (b.p. up to 70°/

Liquid product after filtration

_émm.).

4 mm. i.d.), dual flame ionisation
grator. Stationary phase 107 Apiezon
er, flow 50 ml./min., temp. 160 for
easured from injection as zero.
€Areas measured on




in part 3 (pp.128-]32)

Both filtered and unfiltered Grignard solutions, after hydrolysis
(avoiding halogen acids) and work up by ether extraction and preliminary
distillation, gave tri-isopropylgermane, (10-35%), the higher yield and more
rapid rate of production from the reaction containing excess magnesium.
Again coloured Grignard solutions were obtained after filtration and so
these also probably contained some free magnesium. Nine other major
components were detected which boiled between room temperature and 100° at
10-6mm, and a total of 21 distinct peaks were seen in the chromatogram,
although half of these were minor constituents representing 2-3% of the
total product (tablel, columns A and B). In contrast to the previous
system (PrngBr —_ GeI4), the monohalide was present in large amounts at
the end of the reaction; in the filtered Grignard experiments (A), it was
the major product. Some small amount of hydrolysis occurred during work-
up to give the corresponding germanol and digermoxane (components 4 and 10).
The high recovery of this material indieates not only its low reactivity
but also the fulfilment of one favourable condition for the production of

the digermane. Again the dihalide (di-isopropyldichlorogermane) was not

detected, onl} the tri- and tetrameric oxides derived from it by hydrolysis
and dehydration (components 11 and 13). The dihalide almost certainly plays
some part in polymer formation too. No matefial corresponding to the dimeric
oxide mentioned above (1.3.1) was characterised.

Two of the components isolated provide further support for the idea that
a germanium-magnesium bond can form in other than the last stage of the
reaction. In this system evidence fbr the organogermyl Grignard derived from
di-isopropyldichlorogermane, C1Pr§Ge’MgCl, is provided by 1,1,2,2-tetra-iso-
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propyldigermane (component 8), and octa-isopropylcyclotetragermane (component
12). The former compéund was found in greatest propo;tion after lithium
aluminium hydride reduction of the crude reaction mixture (table 1, column C,
see also below) and is a major product from the Wurtz reaction discussed
later. Reactions leading to its formation can be written

i

Pr,GeCl, + Mg ——» (Cl)Pr;Ge “MgCl

LiAlH

lGeCl2 —_— (Cl)Pr;Ge'GePr;(Cl) ——————£—> ((H)Pr;Ge)
2

(c1 )Pr;'Ge MgClL + Pr,

Mg?

+ (cl )Pr;Ge ‘MgCl —= ClMg+(Pr;)Ge *GePr,(C1)

(Pré)ClMgGe‘GePré(Cl) Mg? (Pré)ClMgGe'GeMgCl(Pr;')
H20
(H(Pr) )Ge),

Comparison of the Ge-H stretching frequency of this material and the polymeric
material containing Ge-H bonds from the PrngBr - GeI4 experiments, 1966 and
1961 cm_1 respectively, again lends support to the presence of Pr;GeH |
structures in the polymer and so at least some formation of germanium -
magnesium bonds at a similar stage in the PrngBr-GeI4 reaction. Octa-iso-
propylcyclotetragermane (Pr;Ge)4, was characterised by mass spectrometry and
again could be derived from the germyl-Grignard intermediate (Cl)PréGe'MgCl.

Components 6 and 7, tri-isopropyl-n-propylgermane and tetra-isopropyl
germane respectively, were isolated by preparative scale V.P.C. and
characterised beyondc doubt as C12H28Ge by high resolution mass measurements -
on their molecular ions. The identity of component 6 was established by

synthesis of tri-isopropyl-n-propylgermane from tri-isopropylchlorogermane and
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n-propylmagnesium chloride, (note, in passing, that this Grignard reagent
sﬁbstitutes the final halogen of PréGeCl relatively easily) and V.P.C.
comparisbn of the two materials. The production of relatively large amounts
of this compound suggests that some Grignard isomerisation takes place since
the isopropylchloride used in the initial preparation of‘the Grignard reagent
contained a maxiﬁum of 0.3 mole% of n-propylchloride, which could not account
for the proportion of n-propyl groups recovered, even allowing for the ten-
fold excess of reagent used (10 fold excess for monosubstitution). Grignard
reégent isomerisation catalysed by transition-metal halides is well known,
.and impurities in the magnesium (notably iron) may have been sufficient to

effect the observed conversion. Alternatively, an equilibrium concentration

of hydromagnesium halide could be involved,

XPr MgCl eem= [HMgX]  + xC/H, === xPr MgCl

More likely the complex exchange equilibria which normally obtain in
Grignard solutions (see p.17 ) are involved in some way - this is borne out
by the reduction in amount of tri-isopropyl-n-propylgermane recovered in
the presence of excess magnesium; addition: of more impurities from larger
amounts of metal would be expected to favour increased production of this
material; also the reduced reflux time and consequent lower tendency for
loss of free CSHG from the hydromagnesium equilibrium ought to favour an
increase rather than decrease.in isomerisation.

The formation isopropyl-. and n-propyl-benzene does not neceésarily imply
the presence of transition-metal impurity having Friedel-Crafts activity, as

it has been established that alkylation of aromatic-substrates by Grignard

reagents does occur under certain conditions to give Friedel-Crafts type

products, and that the reaction is catalysed by an active (nascent) form of
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magnesium halide, the chloride being particularly active in this respect.
Magneéium chloride is, of course, produced in bulk on reaction with
germanium tetrachloride. Heating the magnesium chloride has been shown to
reduce its activity as catalyst greatly, and hence alkylation reactions of
this type are minimised by higher reaction temperatures. Control experiments
in the present work showed that isopropyl- and n-propyl-benzene were produced
in almost equal amounts when isopropylmagnesium chloride containing excess
magnesium was refluxed with benzene for ten days. Here magnesium chloride
could be produced in Wurtz type side reactions. A second batch of Grignard
reagent under similar conditions contained not more than 5% of free n-
propylmagnesium chloride (based on iodinatioﬁ of the solution and estimation
of the isomeric propyl iodides by V;P;c;). The relatively high conversion of
the small yet significant proportion of n-propylmagnesium chloride into tri-
isopropyl-n-propylgermane clearly reflects the considerably lower steric
requirement of the n~propyl group in comparison to that of the isopropyl
radical during the course of the conversion.

The identity of component 7, tetra-isopropylgermane (pl.2.1) was at
first regarded with uncertainty in the light of the production of n-propyl
substituted compounds, as it could have been any one of the four remaining
isomeric tetrapropylgermanes. Three of these isbmers (1, I1, III) were

accordingly synthesised for infrared and V.P.C. comparison studies. The

routes employed may be summarised thus

n Br i .
GeCl4 —EEL}EQE;> PrZGe —_— Pr;GeBr _fzfﬁﬁﬁﬁ,, PrgGePr1
I. II.
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Table 2

Retention volumes of tetrapropylgermanes

Relative retention volumes (V)

Column A Column B
n
Pr4Ge 11.38 5.83
PrgGePrl 11.53 , 5.63
ProGePr: 12.03 5.68
2 2
PrnGePr; 13.36 : 6.50
PrZGe 16.31 7.52
retention time Pr, Ge
‘v o= - - referred to injection as zero
retention time C6H6

All values are the means of 5 injections.

Column A: 5 ft., 4 mm., 10% Apiezon L on 100-120 mesh
Celite at 150° using 50 ml./min. Nzcarrier at an initial column
pressure of 20 1b./in. Flame ionisation detector.

Column B: 5 ft., 4 mm., 5% neopentyl glycol adipate on

100-120 mesh Celite at 110°. Flow,pressure and detector as

for column A.




Br

n n i
-————b-PrzGeBri—————> PrzGePr2

Br

.Ph_Ge -——£L> thGeBr

PrnMgBr n
62

2 thGePr2

III.

Attempted dibromination of tetra;n—pfopylgermane gave only the mono-
bromide and polyb?omo— derivatives, including (C3H6Br)4Ge; even in the
presence of aluminium bromide, and three attempts at the symmetrical
redistibution reaction of equimolar amounts of tetra-n-propylgermane and
germaﬁium tetrachloride in the presence of aluminium trichloride failed to
yield significant amounts of the dihalide and only the trisubstituted mono-
halide was produced at temperatures ranging from 150°-220° in sealed tubes
(see 1.2.3. ). All three isomers (I-III) showed different infrared spectra
and retention volumes from components 6 and 7 and the latter was
accordingly designated as tetra-isopropylgermane. The most striking feature
of the retention:'volumes observed for the five tetrapropylgermanes on both
polar (neopentyl glycol adipate) and non-polar (Apiezon L ) columns is the
increasing difference with successive substitution of isopropyl groups and
the very 1arée change between PriGePrn and PrZGe (table 2).

Addition of lithium aluminium hydride to the refluxing reaction in an
attempt to reduce the range of products formed, produced some interesting
variations in their proportions but the only significant removal was that
of the higher oxides normally produced by hydrolysis of the dihalides.
Clearly not all the Ge-Cl groups were reduced under the conditions employed
and although 40% of tri-isopropylgermane, the expected major product, was
recovered 87 of free tri-iSOpropylchlorogermane'remained (table 1, column C)
Relatively large :amounts of tri-isopropyl-n-propylgermane were again
isolated, an increased amount of the dihydrodigermane, and almost twice as

much polymeric material. All these facts indicate a more active role for
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the LiAlH4 than merely that of a reducing agent, but by this time the reaction
mixture has become so éomplex that scarcely anything other than this can be
said about it. These points, particularly the increased amount of polymer
strongly suggest the formation of germanium-metal bonds other than in the
germanium~-magnesium intermediates.

The coupling reaction to yield digermane from the germyl Grignard
occurred to only a very small extent (probably about 1%), despite the
favourable conditions again, and the presence of hexa-isopropyldigermane
was noted to about this extent in all three Grignard reactions. This
compound was synthesised in good yield from tri-isopropylchlorogermane and
a 1:1 sodium-potassium alloy in refluxing toluene. The composition of the
liquid product from the reaction, after hydrolysis, extraction, distillation
and filtration from the crystalline digermane, is given in table 1, column D.
The digermane is a bolourless, well crystalline solid, subliming at 125° at
atmospheric pressure(MPt.235°-240o sealed tube) and showing a single strong
absorption band at 209.5mp. This Wurtz reaction producing the digermane is
interesting in its co-production of tri-isopropylgermane and large amounts
of tetraisopropyldigermane, which implies that in refiuxing toluene, iso-
propyl groups are cleaved by the alkali metals in preference to the
germanium-germanium bond

Pr-GeCl + Na/K —» PriGe. + Pr;GeK + (KPr;Ge)z

3 672
leO 1H20

i i
Pr3GeH (HPrzGe)2

The small amount of tri-isopropylgermane recovered indicates that formation
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of the germyl-alkali metal compound is relatively slow (a significant amount
of unreacted PriGeCl was recovered; also PriGeOH presumably from hydrolysis
of this halide under strongly basic conditions during work-up), and that,
once formed, its conversion to digermane is relatively rapid. This
contrasts with the Grignard experiments where the formation of the necessary
. germanium-magnesium intermediate is more rapid than its conversion to the
digermane. A separate experiment established that the germanium-germanium
bond of hexa-isopropyldigermane is resistant to cleavage by lithium metal

in refluxing 1,2-dimethoxyethane.

The polymeric material produced in each Grignard experiment (including
that involving lithium aluminium hydride) was similar to the polymer formed
in the PrngBr—GeI4 reaction, and partial separation into distinct fractions
could be achieved by precipitation from mixed solvents. Each fraction
showed strong Ge-O absorption in the infrared, but no Ge-H bands were
detected. Molecular weight measurements again indicated a range of 2000-4000
and analytical data a mean isopropyl to germanium ratio of between one and two.

In conclusion, the following points emerge: (i) both hexa-isopropyl-
digermane and tetra-isopropylgermane are-'capable of exisfence and are very
stable compounds, and so steric interactions between the isopropyl groups in
these materials cannot be very great. Interaction is.certainly not great
enough to render them significantly more unstable than the non-hindered
organogermanes, and this is further supported by the preferential cleavage of
the Ge-C bonds, rather than the Ge-Ge bond, of the digermane by alkali metals.

(ii) Despite the fulfillment of the conditions which are normally

quoted as being favourable for the production of digermane in a Grignard
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reaction, viz. survival of R3GeX in the presence of R3GeMgX, very little
digermane is‘produced in either of the systems examined.

(1ii) Formation of germanium-magnesium bonds can occur at the
disubstituted stage (from R2GeX2) and possibly earlier.

(iv)  Formation of germanium-magnesium intermediates is faster in the
presence of free metallic magnesium; also, more PrZGe is produced from the
reaction containing excess magnesium.

(v) Polymer production indicates the survival of at least a dihalide
or dihalide-metallic derivative, and probably a trihalide too. (Cyclic oxide
formation confirms the presence of dihalides at the hydrolysis stage).

(vi) Slow isomerisation of the Grignard occurs, both when heated alone
and during the reaction.

(vii) Little or no PrZGe is produced in the PrngBr-GeI4 system.

This latter point is perhaps the most striking from the point of view
of a possible reaction scheme. The alkyl magnesium bromides are known to
be largely monomeric in diethyl ether, whereas the corresponding chlorides
exist as dimers in similar solutions. Even at the relatively high
concentrations (21 mole/litre) of "RMgX" employed this can be taken to be
essentially the situation, especially as the chloride was used in ether/
benzene solution. As the final alkylation stage only took place with the

alkyl magnesium chloride, cyclic intermediates involving a dimeric Grignard

immediately spring to mind for this transfer

:Ge cl N /E},\
4 + _ —_ G? \E’[g’R
> Phe
P Cl\ : iz\ cl (1)
R — Mg _ Mg — R N, &
- 7 Mg
Cl : |
cl
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This type of intermediate, although probably attractive for the early
stages of alkylation does not account for the increased substitution of
the final halogen in the preéencerf free magnesium. In this case five
membered rings, derived from a germyl Grignard - alkyl magnesium halide
dimer, could provide a closer, less cluttered approach to the "underside"

of the germanium atom for the alkyl group

RyGeCl + Mg ——— R,GelgCl

Cl Ccl
R,GeMeCl + R-M 4 \\M R ——— R._GeM 4 \\M R + cl
eng -Mg g~ eMg g RMg
3 \ /7 3N
cl . Ccl /
M
N g
-;Ge/ \
" RM - . i . .
RMgX MgX2 , Mg+ GeR4<— R /Cl (11)
\ .
Mg

Whether these intermediates play any part in the reaction or not, it
seems extremely likely that the nature of the halogen present, from the
point of view of its bridging ability, is a major consideration, and that
conditions which favour Grignard dimerisation (i.e. halogen bridging) also
favour production of PrZGe. The isomerisation observed can also be
interpreted in favour of cyclic transition states siuch as I and II as it is
well known that the n-propyl group has much better bridging capabilities
than the isopropyl group. Conversion from iso- to n-propyl under the bridging
conditions of both I and IT, involving shift of just one hydrogen atom, would
seem to be possible if not favourable. 1In the experiments "without" magnesium

(type I intermediates predominantly?) high conversion to Pr;Geprn (on the
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final stage of substitution?) is in line with this explanation. Isomerisation
in the Grignard alone could take place during the.(similar) rapid transfer
processes of groups between magnesium atoms, a small proportion of which lead
to the production of the better bridging group. If this is so then
isomerisation should proceed steadily in increasing amount rather than being
an equilibrium process.

In the production of the digermane, both type I and type II intermediates
(from R,GeCl + R, GeMgCl, and R

3 3 3

encounter grave hindrance, both the alkyl "sides" of the germanium fragments

GeMgCl dimer respectively) would surely

"facing" each other,

Cl R
7N v
7Ge Mg -~ G ~ g
/ — Ge
\\ | Ia. \\’ Ci Ia
— Ge Cl ' _ — Ge\\ e
N Mg
Mg \
| Cl
(of]

and one is led to postulate a simple Wurtz type coupling of R3GeC1 and
monomeric R3GeMgX, where hindrance to close approach of the germanium atoms
after co-ordination of the chlorine to the magnesium is perhaps not as great.
This is in line with the production of the hindered (o-toly1)6Ge2 from the
o—tolyl-MgBr reagent in the presence of magnesium, but not with the PrngBr-GeI4
results. Perhaps the extreme size of the iodine atom has some controlling
effect here (the tetrahedral Mg atom is in a very hindered environment in
PriGeMgX.ZEt 0, see pi.2). Clearly more work is required to put these

hypotheses on a sounder footing. Kinetic experiments, to establish rate of

PrZGe production with respect to Grignard, could be reasonably straightforward
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using V.P.C. techniques for analysis, and so could experiments to check the
dependence of digermane production on halogen and degree of association of
Grignard reagent. In any event, it seems extremely likely that further
examination of the system PrngX-GeX4-éthers could provide much more very
valuable information on the nature and modes of reaction of Grignard reagents

as a whole.

1.3.3. Infrared Spectra

The main spectroscopic problem has been distinguishing n-propyl- from
isopropyl-germanes. All the isopropylgermanes examined showed a doublet
with peaks of roughly equal, medium intensity in the ranges 1387-1380 and
1370-1360 cm-1 which is absent from the spectra of n-propylgermanes, although
not easily distinguished in PrgGePri. A sharp, medium intensity band at 879-
877 cm_1 was also present in isopropyl- and absent in n-propyl-germanes.
Considerably more bands enable n-propyl- to be distinguished from isopropyl-
germanes. These occur at 1420-1416m, .1375-1373m, 1333-1326m, 1072-1069s, 725-
71l4m, 692-677s, 642-635m en™l. In diphenyldi-n-propylgermane the last three
bands were insufficiently clear for diagnostic purposes, whilst in tri-n-
propylbromogermane the band at 643 cm-l was extremely weak and the 725-714
band was shifted to 731 cm-l. It is probable, by analogy with the spectra of
n-butylgermanes, that the 642-635 band is associated with the trans
conformation of the n-propyl group.

Differences in the carbon-hydrogen stretching region (2960-2862 cm—l)
were also of some use in differentiating between the isomeric propylgermanes.
Tetra-n-propylgermane showed four bands (2955s, 2925s, 2898m,sh, 2863m),

whilst in Pr.GePr= and Pr.GePr. an additional band at 2940 cm_1 was just

3 2 2
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discernible. 1In both PrZGe and Pr;GePrn this band was strong and cléarly

defined at 2938 cm_l. The 2955 band was constant throughout the series of

isomers except for PrZGe where it appeared at 2960 cm_l. The 2925 band,

which was strong and well defined in PrZGe, PrgGePr1 and PrgGeth, was

weaker in PrgGePr; and appeared as a shoulder at 2817 cm-1 in the other two

isomers. The 2898 band in PrZGe was shifted to 2885-2883 cm_1 in the other

two isomers and was intensified. The 2863 band, which was relatively weak

in PrZGe intensified progressively as isopropyl groups were substituted for

n-propyl, until in PrZGe it was the strongest of the CH absorptions.

Medial values for the infrared bands common to all the isopropylgermanes
examined (other than CH stretching vibrations) are as follows: 1463m, 1383m,

1368m, 1224m-s, 1156w, 1080w, 1010m, 1000m, 917w-m, 877m-s, 804w-s —
The band at 1224 cm_1 was shifted to 1256 in the cyclic oxides (Pr;GeO)3 and &
and in the digermane (Pr;GeH)Z. Additional bands present in individual

compounds are listed below, together with some probable assignments

Pr;GeH 1998s(vGeH), 710(8GeH), 565m(v asym., GeC), 556sh,m(v sym.,GeC),

522w, 420s, 313s, 239w.

PriGeD 1433s(vGeD), 564(v asym., GeC), 542(v sym., GeC), 508s(3GeD),
420s, 311s.

Pr§GeC1 1025m, 562s(v asym.,GeC), 521w(v sym., GeC), 419m, 370s(vGeCl),
323w.

PrZGe 559m(v asym.,GeC), 549m.

PrgGe2 992sh,m, 543s(v asym.,GeC), 536m(v sym., GeC), 505w, 415s, 318m,
304m.

(PréGeH)z 1966(vGeH), 971s, 799s(8GeH), 709w, 685m, 540(vGeC).
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(Pr;ceo)3 "976m, 952s, 844s(vGe0), 583m(vGeC).

(Price0),  975m, 9565, 844s(vGe0), 583m(vGeC), 552m.

Tetra-n-propylgermane had absorption bands at 1460s, 1420m, 1375m, 1330m,
1214w, 1196w, 1070s, 1028w, 1004m, 888w, 805w, 725m, 692s, 639 (vGeC trans),
567m(v asym., GeC), 552w(v sym., GeC), 32lm. The mixed n-propyl-isopropyl-
germanes showed the expected bands with some overlapping, and only the

germanium-carbon stretching frequencies are given below.

PrgGePr1 642m(vGeC trans), 560w, 344w(vGeC, including vGeC gauche for
PrGe).
n i
PrzGePr2 642m, 555m, 544m.
n i 4
Pr GePr, 636m, 555m, 521w.

Mass Spectra of compounds from this work, including the isomeric tetra-

propylgermanes, hexaisopropyldigermane, and the trimeric and tetrameric cyclic

oxides are discussed in part 3.

1.4 EXPERIMENTAL

For details of V.P.C. and other experimental techniques, see appendix.

1.4.1. (a) Germanium (IV) Iodide and Isopropylmagnesium Bromide. Germanium

(1V) iodide (27.5 gm., 47 mmole) was added cautiously (as solid) to 500 ml. of
clear green ethereal solution of isopropylmagnesium bromide, being half of a
solution resulting from the reaction of 123 gm. of isopropylbromide and 26 gm.
of magnesium in 1 litre of diethyl ether which had been filtered through a
No.4 sinter. The mixture was heated under reflux for 16.1/4 hours and yielded,
after hydrolysis using first water then dilute acid, extraction of the ethereal

layer, and removal of the ether,8.32 gm. of a yellow viscous liquid. This
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material distilled in vacuo (10_3mm) with receivers cooled to -35° gave three
i
3
176°/740 mm (lit 176°). Itslﬁ n.m.r. spectrum (tetramethylsilane as standard)

major fractions. The first distilling below 60°C 1.02gm, Pr,GeH, had b.p.
showed GeH at T 6.36 and the methyl proton doublets at 7 8.8 with the CH
multiplets overlapping these on the low field side. The germanium-hydrogen
to alkyl-hydrogen ratio was 1:23.7. The remainder of the volatile material,
a colourless very viscous liquid distilling between 60° and 220°C, 2.46 gnm,
yielded on redistillation at atmospheric pressure in a "micro-cup" apparatus,
at 200° a centre cut showing one major GeO band in the infrared (844s, 826sh
cm_l). Elemental analysis (found C, 36.3; H, 6.89%) gave no clear indication
of constitution ((PréGeO)n requires C 41.5, H 8.1%; ((PriGeO)ZO)n requires

C 25.4, ﬁ 5.03%), and a later brief examination by V.P.C. showed the
material as a mixture of at least four compounds, probably containing
(Pr;'GeO)3 and (PréGeO)4. The residue from the initial distillation, 4.86 gm.
of a yellow solid, was taken up in 15 ml. of benzene (in which it was easily
though slowly soluble) and chromatographed on a 35 x 2.5 cm. alumina column
using 250 ml. portions of 1:1 benzene-40°-60° petroleum ether; benzene, 1:1
benzene-ethanol; ethanol; acetone and chloroform for elution. The infrared
spectra offractions eluted (0;52 gm. of a yellow viscous liquid with the
first solvent, 0.07 gm; of a clear viscous liquid with benzene, insignificant
amounts for the others except benzene-ethanol) showed the features expected
for polymeric oxide, with slight qualitative differences in intensities of
bands between fractions, but that of the material eluted with benzene-
ethanol (1.47 gm. markedly yellow viscous liquid) contained in addition bands
atl961lw-m(vGe-H), 734m(%Ge-H?), 697m, 678s, 673m,sh, cm-l. Analysis of this

material gave C 34.2, H 6.26% ((PrlGe)n requires C 31.2, H 6.1% and see values
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for oxides above). The rest of the polymer was strongly retained on the
alumina of the column, some 50-60% of this residue being removed by Soxhelet
extraction with chloroform over 5 days.

(b) A similar experiment using (24.2 gm. 41.5 m mole) of Gel, and 500 ml.
(approx. 0.5 mole) of an ethereal solution of isopropylmagnesium bromide which
contained the residual magnesium from the preparation of the Grignard described
above gavé after stirring for 46 hours at room temperature and 4.3/4 hours at
reflux temperature, hydrolysis, extraction and distillation, 6.75 gm. of
yellow viscous liquid. This was separated into 2.13 gn. PriGeH,
characterised by infrared comparison with material from above experiment;

1.40 gm. of mixed oxides distilling in the range 175°-220° at 10_2mm, C 37.7%
H 7.3%, average molecular weight 710, ::a degree of association for PréGeO of
4.06; and 3.22 gm. of involatile yellow solid, which was chromatographed in
the manner described yielding 0;53 gm. from 1:1 benzene-petroleum containing
Ge-H bands as above, no significant amount with benzene, 0.57 gm. with .
benzené-ethanol and 0,18 gm. with ethanol whose infrared spectra corresponded
with the equivalent fractions from the previous experiment. 1.94 gm. of
material remained on the column and extraction with chloroform removed 1.03
gm. (yellow) viscous liquid, qualitatively different infrared spectrum from
thelother fractions).

(c) A further experiment with excess magnesium present, hydrolysed with
8 ml. (0.44 mole, 100% gxcess) D,0, followed by decantation of the ethereal
layer, which was then washed quickly with water, dried and carefully distilled,
gave 0.9 gm. PréGeD (found C 51.4, H 10;8%, CyH,,DGe requires C 53.02, H 10.8%),

with infrared spectrum as recorded above. 1.53 gm. of mixed oxides, and 4.96

gm. of involatile yellow polymer were :-recovered.
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(d) Germanium (IV) Iodide, Isopropylmagnesium Bromide, and excess

Magnesium, with the addition of t-Butyl Chloride. - 29.0 gm. (50 m mole) of

GeI, and 250 ml. (approx. 0.25 mole) of is0propy1magnesium bromide containing
excess magnesium ( 10%) were refluxed for 24 hrs., 13.89 gm. (0.15 mole) of
Butcl were added and reflux continued for a further 48 hours. Work up as
above gave 9.58 gm. of yellow viscous material which on distillation gave

i i i

GeH, 0.12 gm. mixture of Pr3GeH and PrBGeCI, 0.17 gm. Pr3GeC1,

i
3

and approximately 1.5 gm. of the less volatile distillate. The remaining

0.83 gm. Pr

material was not examined.

1.4.2. (a) Germanium (IV) Chloride and Isopropylmagnesium Chloride. -

Germanium (IV) chloride (15 gm.07mole) in benzene (150 ml.) was added slowly
to a filtered ethereal solution of isopropylmagnesium chloride, prepared from
isopropyl chloride (39.3 gm.) and magnesium (13 gm.) in ether (300 ml.).
Hydrolysis after 66 hr. under reflux followed by ether extraction, and
distillation gave a pale yellow liquid (12.8 gm.). Removal of traces of
solvent from this material in vacuo via a trap cooled to -230, gave in this
trap a colourless condensate (1.33 gm.) containing components 1-7 (Table 1,
column A). The yellow liquid separated into the following fractions:

4

b.p. 50-800/10-gm (2.8 gm.) (components 1-7); b.p. 80-95°/10"mm (5.1 gm. )

(components 3-7); b.p. 95-1000/10_5mm (1.31 gm.) (components 3-12); b.p.

6

95-100°/10" "mm (1.3 gm.) (components 8-13). Samples of the major components

were isolated by preparative scale v.P.C.
Component 3, Pr;GeH had b.pt. 176° and infrared spectrum as the material
from 1.4.1. Components 4 and 5 were characterised by comparison of their

infrared spectra and retention times with authentic specimens. Component 6

tri-isopropyl-n-propylgermane, a colourless air stable liquid (found: C, 59.0;
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H, 11.8; C12H28Ge requires C, 58.8; H, 11.4%) and component 7, tetraisopropyl-
germane were characterised as described in the text. Component 11, trimeric
di-isopropylgermanium oxide, was a colourless liquid (found: C, 41.0; H, 8.1%,
M (mass spectrum) 524 for 218(Ge)3 Calc. for C, gl 0624052 C, 41.0; H, 8.1%;
M, 524). Component 13 tetrameric di-isopropylgermanium oxide, was also a
colourless liquid (found: C, 44.7; H, 9.0; C24H56Ge404 requires C, 41.0; H,
8.1%). The highest mass observed with certainty in its mass spectrum
corresponded to loss of one isopropyl group ie.Pr?Ge404, with the calculated
Ge4 isotope pattern. A very small ion set occurred in the region of the
expected molecular ion but the isotope pattern was not distinct.

The dark yellow semi-solid residue from the distillation (0.86 gm.) was
freely soluble in benzene (found: C, 34.2; H, 6.2%; M (vapour pressure
osmometer) 2000-4000, varying with sample, age, and concentration). On long
exposure to air the colour faded and viscosity diminished, but the material
remained involatile. Both the original and "aged" polymers showed strong
broad absorption centred on 833 cm_lcharacteristic of v(Ge-0) in polymeric
oxides.

(b) A similar experiment in which an excess of magnesium was present
throughout, gave after hydrolysis and work up as above, a volatile mixture
(10.34 gm.) and an involatile residue of mixed polymeric oxides (0.8 gm.)
V.P.C. of the volatile mixture showed products identical with those discussed
but in different proportions (Table 1, column B).

1.4.3. Germanium (IV) Chloride, Isopropylmagnesium Chloride and Lithium

Aluminium Hydride. - Germanium (IV) chloride (15 gm.) in benzene was added

slowly to isopropylmagnesium chloride (0.5 mole) in ether (200 ml.) containing

an excess of magnesium (10%). After 20 hr. under reflux lithium aluminium
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hydride (6.0 gm.) was added as a slurry in ether, and refluxing continued for
a further 19 hr. Acid hydrolysis gave an ether soluble mixture (10.3 gm.)
which was.separated into three fractions: b.p. 175°-180°/760 mm (6.0 gm. )
(components 1-7 of Table 1, column C); b.p. 40—450/10-3mm (0.94 gm.)
(components 3-7); b.p. 50-700/10_5mm (3.34 gm) (components 3-10). Component
8, 1,1,2,2;tetra-isopropyldigermane, was a colourless liquid (found: C, 45.9;
H, 9.1%; M, 320.0689. Cl'z'I;IBOGe2 requires C, 44.2; H, 9.47%; M, 320.0778 for
146

Gez). The identity of component 12, cyclo-octaisopropyltetragermane is
based entirely on its mass spectrum which showed a well defined characteristic
Ge4 isotope pattern for the molecular ions of which masses 634 and 636 were
the most abundant (found: M, 634.1243 and 636.1246, CoHseGey (i.e. PréGe4)
requires 634.1266 and 636.1255 for the two central peaks of the Ge4 isotope
combinations (see part 3). The orange‘semi-solid residue 1.67 gm. showed
strong broad Ge-O absorption (810-890 cm_l). The colour of this material

faded and its viscosity diminished standing in air, but no volatile material

was produced.

1.4.4. Wurtz Reaction on Chlorotri-isopropylgermane.- Chlorotri-isopropyl-

germane (4.7 g.) in toluene (150 ml.) was refluxed for 7 days with sodium

(8 gm.) and potassium (8 gm.). The solution darkened progressively to a

deep red. Hydrolysis, with:propanol in benzene, and then with aqueous ethanol,
discharged the colour; giving a liquid mixture (3.29 gm.) from which hexa-
isopropyldigermane (0.5 gm.) separated as colourless needles. After
récrystallisation from propan-2-ol and sublimation at 1250/740 mm, it hgd m.p.
235-2400'(sea1ed tube) (found: C, 53.0; H, 10:5%; M (v.p. osmometer) 407.

C, gy oG8, requires C, 53.7; H, 10;7%, M, 403). It showed a single, sharp band
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at 209.5 mp (1og10£ 3.81). The mother-liquids contained components 3-10

(Table 1, column D)

1.4.5. Tri-n-propylisopropylgermane. - Bromotri-n-propylgermane (14.1 gm.) in

ether (20 c.c.) was heated under reflux for 24 hr. with a filtered ethereal
solution of isopropylmagnesium bromide, from isopropylbromide (8.8 gm.) and
magnesium (2.0 gm.). Hydrolysis ether extraction and distillation gave tri-

n-propylisopropylgermane, b.p. 227-228°/758 mm (8.0 gm. 65%) (found: M, 246.1405

74

for = Ge, C Ge requires M, 246.1403).

12%28

1.4.6. Di-n-propyldi-isopropylgermane. - Hexaphenyldigermane (20 gm.), bromine

(16.5 gm.) and 1,2—dibromoethane were heated under reflux for 45 min.

4mm (9.1 gm.)

Distillation gave crude dibromodiphenylgermane, b.p. 80-1200/10—
which was heated under reflux for 15 hr. with an excess of n-propylmagnesium
bromide,‘from magnesium (4 gm.) and n-propylbromide (16.2 gm.). Hydrolysis,
ether extraction and distillation gave crude diphenyldi-n-propylgermane, b.p.
110-1120,’10_2 mm (4.8 gm;) which without further purification (found: C, 24.9;
H, 4.3%) was refluxed for 3 days with an excess of ethereal isopropylmagnesium
bromide. Hydrolysis, extraction, distillation and V.P.C. separation of the main

component on a 5% neopentyl glycol adipate-celite column gave di-n-propyldi-

isopropylgermane (found: M, 246.1403 for 74Ge, 012H28Ge requires M, 246.1403).

1.4.7. Attempted Cleavage 6f Hexaisopropyldigermane. - Stirring hexisopropyl-

digermane (0.25 gm.) with lithium shot (1/2 gm.) as a paste in 0.3 ml. dry
monoglyme . gave no sign of colour after 36 hours. Addition of a further 10 ml.
monoglyme and heating to reflux temperatures caused black specks to appear and

after approximately 4 hours a faint yéllow orange colour developed on the
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surface of the lithium. Continued reflux for a further 48 hours produced
no further change. Hydrolysis and ether extraction yielded 0.37 gm. of a
colourless viscous liquid which on removal of remaining solvent-traces gave
0.11 gm. of a white waxy solid with infrared spectrum similar to the polymers
described above, and 0.09 gm. of unchanged digermane. V.P.C. examination of
the viscous liquid showed no material of retention time below that of the
digermane and only a very minor peak at a greater retention time. V.P.C. of
the final solvent fraction showed the presence of trace quantities (<:O;5%)

of tri-isopropylgermane.
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PART 2

. ORGANOGERMANIUM -
TRANSITION METAL
COMPLEXES




AT first sight the growth of interest in compounds containing metal-metal
bonds over the last five years is remarkable. In the context of possible
industrial applications as highly specific catalysts, their potentialities as
synthetic intermediates in the laboratory, and their undoubted challenge to
the bonding theorists, this interest is perhaps not so surprising. Indeed it
seems that these compounds will soon occupy as prominent and useful a position
in modern chemistry as the more familar materials éontaining metal-carbon
bonds. Not very long ago, discrete compounds containing metal-metal-bonds
were uncommon and considered exceptional; at the present time at least one
example is kﬁown for every member of the d-block transition elements, and in
some cases, especially the heavier metals in low formal oxidation states, the
tendency to form these links becomes a governing factor in their chemistry.

Metal-metal interaction varies from weak coupling of electron spins, as
in.the metal carboxylates, e.g. CuZ(OZCCH3)4(H20)2, to the very strong
"multiple bonds" in species such as Re2C182-, and it is in general no. easy
task to set out well defined reliable criteria which may be applied to any
compound to test for the presence :of a metal-metal bond. In some instances,
definition of metal-mgtal bonding or decisions between interaction and no
interaction seem quite arbitrary. This is, however, not an uncommon situation
in a field which is under very active investigation and from which only a
relatively small amount of data suitable for making generalised deductionms,
has emerged. Of necessity then, the area.embraces a number of apparently
arbitrary definitions. For example, the concepts of oxidation state and
electron configuration, so useful in the aqueous and organometallic chemistry

of the d-block elements, if persued to any length in connection with metal-

metal bonded compounds soon not only take on an arbitrary form but often
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become virtually meaningless. The definition of oxidation state for metal
atoms in these compounds due to Lewis is perhaps the most helpful; "the

formal charge left on an atom when all the ligands are removed in their
closed-shell configuration and any element-element bonds are broken homoly-
tically". Similarly the formal electron.configuration of a metal atom may be
defined as the configuration before metal-metal bonding is considered to occur.
In an(CO)lo and HgZCIZ, for example; the electron configuration of the

1031, and the corresponding oxid-

manganese atom is d7, and of the mercury d
ation states are Mn(0) and Hg(I). - For compounds containing dissimilar metals

bonded together, even these definitions can be ambiguous.

It is possible to survey the field of metal-metal bonding from a number
of angles but one of the more profitable frameworks for discussion, and that
employed here, is first to deal with methods used in the detection of such
linkages, an& then follow with an examination of some of the examples of
compounds containing metal-metal bonds. The bulk metals and metallic alloys,
which contain one extreme kind of metallic interaction, will not be considered.
The discrete compounds fall into two categories, those with two-centre metal-
metal bonds, and those, the cluster compourds, which contain multi-centre
interactions. Parallels may be drawn with the normal two-centre localised
bonding, and electron deficient, multi-centre bonding encountered in the more
familiar areas of chemistry. The former category can be further subdivided
into compounds'containing bonds between identical and different metal atoms.
Preparative methods for metal-metal bonds have received scarcely any systematic

attention, and these will be discussed only very briefly.

2.1. DETECTION OF METAL-METAL INTERACTION

The major techniques used to detect the presence of metal-metal bonds
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include X-ray analysis, magnetic and spectroscopic methods.

2.1.1. X-ray Structural Analysis

Although undoubtedly the surest and most direct way.of indicating the
presence of metal-metal bonds within a molecule, the method is not without its
pitfalls. In those cases where two metal atoms are adjacent with no bridging
groups befween them such as in an(CO)10 or Re2C182-, the existence of a metal-
metal bond is self evident. In géneral, short metal-metal distances are
indicative of bonding even in the presence of bridging groups, but considerable
difficulty can arise as to the maximum distance between two atoms consistant
with some degree of bonding still being present. Reference is often cited to
the interatomic distances in pure metals, and bonding radii have been compiled
using these data® But in certain instances, bonds between metal atoms may be
considerably longer éhan those indicated on this basis, and yet still involve
direct metal-metal interaction. For example, in [ﬂCSHS(CO)3Mo]2, there is
necessarily a metal-metal bond as the dimer contains adjacent Mo atoms with no
bridging groups, and this is the only linkage between the two halves of the
quite stable molecule; the Mo-Mo distance is 3.224."%71n Mooz, where Mo-Mo
bonding is again postulated, the Mo atoms lie in chains bridged by pairs of

oxygen atoms, with alternate Mo-Mo distances of 2.50 and 3.104.'%

The shorter
distance is considered to indicate a bond, and the longer not. Yet this "long"
distance is shorter than the bonding distance in [ﬂCSHS(CO)3Mo]2. Other
similar ambiguities exist. Complexes of Cu(I), Ag(I), and Au(I) are known
where metal-metal distances are relatively short, e.g. in the polymeric
complexes,(MCECR)nJ°9N0rma11y it is not considered that metal-metal bonding

would occur between atoms of d10 configuration, but if the distance between the

atoms is taken as indicative of bonding then metal-metal interaction must be
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present in these compounds. As the complexes are diamagnetic, it seems
necessary, moreover, to assume some degree of multiple bonding. The related
thiocarbamate complexes of copper, [CU(SZCNRZ)]n’ contain in some cases nearly
regular tetrahedra of Cu atoms, with dimensions small enough for significant
metal-metal interaction, thus making them cluster compounds.'"

' Clearly the length of a bond of any given multiplicity between two metal
atoms is a sensitive function of the nature of the ligands present in the
compound, its stereochemistry, the.oxidation state of the metal and probably
other factors. Equally clearly the criterion of interatomic distance for the
presence of metal-metal bonds in compounds must be used with considerable
caution.

2.1.2. Magnetic Measurements

‘As the magnetic properties of metallic complexes are easily measured,
evidence based on these measurements is frequently adduced to indicate the
presence of metal-metal bonds. The lowering of the magnetic moment of a metal
atom in a compound compared to the value expected for the isolated ion is often
quoted in support of a metal-metal bonded structure, and this lowering, some-
times to a value close toAzero, is thus assumed to be due to pairing of spins
in the metal-metal interactions. 1In fact this can be far from the truth, and
extreme caution must be exercised in the interpretation of magnetic data, for
a number of reasons.

(a) For systems containing an even number of electrons on the metal atom,
spin pairing can arise from irregularities in the environmment of the isolated
ion, or some other stereochemical requirement, which split orbitals which would
otherwise be degenerate, rather than from metal-metal bonding. The interpret-

ation of the structure of [R6014]_ as a tetrahedral monomer (rather than as a
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dimer with square prism geometry) is a striking example of the reversal of
this reasoning."' This possibility of the reduction of the paramagnetism of
isolated units is particularly relevant to the heavier transition elements,
where intraionic spin pairing becomes relatively easy.

(b) Magnetic interaction between metal atoms can occur via bridging
groups. The spin paired binuclear complexes [(EtOCSz)MoO]ZO and [(RuClS)pla-
are classical examples of this, both containing linear M-0-M groupingspzﬁMbre
extreme examples may be chosen from among the simple metal oxide and halide
systems, many of which are antiferromagnetic, e.g. RuOZ. Here each RuIV ion
is in the centre of a regular octahedron of oxide ions, eachiof which is shared
with two other ruthenium ions. There are no localised two-centre metal-metal
bonds, and the long Ru-Ru distances preclude any other form of direct inter-

. . . 4 :
action, yet despite the octahedrally co-ordinated d ions, the compound is

diamagnetic. Explanations in terms of extended molecular orbitals-energy bands -

involving both metal and oxygen orbitals fit the observed facts best' The MoO2
structure, on the other hand, as alreadydnoted does contain Mo-Mo bonds, and is
diamagnetic. The dangers of drawing immediate inferences on bonding from
comparison of magnetic data are obvious.

(c) The heavier transition elements often have high values for spin-orbit
couplingAconstants, and this can lead to lowered magnetic susceptibilities in
the absence of metal-metal bonds, e.g. OsIV has a A value ~3600'cm_1, giving an
effective magnetic moment for its tzg4 (octahedral) configuration of 1.2BM
(Bohr magnetons) which, taken at its face value, would not immediately suggest
the presence of two unpaired electrons. -CrII, on the other hand, with A ~90 cm

gives in the same configuration a '"normal" moment of 3.6BM, fairly easily

correlated with the expected moment for two electrons (2.838BM).

68

2




There are however a large number of genuine cases where magnetic data
have proved useful. The diamagnetism of iron enneacarbonyl, coupled with an
observed short iron-iron distance was used to indicate (correctly) the presence
of an Fe-Fe bond in this complex. Some of the most interesting systems from a
magnetic point of view, those in which complete spin pairing has not occurred
e.g._the dimeric metal carboxylates, contain metal-metal bonds which bear the
major part of the magnetic interaction. Rhodium acetate monohydrate has a
remarkably short metal-metal distance nd this and the analogous chromium
complex are virtually diamagnetic."7A multiplicity greater than one can be
assigned to these bonds.

2.1.3. Spectroscopic Methods

Little systematic investigation of the visible and ultraviolet spectro-
scopic prbperties of metal-metal systems has been undertaken, but work on
polarised spectra in this region has revealed the presence of metal-metal
interaction in such complexes as the nickel dimethylglyoximato group."B The
absorption spectra of similar.ds-donor systems have also been:interpreted in
terms of metal-metal bonding."9

Infrared and Raman studies on intermetallic complexes have as yet not
been widely undertaken, since the metal-metal stretching vibrations normally
occur at low frequencies,.<:200 cm_l, but with the improvement of apparatus and
techniques in the far infrared region, particularly better resolution and
reliability-ffom both grating and interferometric spectrometers, this method
will undoubtedly find a more extensive use in the future. Some instances of
its use have been recorded,.notabiy the Raman spectra of mercurous nitrate
solutions, where the Hg-Hg stretch at 160 cm-1 directly confirmed the presence
of the metél—metal bondjzoMore recently the same technique has been used to
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show the presence of Cd + in the Cd2(A1014)2 system.

2

The most widely used region of the spectrum is the near infrared, where
metal-ligand and ligand vibrations occur. Spectra from this region can give
an indirect but uéeful indication of the presénce of a metal-metal link. For
example, the infrared spectrum of dicobalt octacarbonyl exhibits a marked
solvent dependence. In the solid phase, its spectrum shows the presence of
bridging carbonyl groups, and other data indicate that a metal-metal link is
also present; in solution some of the vibrations due to the bridging carbonyls
disappear, and isomerisation to a solely metal-metal bonded dimeric form in
equilibrium with the bridged structure is postulated (the non bridged form has
staggered trigonal bipyramidal geometry with the Co-Co bond axial))zzIt is -
clear that detection of structural changes of this sort is extremely important,
especially in explaining the reactivity of these compounds.

Finally the mass spectrometric methods outlined in parts 3 and 4 give a
direct indication of the number of metal atoms present in a molecule in the
vapour phase. Although this does not necessarily indicate the existence of a
metal-metal bond in a compound, the exact elemental composition of the remain-
der of the molecule could preclude the presence of bridging groups. Taken in

conjunction with, for example, infrared spectroscopic evidence, the method does

represent a powerful addition to available techniques.

A number of authors have examined and discussed the factors which influence
the formation of metal-@etal bonds)zyséarticularly between atoms of the same
mefal, in efforts to make some deductions of predictive value, but with little
success. Correlations with sublimation energy, orbital sizes and types, and
repulsion effects between filled orbitals and ionic charges have all proved

more or less unsatisfactory. At this stage it would seem that more experimental
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data are required, particularly limits of stability of compounds in terms of
position of the metal atoms in the periodic table, the nature of the ligands
and the oxidation state of the metal (despite the elusive quality of this

parameter), before theory can rise from an ad hoc basis to a predictive scope.

2.2. COMPOUNDS CONTAINING METAL-METAI BONDS

*2.2.1. Bonds between identical atoms

For the earlier transition elements, metal-metal bonding occurs readily,
even in the high oxidation levels, whereas for the later transition elements
it seems to be restricted to the lower states. Data are still limited but it
seems that the tendency for metal-metal bonding in all oxidation states
reaches a maximum in the centre of the periodic table. A representative of
nearly all the common oxidation levels is known for molybdenum: Mo(V),
[Mo(OC6H5)3C12]2, (1v) [MoOz]X, (111) [M02019]3', (11) [MoClz]x, (1)

] (-1) [MOZ(CO)IO]Z-, and there seems to be no reason why the

[ﬁCSHSMo(CO)3 9
remaining gaps (Mo(-II), (0), (VI), for the commonly occurring levels) should
not be filled, althougﬁ there are as yet no examples of bonding for the d6
configuration (Mo(0)). This may be associated with the ready formation of
octahedral spin-paired complexes for metals with this configuration and its
relatively high stability. The series of molybdenum compounds illustrates a
number of the various sub classes of materials which contain M-M bonds. Some

further examples are now discussed.

(a) Organometallic compounds and metal carbonyls

The metal-metal bonds of compounds such as the polygermanes and -stannanes
are among the oldest known examples of M-M interaction in discrete compounds,
but the nature of the elements with their filled sub-shells and electron pair

bonding gives the resulting localised linkages more of the character of the
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catenation observed in sulphur and (particularly) carbon compounds rather than
the characteristics associated with the transition-metal interactions. The
bonds observed fcr germanium and tin vary very little in length from compound
to compound, are always spin paired and always of unit multiplicity. One
feature of interest in this area is the extent, if any, to which electronic
effects can be transmitted through these bonds.

Virtually all the polynuclear carbonyls and their derivatives contain
metal-metal bonds, both in the presence and absence of bridgiﬁg groups, and
these compounds fall into two structural categories along these lines.
Examples of non-bridged structures, held together solely by M-M links, include

Re2(CO)10 and an(CO) and of bridged structures, Fe2(C0)9, and (in the

10’
solid phase) C02(C0)8. There seem to be no simple qualitative reasons why
bridged structures should be more or less stable than non-bridged ones, e.g.
a (CO)4Mn(CO)2Mn(CO)4 unit rather than (CO)SMn-Mn(CO)S, and reference has
already been made to the isomerisation of COZ(CO)8’ from a bridged to a non-
bridged structure, in solution. It seems probable that other interconversions
could be induced to occur on substitution of the carbonyl ligands; the
compounds Coz(CO)7(PPh3) and Coz(CO)6(PPh3)2 contain no bridging grpups.”6'7
The metal carbonyls and their derivatives form as a whole a very
important group of M-M bonded materials and are also among the earliest known

compounds in which this link was well characterised.

(b) Carboxylate salts

These have already been mentioned in connection with their magnetic
properties. There is still considerable discussion on the degree of bonding

which exists between the metal atoms for the CrII, RhII, and MoII acetates,

where four, three, and four electrons respectively from each metal atom become
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completely paired. The intermetallic distances in these compounds are either
nearly the same as or less than the estimates of bonding radii due to Pauling,
crll 2,464, (estimated, 2.36), RR'T 2.45%, (2.50), Mo'! 2.11, (2.60) Pand in
the case of molybdenum at least it seems fairly certain that the bond has some
multiple character. It is possible however, that a considerable amount of the
spin pairing in. the CrII and RhII complexes is of a fairly weak nature,
similar to that in the CuII compound. It is interesting to note that the Mo
complex is isoelectronic and isosteric with Fhe [Re2018]2_ ion, where

multiple bonding is recognised.

2~
(¢) The [Re2X8] ion and its derivatives.
This small but important group of compounds has recently been the focus
of much attention. Members which are at present characterised include

- - 128-32
[Re2X8]2 X = Cl, Br, SCN, [Tc2018]2 and some Re X H, species. The major and

’ 2762
very unusual features of the structure are exceedingly short M-M distances,
Re 2.24&, Tc 2.13&, (Pauling estimates 2.75, 2.72A respectively) and an
eclipsed rotomeric configuration. These two points and the observed diamag-
netism of the compound are best explained in terms of a quédruple bond between
the metal atoms,Aand this is considered to be made up of a o bond, two nx bonds
133

and a‘ﬁ?bond.

(d) Crystalline halides and oxides

There exists a large number of compounds with pairs of metal atoms close
enough to be considered bondéd together ,but having also two or three bridging
halide or ﬁhalcogenide atoms. The majority of the compounds contain metal
atoms in octahedra of oxide or halide ions which in many cases form infinite
close packed or distorted close packed arrays, although sometimes the octa-

hedra are joined only into small groups or bands. When metal-metal bonding
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occurs, the metal atoms move away from the centre of their octahedra and
approach each other across a face or edge. Compounds containing these bonds

across faces and edges of octahedra respectively, include [W2019]3- and
134-5
4

metals of a group, the heavier one usually shows much greater metal-metal

NbI 6When analogous compounds are formed by the lightest and heaviest
-intéraction. For example, in the diamagnetic [W2C19]3— (W-W distance 2.41&),
there is distinct metal-metal bonding, but in [Cr2C19]3-, the metal atoms
remain at the centres of their octahedra and have normal magnetic moments. A
similar comparison e#ists getween CrO2 gnd MoOz. These facts have been used
to Ldemonstfate the greater "homOphilicity"‘- the tendency for an element to
form‘bonds to itself - for the heavier transition metals.’’
(e) Other types

Mention has already been made of the spectroscopic evidence for M-M

bonding in complexes such as N1(d1methy1g1yox1me)2 and [Pt(NHB)a][PtBr4]’ and

the classicalhexample of the ng2+ ion. Many.other isolated examples could

bé cited, such as the Mo' complexes [Mo(OC6H5)3012]2 and [M0204(C204)2(H20)2]2+,
and MoC12, all of which are structurally interesting and important. The MoV
phendxide,>direct1y related to [MoClS]z, (dimeric, with chlorine bridges,

Mo-Mo 3.84&, paramagnetic)nghows the effect of a reduction of formal charge

on the metal atom in bringing into.play direct M-M interactions (Mo-Mo distance
in the phenoxide 2.8&, chlorine bridges again present)]aeThe complex'is also

diamagnetic. Very recently the extremely interesting complex [(Ph3P)ZIPt]2

has been preparedfol

2.2.2. Bonds between dissimilar metal atoms.

These are conveniently divided into compounds containing transition metals
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bonded together and transition elements bonded to main group.elements. At
present only a relatively small number of these complexes is known,‘but there
can be no doubt that a very great variety is capable of existence.

(a) Transition metal-transition metal bonds. A number of mixed carbonyls are

known both with bridging groups, e.g. ﬂCSH5Fe(CO)2C0(CO)4, and without bridges,

e.g. (CO)SMn-Re(CO)S, ﬂCSHS(CO)2Fe-Mo(CO)3nCSH5. The properties of these

- . . 8
compounds are similar to their homonuclear analogues, Mixed d -donor complexes

of the type [M(NH3)4][M'X4], which have metal-metal interactions in the solid

state have been prepared for palladium and platinumf?and the binuclear compound

(PhBP)ZIPt—NiI(PPh3)2 has recently been characterised.’”'

One of the most fruitful preparative areas has involved metals with dlos'

configuration - complexes of Cu, Ag, and particularly, Au and Hg. A large
number of adducts of phosphine gold halides and mercury halides has been
prepared and these two metallic units behave in many.ways as pseudo halogéns.
Some of the more interesting examples include Ph3PAu-M(CO)3nC5H5, (M = Mo, W),

Ph3PAu-V(CO%, (Ph3P)2XPt-AuPPh3, (X = Br, Cl), (Ph3P)2XPtHgX, (x =c1, 1),

(cO)C1XIrHgX, (X = C1, Br, I, CH

201,139

coo)fsz(PhZAsMe)3012Rh-ng, (X =F, cl, Br, I,

3

CH3COO).. Analogous compounds of copper and silver are known e.g.'

(Ph3P)2C1PtCu(PPh3)3, (triarsine) Ag-Mn(CO)S, (triarsine M)2Fe(C0)4, (M = Cu,Ag).

Very little work has been done on the reactivities of these compounds but

9

deductions have been made from infrared data on the relative electronegativities
of some of the metallic units. The Hg-Fe stretching frequency (196cm-1) in the
compounds (XHg)ZFe(CO)4 has been determined:agnd the compound
ﬂCSHS(CO)zFeHgCo(CO)4 was the earliest example of three metal atoms covalently

bound together.

(b) Transition-metal - main group metal bonds. These are more limited in
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number, and at present include only the lower members of groups III and IV.

39,141
3 3GeFe(CO)2nC5H5

formed the earliest members of this class. Analogous tin compounds are now

Germanium-transition-metal bonds, in Ph Ge-Mn(CO)5 and Ph

known:“%nd in addition, the di-, tri-, and tetra-substituted structures'
[OCO)SMh]SnMeZ[W(CO)BﬂCSHS], PhSn[Re(CO)5]3, and [ﬁCSHSFe(CO)Z]ZSn[Mo(CO)3nCSH5]2.
The chemistry of germanium bonded to platinum and palladium incompounds such

as (RBP)ZM(GeR' ), and (R3P)2XMGeR'3, (M = Pt, Pd; R' = Ph, Me; R = Ph,Prn, Et;

372
X = Br, Cl1, I, NCS, OR) represents virtually the only area which has been at

all extensively studied? Again analogous tin derivatives have been prepared.
A number of complexes containing cobalt bonded to Ga, In and Tl are known,”b'j
including BrIn[Co(co)A]z.iHF, X2GaCo(CO)4.THF, T1[Co(co)4]3, acac Ga[Co(C0)4]2
etc. Very little is known about the reactivity of these complexes.

The area is important in that it represents the borderline of the
discipline, having affinities with both metal-organic and intermetallic chemistry,
and much of value on relative stabilities of various bond types under controlled

conditions, and reaction mechanisms should emerge.

2.2.3. Metal Atom Cluster Compounds.

These are compounds containing a number of metal atoms each of which is
bound to all or most of the others. A small number of compounds of this type
has been known for some years but most of the members of the class have been
discovéred or recognised (rather than prepared) only recently, and research in
this area is currently very much in vogue. A formal definition of a cluster
compound as one '"containing a finite group of metal atoms which are held
together mainly or to a significant extent by bonds.directly between the metal
atoms, even though some non-metal atoms may be intimately associated with the

4 e s
cluster", has been suggestedlaand this is broad enough to include binuclear
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complexes. This point has led to the drawing of a parallel between clusters
and homologous series of carbon compounds, with the clusters as the main body
of the series and the binuclear complexes as the first number, atypical in
nmuch the same way as methane is an atypical paraffin. The analogy has much

to recommend it, if only that it emphasises the widespread and far from un-
usual nafure of mefal-metal bonds. Two classes of metal atom cluster compounds
can be distinguished in the presently known examples: (i) the lower halides,
and to a lesser extent, oxides, and (ii) polynuclear metal carbonyls and
related systems involving NO, organic n-systems and "m-acid" ligands.

For the lower halides only triangular M3 and octahedral M6 groupings have

so far been found, but in several variations corresponding to the number and

arrangement of the bound halide ions. These include structures typified by”9

Nb,Cl,, Re,Cl,. >, Mo X.*" and m,.Cl.. 2. The metal carbonyls contai les
3Clg> 3810 s ?6 8 an 6°"12 - The metal carbonyls contain examples

of trinuclear, 083(00)12’ tetranuclear, C°4(C°)12’ pentanuclear, FeS(C0)15C
(a square based pyramid with a carbon atom embedded in the base) and hexanuclear,

Rh6(CO)16,‘c1usters. Several derivatives of these structures are known, e.g.
2-

5H5)3N13(C0)2, and there are other likely candidates such as Fe3(CO)11

NiA(CO)gz_, where complete proof of metal-metal bonding is as yet lacking.

(nC

Considerable effort has gone into the description of the electronic
. 150
structure of these complexes, both in valence bond terms and by molecular
. 3
orbital methods, and in general the latter system seems to be the more useful’’
A pure valence bond approach would require very "bent bonds" for many of the
, , 2+ \ .
metal-metal links, and as in such cases as Nb6X12 , there is not an integral
number of electron pairs per metal-metal bond, resonance between canonical

forms would have to be postulated. 1In the Nb3018 structure, for example, the

metal atoms are all equivalent and a fractional oxidation number of 8/3 must be
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assigned to these atoms, which is not easily reconciled with conventional two-
centre bonds. Siﬁple M. 0. theory has accounted, in a qualitative way, for the
magnetic properties, bond lengths and structures of the complexes, but as yet
a number of parameters have not been well enough evaluated to enable quantit-

ative predictions, e.g. on electronic spectra, to be made. The success of the

method in predicting bond orders (and thus approximate bond lengths) and the

magnetic properties of the complexes has been demonstrated for several cases'’

2+
The M6X12 species has 16 electrons from the M6 group, and MO theory predicts

exactly 8 bonding orbitals, thus leaving no unpaired electrons, and giving a

4
%6%g
diamagnetic and has a M-M bond order 12/12: Re3C19 ( ReIIIC13) bond order 6/3,

diamagnetic. The related Re30112 ( ReIVC14) should withdraw 3 electrons from

the Re3 cluster, leaving a single unpaired electron, in accord with its

bonding order of 8/12. M * has 24 electrons, 12 bonding orbitals, is thus

observed paramagnetism; similar predictions for the paramagnetism of the

"MX, " compounds ([M6X ]3+), one unpaired electron, are confirmed by

25 12

experiment.
2.3. PREPARATION AND PROPERTIES OF METAL-METAL BONDED COMPOUNDS

. Very little systematic work has been carried out in these fields.
Preparation of the bi- and tri-nuclear complexes (as distinct from the tri-
nuclear cluspers) is often remarkably straightforward, M-M and M-M' bonds
resulting from simple metatheses or additon reactions. Representative reactions
include, for the addition reactions 2952

(Ph3P)4Pt + PhBPAuCI _— (Ph3P)2C1Pt-AuPPh3
(Ph3P)21r(CO)2 + HgClz-—————-(Ph3P)2(CO)C121r-chl
(Ph3P)4Pt + (PhBP)thCIZ ————-(Ph3P)2C1Pt—PtCI(PPh3)2
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The very widely used metathetical reaction is a development of that originally
used to prepare o-bonded organic derivatives of Cr, Mo, and W, viz.
nCSHSM(co)BNa, + RX —> ﬂCSHS(CO)3M—R + NaX = e 153

Many examples of this extremely general reaction are known

NazFe(CO)4 + 2Ph_PAuCl —————>~(Ph3PAu)2Fe(CO)4 + 2NaCl - 154

3
NaMn(CO)5 + (triarsine)CuBr ——-;—-b-(triarsine)Cu-Mn(CO)5 + NaBr 155

BrzPhSnRe(CO)5 + 2NaRe(C0)5 ————-b-PhSn[Re(CO)S]3 + 2NaBr - 144

and, reversing the roles of the transition metal and the main group element

. . - 86-7
(R3P)2M012 + 2PhBGeL1—> (R3P)2M(GePh3)2 + 2Licl (M=Pt,Pd)
(Ph3P)nMC1 + Ph,GeLi ——» (Ph3P)nMGePh3 + LiCl (M=Cu,Ag,Au;
n=1,3) 85

The insertion of lower valent main group halides into metal-metal bonds already

present in a molecule has proved an interesting and useful synthetic route.

' ‘ 156
[rrCSHSFe(CO)Z]Z + MX2—>'[TIC5H5Fe(CO)2]2MX2 (M=Ge,Sn; X=I,Cl)

InBr + COZ(CO)S —EEE;b-[Co(CQ)4]ZInBr.THF ~~~~~~ 146-7
and the reaction of metallic mercury with the mixed Fe-Co complex is related,

Hg + nCSHS(CO)ZFe-Co(CO)4—>ﬂCSHS(CO)ZFe-Hg-Co(CO)4 ...... 145

An elimination reaction,

20°

GeH, + HMn(CO)5—>H2Ge[Mn(CO)5]2 + H2 ------ 157

4
“has been employed, and the useful synthetic route

(R§P)2PtC12 + (Me3Ge)2Hg-————>-(R3P)2C1PtGeR3 + CngGeR3 13

could also be classed as an elimination. Some use has been made of thermal
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decompositions to prepare heteronuclear complexes.
[Re(CO)6][Co(CO)4] ——»(co)5ReCo(co)4 +C0 158

There is as yet no specific instance of a reaction deliberately designed
to produce cluster compounds from mononuclear starting materials and all such
complexes have been prepared by chance or as "undesirable" by-products.

Development of rational syntheses for these compounds represents a considerable

'challenge.

The common physical properties of the metal-metal bonded materials are in
the main well documented, apart from certain of the clusters where spectro-
scopic measurements are inadequate. All are more or less stable to air, at
least for short periods of time, and most of the M-M linkages seem remarkably

resistant to attack except under certain highly specific conditions, e.g.

m—»(RBP)ZPt(H)GePh3 + Ph.GeH - 86

(R3P)2Pt(GePh3)2 +H 3

2
Some of the metal cluster structures are retained throughout chemical reactions
and are only broken up under extremely forcing conditions. Three major classes
of ‘reaction of compounds containing metal-metal bonds may be distinguished:
ligand exchange and redox reactions, in which the metallic skeleton remains
‘intact, and degradation processes, in which it is broken up. Many instances

of both neutral and ionic ligand exchange reactions are known

Me, SO

—_— (MeZSO)?)Re:aCl9 - 132

(PhBP)3Re301_9 .

EtOH

(Et3P)2Pt(OH)G§Ph (Et3P)2Pt(OEt)GePh3

P
thPCZHZFPth‘ [ N 3

(EtBP)ZPt(GePh3 )2 L

3 86
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Redox reactions such as

2+

+
(M%) T ——= x4 2e Gr=wbTa) s

have been reported for the cluster compounds aﬁd seem feasible for the simpler
complexes. Degradation of the metal-metal structures or cleavage of isolated
bonds occurs on severe oxidation, base hydrolysis, and, for carbonyl types, on
pyrolysis. Main group~transition metal bonds have been cleaved by halogens,

and halogen containing compounds e.g. C2H4Br2

Ph3GeAuPPh3 + C2H4Br2—-> Ph3GeBr + BrAuPPhB + CZH4 85
and RX,
] 1 ]
‘(EtBP)th(GeR3) + HCl ——» (Et3P)2Pt(H)GeR3 + R3GeC1 86

with one striking exception,

Ph,SnM(CO), + 2Br —— PhBr,SnM(CO), + 2PhBr (M = Mn, Re) 14

2

2.4. ORGANOGERMANIUM-TRANSITION ELEMENT COMPLEXESA

BONDS between transition elements and the metals of the fourth main group
have an important role in the chemistry of metal-metal bonded complexes. Not
only do they represent a connecting link between the areas of metal-organic
and intermetallic chemistry, and for this reason provide useful reference
points for comparisons between fairly familiar and very novel compounds, but
also the relatively straightforward nature of their bonding should provide
growing points for the examination of the bonding properties and reaction
mechanisms in the more complicated cases. This study of a few organogeramnium
complexes of molybdenum and tungsten and some of their derivatives was under-
taken with a view to increasing our understanding of this type of compound and

their reactions and also to clarify the relationship which exists between the
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organometallic and intermetallic compounds.

Germanium was selected as the main group element rather than tin because
of the relative instability of the tin-carbon bond which coﬁld complicate the
reactions of an Sn-M bond and their study considerably. No gross differences
were fouﬁd between the properties of molybdenum-germanium and tungsten-
germanium complexes, and all the reactions tried on both metallic systems
worked as far as could'be ascertained, in the same way. If anything the
tungsten complexes were more stable (1é;s reactive towards a number of reagents)
than their molybdenum analogues, a point in parallel with the reactivities of
their o-bonded organic compounds. The complexes will thus be discussed as a
whole, in terms of the reactions of the M-Ge bond or the ligands which surround
it.

2.4.1. Preparation and Properties

The general metathetical reaction mentioned earlier was used to prepare
the complexes, which were isolated in crystalline form in reasonable yields

THF, Bu,0

M(co)6 + Nac5H5 > Na[M(CO)3ﬂCSH5] + .3C0 ...... 2i

[ﬂCSHS(CO)3M]Na = R,GeBr > nCSHS(co)3MGeR3 + NaBr ...... 2ii

M= Mo, W; R = Me, Et (and Pr" for Mo only)
The main physical properties of the complexes are listed in table 2.1. Overall
yields from the reaction were not perhaps as high as they might be, and in the
tungsten case this is almost certainly'due to the ﬁigher temperatures required
to substitute the three CO groups of W(CO)6 by CSHS-’ and the generally
increased difficulty of this stage (2,i) éémpared with the molybdenum compound.
Dimethyl formamide (D;M;F;5 is often recommended as a solvent for this reaction,

but it was found that this did not give improved yields and actively complicated
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the second stage. A long reflux at stage 2i using di-n-butyl ether proved more
satsifactory as the sodium cyclopentadienide could be prepared in situ in this
solvent, although it was considerably less sofuble in this liquid than in
tetrahydrofuran (T.H.F.) or D.M.F. The complexes were all soluble in the
common organic solvents and, surprisingly, were not attacked by some of the
highly -halogenated ones (CC14, CHCl3) at least over a period of one day. All
crystallised readily from cooled pentane or pentane-ether solution and could
be sublimed at low pressures at temperatures up to and above their melting
points. Their infrared spectra in solution in the carbonyl stretching region
was in accord with expectations for compounds with CS symmetry and having
essentially the same geometry as the analogous o-bonded organic derivatives,
~see illustration, page 89a, fig.2.2.

2.4.2. Proton magnetic resonance spectra

uProton magnetic resonance spectra of the ethyl complexes (II and V) were
interesting from a number of points of view. Both these compounds showed very
"collapsed" ethyl resonances; in the tungsten complex the methyl and methylene
proton resonances overlapped so much as to give virtually a single line'-
five peaks could just be distinguished, with separations of 1-2 cps. In the
molybdenum complex, eight somewhat more definite peaks with : slightly larger
separations could be detected. This not only indicates free rotation about
the M-Ge bond, at room teﬁperature, i.e. equivalence of all the Et radicals
despite the possibility of hindrance from the carbonyl groups and the cyclo-
pentadienyl ring, but also, taking the straightforward Dailey-Shoolery inter-
pretation of the methyl-methylene coupling constant-chemical ‘shift ratiozﬁgn,
environment which gives the germanium atom an effective electronegativity close

to that of hydrogen. Comparing the spectra of these compounds with those of
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Fig. 21 Proton Magnetic Resonance Spectra
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Et4Ge and EF3GeC1 (illustrated opposite), it would seem that the germanium has
increased its effective electronegativity (i.e. supplied electron density to
the more electronegative transition metal), and slightly more so in the
tungsten compound, where the lines of the ethyl structure are closer together,
than in the molybdenum case. It is thus interesting to note, and it is
perhaps not completely fortuitqus, that the mean of.the Pauling electronegat-
ivities (Xp) for tungsten and germanium, 2.19 (Xp, W = 2.36, Xp, Ge = 2.01)
is closer to the electronegativity of hydrogen, 2.20,than the mean of the
Mo-Ge values, 2.09. This is, of course, a very simplified interpretation and
undoubtedly terms from the magnetic anisotropy of.the M-Ge system and other
interactions have some bearing on the chemical shift-coupling constant ratio.
The p.m.r. spectra of the methyl complexes showed the expected peaks from

the CSHS and -CH3 groups.

2.4.3. Oxidation

The three molybdenum complexes were complet@ly oxidised in solution within
18 hours to give CO, co,,, (R3Ge)20 and a deep blue ill defined molybdenum
containing material which in the early stages of reaction retained much

carbonyl and hydrocarbon.

C H
66
ﬂCSHS_(co)BMGeR3 + n0, ——— CO,COZ,(R3Ge)20, polymer
) no,
Mo,

The stretching frequencies for the residual carbonyl in this undoubtedly poly-
meric material were shifted to lower energy (by 20-40 cm-l) from the values
observed on the original complex, and the number of separate bands increased.
.In no case was the final fate of the_CSH5 ring determined. A trace of material

of lower retention time than benzene was detected in the v.p.c. of the reaction
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mixture, but this could not be satisfactorily correlated with any reasonable
hydrocarbon species. It seems feasible that at least some of the cyclopenta-
diene could become attached to germanium, c.f. the thermal decomposition
processes. On further contact with oxygen, the blue material lost its
infrared structure and was converted to one of the blue forms of molybdenum
.trioxide. When formed in solution, this oxide could not be removed either by
filtration or prolonged centrifuging and exhibited a marked Tyndall cone.
During the oxidation process, the colour of solutions of compiexes I and II
changed from light pink, through deep red, clear yellow green, finally to
deep blue. Mass spectrometric examination of the. incompletely oxidised
material gave evidenge for the presence of (RBGe)BCOH species under low
resolution, but satisfactory high resolution mass measurements were not
obtained. A maximum of 15% oxidation of the crystalline complexes (I and II)
occurred over three months at 200, with the formation of a red-brown surface
layer. The methyl complex, II, was explosively oxidised by nitric acid.

Both of the tungsten compounds, IV and V, were much more stable towards
oxygen, the methyl complex particularly so. 81% of this compound was
recovered unchanged after contact in benzene solution with excess oxygen for
40 days at room temperature. Again.the products detected were CO, COZ’

(R3Ge)20, and WO, - this latter being deep yellow. No very striking colour

3

changes were observed during the reaction. The ratio of CO2 to CO found in

all three experiments was approximately 1:3.

2.4.4. Hydrolysis

All the complexes I-V were unaffected by air-free water over a period of

two days, at room temperature.

2.4.5, Thermal Decomposition

The thermal stability of these complexes is.striking. Very slow
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decomposition of the molybdenum - ethyl compound (II) occurred at 150°-200°
with partial loss of CO and the production of a small amount of CSHSGeEt3,
paralleling the rearrangement and decomposition processes which occur under
electron impact. Much unchanged material (approx.90%) persisted-even after
two days at 200°. The tungsten - methyl complex (IV) was even more resistant
to thermal break&own, and after five days at 190° 91% of unchanged material
was recovered, leaving a small amount of red crystalline [“C5H5(CO)3W]2L

and a little green black (polymeric) material soluble in acetone. 9.0 mole%

of CO was recovered

)
200 o
———————— lo .
rrCSHS(CO')3MGeR3 2-5 days CO,CSHSGeRB,[rrCSHS(CO.)BM]Z, polymer 10% overall
. . o] 0 =2 =4
All the complexes sublimed readily at 60 -80 wunder 10 © - 10 ~ mm.

2.4.6. Ligand Exchange Reactions

The reactions of the complexes with a number of nitrogen and phosphorus

compounds were investigated.

Displacement of one carbonyl group from all the complexes occurred readily

with an excess of di-ethylphosphine, in which they were also easily soluble.

ﬂCSHS(CO)BMGeR3 + Et2PH —————>-KCSHS(CO)Z(EtZPH)MGeR3 + CO, (100%)

In all the cases the reaction was complete and quantitative after 14 days
at 200, and was probably essentially so in a much shorter time. No further
reaction could be induced with the excess phosphine present. All these
phosphine complexes were very air sensitive and either pale yellow or yellow
green, m-cyclopentadienyltriethylgermyldiethylphosphinodicarbonyl molybdenum
formed low melting crystals and the corresponding complex from the tungsten-

methyl compound (IV) was an oil.

The reaction of the complexes with triphenylphosphine was more complicated
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After 124 hours at 60° solutions of triphenylphosphine and the complexes (in
benzene ana cyclohexane) began to deposit a light brown flocculent material,
and roughly the same amount of this material remained throughout the period
~of heating. Opening the reaction vessels ("break-seal" tubes) after 14 days
at 60°-80° yielded CO equivalent to 10-50% reaction, depending on the

complex and the ratio of phosphine to starting material. 1In no case, even
after prolonged heating (20 days) was 100% reaction (in terms of liberated CO)
detected. Work up of the solutions under nitrogen gave in all cases
complexes corresponding to loss of one carhonyl group.

:rC5H5(CO)3MGeR + PPh3'—-> ﬂCSHS(CO)Z(PPh3)MGeR + o

3 3

A reaction in an essentially open system (under nitrogen) gave a good yield.
70%, of the corresponding phosphine complex from the molybdenum-ethyl
comﬁound (11), within 24 hours.

The observations suggested an equilibrium process, and shaking of a
benzene solutioﬁ of the dicarbonyl-triphenylphosphine complex
ﬂCSHS(CO)Z(PPhB)WGeMeB, (VI) in an atmosphere of CO for 14 days at 18°C, gave
infrared and mass spectrometric evidence for the presence of the tricarbonyl
complex (IV), and demonstrated the reversibility of the reaction. On bubbling
a slow stream of carbon monoxide through a solution of :TCSHS(CO)Z(PPhB)WGeMe3
in refluxing benzene for 18 hours, the tricarbonyl complex was ;egenerated in
.>50% yield.

Mass' spectrometry of the brown precipitate formed early in the molybdenum
reactions showed in a low resolution trace, ions due to nCSHS(CO)3(PPh3)MoGeEt3,
with a well defined MoGe isotope pattern, but although the low resolution
spectrum was completely reproducible and obtained under low source pressure

conditions, satisfactory precise masses could not be obtained for these ions,
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probably due to the small amount of sample available. The infrared spectrum of
this material, and of the crude product from the tungsten reactions examined,
. both as solids and in solution, in the region of the carbonyl stretching
frequencies (4.5-6.5u) yieéded no evidence for the formation of a germyl
ketone, ﬂC5H5(CO)2(PPh3)M-g-GeR3. Solutions taken directly from the reaction
vessel aﬁd examined with the minimum of delay showed the same result. The
fragmentation pattern of the molybdenum tricarbonyl-phosphine complex was
similar to that of the starting materials, i.e. was more likely to contain

an Mo-Ge bond .rather than an Mo-CO-Ge unit. Furthermore the reaction mixture
and products were unaffected over a period of five days by air-free water
dissolved in acetone. A germyl ketone would normally be expected to undergo
rapid hydrolysis.

Similar intermediates (ﬂCSHS(CO)3(PPh3)WGeR3) could not be isolated from
the tungsten reactions. Examination of the reaction mixtures and crude
reaction products for the tungsten complexes did, however, reveal three
distinct C-H stretching frequencies in the region expected for the C-H stretch
of the protons: in the CSHS ring, and this prompted an attempt to follow the
proton magnetic résonance spectrum of this structure during the reaction.

Previous experiments had shown ﬁhat both the dicarbonyl—phosbhine and
tricarbonyl complexes were unaffected by air-free chloroform over a period of
at least six weeks, and so deuterochloroform was used as a solvent for the
reaétion, which was carried out in an n.m.r. tube joined to a thin-walled bulb
to contain the carbon monoxide. The lollipop-shaped tube was designed to fit
into the spectrometer and spin in the usual manner so that the reaction could
be followed continuously. A solution containing about 0.1 m mole of the
dicarbonyl-phosphine complex in 0.4 cc of solvent was used, the bulb holding,
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FIGURE 2.2

(a) The molecutar structure of (b) Possible structure, based on (a),
=-C5Hs(CO),MoC,Hs . (ref.164) for =-CsH;(CO);MoGe(CH,), etc..

(c) Suggested Y -undecahedral geometry (d) Possible structure of
for the intermediates , m-CgHs(COJ,(PPhy) MGeR,. m-C5H; (CO); WMgBr.THF, showing

crowding round the Mg atom .

The undecahedral form is




at one atmoéphere, roughly a ten-féld excess of CO. About one hour from the
start of the reaction, i.e. after sealing CO in the tube and allowing the
solution to warm from -196° to 350, the resonance due to the CSHS protons of
the tricarbonyl complex could just be-deteéted. After ten hours, a second
resonance, a singie line lying between those of the C5H5 protons of the di-
carbonyl-phosphine and the tricarbonyl complex, was detected, and this rose
to a2 maximum peak height about 20 hours from the starf of the reaction, and
then began to diminish. The resonance from the tricarbonyl complex grew
steadily. Integration of the peaks proved unreliable at the small sample
concentration used, but a plot of the peak heights of_starting material and
product against time gave an approximate half-life for the reaction of about
30 hours. The resonance lying between the two large peaks was attributed to

the intermediate ﬂCSHS(CO)3(PPh3)WGeMe the single line indicating a n-bonded

33
ring similar in character to those in the stable complexes. This line could
no longer be detected after about 60 hours reaction time, and at its maximum,
the amount present in:terms of peak heights was about 20% of the total CSHS
resonance. No other changes in the spectrumlwere detected during the reaction:
the phenyl resonanée remained complex, and as the difference in chemical shift
‘between the methyl group resonances in authentic starting material and product
is only 3 c.p.é., little could be gained from examination of this part of the
spectrum. The position of the CgHy resonances, nCSHS(CO)z(PPh3)WGeMe3, -302

-323 c.p.s.

c.p.s., ﬁCSHS(CO)3(PPh3)WGeMe -3l4c.p.s., nC5H5(00)3W.GeMe

3’ 3
(relative to TMS) can perhaps to correlated with deshielding effects which might
be expected to occur due to the increased acceptance of electron density from
the metal atom by the incoming carbonyl grouﬁ, in accordance with its higher

degree of m acidity than the phosphine: less electron density need be distributed
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to the C5H5 ring by the transition metal when mofe fgrbonyl groups are present.
The problem of the geometry and bonding in the intermediate remains. Assuming

a planar terdentate cyclopentadiene ring donating six electrons to the |
transition metal, which is in formal oxidation stateIl, and "normal" bonding

for the resf of the ligands (i.e. discounting a ketonic carbonyl, as discussed
above) then thesevintermediates havé not only an eight co-ordinate metal atom,
unusual in itself, but also 20 electrons available for bbnding, rather than
lthe "preferred" rare gas configuration of 18. It is remarkable that a complex
 such as this should be stable enough to be isoiated and to yield a mass

spectrum showing a molecular ion of reasonable intensity in the molybdenum case
' (ﬂCSHS(CO)3(PPh3)MoGeEtB). The geometry of such a molecule fits a pseudo-
undecahedral arrangement of groups well. This, has two sets of three equivalent
positions, and two other (singlej positions. The two sets of three sites could
be qccupied by the three carbonyl groups and the cyclopentadiene ring leaving

the two equatorial sites for the germanium and phosphorus fragments, as

illustrated on page 8%9a.

The reaction between triphenyl phosphine and the tricarbonyl complexes is
thus shown to be reversible and to proceed through an intermediate 1:1 adduct,
which in favourable cases may be isolated.

PPh

, 3 L
nCgH(CO) MGeR, === [CH(CO),(PPh,)MGeR,;] S—5===== nC.H,(C0),(PPh, )MGeR,

1 atom 20o

The yellow-orange crystalline dicarbonyl-phosphine complexes were all stable to

air over a period of several days.

165 .
This reaction is in direct contrast to that recently reported between tri-
phenyl-phosphine and the molybdenum and tungsten o-bonded carbon compounds,
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(nCSHS(CO)BMCHB), which yields .the substitution product, rrCSHS(CO)Z(PPhB )MCH3,
only with difficulty and proceeds via thé acetyl complex ﬁCSHS(CO)Z(PPh3)MCOCH3,
which was isolated in the molybdenum case. Like the reactions between
ﬁCSHS(CO)zFeCH3 and phosphines (which give under similar conditions solely the
acetyl derivatives and no substitution product )féa marked dependence on
reaction medium was noted, and the authors stressed the need for donor solvents,
finding that no reaction occurred in hydrocarbons. No mention was made of
reversibility for the reaction, but the "smooth decarbonylation" of the
phosphine-acetyl derivative of molybdenum in refluxing THF was observed.

A p?opionyl derivative of molybdenum, nCSHS(CO)3MOCOCZH5 has been
prepared by the direct action of carbon monoxide on nCSHS(CO)BMoEt at 100 *
atmospheres and 800; thermal decomposition of this very air sensitive
compound gave [JtCSHS(CO)BMo]2 as the only identified product.®’The ketonic
carbonyl stretching frequencies quoted are, for ﬂCSHS(CO)BMdCOEt, 1675 cm-l,

and for nCSHS(PPh3)(CO)2MoCOMe, 1605 cm—l, an unusually low value.

Trimethyl phosphine in slightly more than 1:1 molar ratio appeared to react

in the same way with comﬁOunH I1I, giving over 46 days at room temperature CO
equivalent to 31% reaction. Work up in the usual fashion yielded the di-
carbonyl-phosphine complex, nCSHS(CO)z(Me3P)WGeMe3.

The molybdenum-ethyl complex, (II) was only sparingly soluble in di-n-
propylamine, and formed in part a heavy invincible o0il in this liquid. Less
. than 1% displacement of CO occurred over two months at room temperature.

With pyridine and the tungsten-methyl complex , (IV) 4.6% reaction
occurred in ten days. On work up, a definite colour change was observed in
the residual solid, (after removal of the amine in vacuo) on admitting nitrogen

to the reaction tuhe. This was the first contact the reaction product had with
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nitrogen, as the reactants were sealed in the tube in vacuo. Elemental
analysis of the solidvat this stage showed a nitrogen content of approximately
1%, although no pyridine could be detected in the mass spectrum of the material.
High resolution mass measurements on the groups of peaks at mass 450 (i.e.
molecular ions nCSHS(CO)3WGeMe3, and, if present of nCSHS(CO)ZNZWGeMe3) gave
values lying between thgse expected for the tricarbonyl and dicarbonyl-
nitrogen comﬁléxes,,and could thus be interpreted as evidence for the solid
being a mixture of these two compounds. The rather tenuous evidence suggests
the. possibility of the existence of an N2 complex and its formation in a
manner analogous to the reverse phosphine reaction, i.e. displacement of:the
nitrogen ligand by molecular nitrogen. If the pyridine carbonyl displacement
reaction could be induced to give better yields of the pyridine complex,
perhaps under more forcing conditions in a system where displaced CO could
escape, this hybothesis could more easily be tested. Reflux of a benzene
solution of the dicarbonyl-phosphine complex under a steady flow of nitrogen
showed after ten days no significant change in its infrared spectrum in the

region of the carbonyl stretching frequencies.

The action of the various donor molecules in displacing CO from the tri-
carbonyl complexes can be rationalised on consideration of their m-acceptor
properties. The order of increasing w-acidity of the ligands gives the order

of ease of displacement of CO

n
PerH < CSHSN < Me3P -PPh3 < EtZPH

It would be interesting to extend this series to include other ligands such as
NO, a very good w acceptor and also a three-electron donor (could this result

in complexes of the type ﬂCSHS(NO)z(L)MGeRB, L = CO, PX,, RNC etc. with the
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same electronic configuration as the 8-co-ordinate intermediates but seven-
co-ordinate geometry?). Arsenic- and sulphur- containing ligands, which have
roughly the same s-acidity as the trialkyl and tri-aryl phOSphine§, could

give interesting, easily reversible reactions with the tricarbonyl complexes.

2.4.7. Cleavage of the Metal-Metal Bond

In contrast to the facile reaction of hydrogen at low partial pressures
with one Pt-Ge bond of the complexes (R3P)2Pt(GeR'3)2, hydrogenolysis of the
molybdenum-germanium bond in complexes I and II did ﬁot occur even after 5
days at 50° and 300 atmospheres of hydrogen. Trimethylsilane and phenyl
acetylene were also unreactive towar&s the molybdenum-germanium compounds.

The stability of all the complexeg and their triphenyl phosphine
derivatives towards the highly halogenated solvents chloroform and carbon tetra-

chloride has already been mentioned. With ethylene dibromide however, the

v ' . R 0 4.0
expected cleavage reaction occurred, yielding after 2-4 days at 60 -80" the
quantitative amount of ethylene and the corresponding transition metal- and

germanium-bromides.

frCSHS(CO)3MGeR3 + C2H4Br2 —_— ﬁCSHS(CO)BMBr + BrGeR3 + CZH4

Some small amount of permanent gas, probably CO.: was isolated from the reactions
and it seems likely that on ﬁrolonged heating; the transition metal halide
reacts further, either with free halogen formed during the major reaction, or
with.the excess ethylene dibromide, in a manner similar to the iodine reaction
- described below.

Ethyl bromide also cleaves the metal-metal bond in a reaction whose

products indicate at some stage the presence of alkyl radicals. The reaction
A . . 0
was slow at room temperature, but after heating for nine days at 70 , the

tungsten-methyl complex and ethyl bromide gave approximately 52% of ethylene
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containing some ethane. Butane was detected by V.P.C. of the ethyl bromide
used as solvent, aﬁd the other major products were trimethylbromogermane and
n-cyclopentadienyltricarbonyl tungsten dimer. The molybdenum compounds gave
analogous products.

+
JICSHS(CO)BMGeR3 CZHSBr-————-R3GeBr + [KCSHS(CO)3M]2 + C2H4 + C2H6 + C4H10

None of the corresponding transition ﬁetal- or germanium-hydrides or the hexa-
alkyl digermanes was detected. The presence of some small amount of the
transition metal halide, which implies the formation of a tetraalkyl germane
or hexa-alkyl digermane, was not satisfactorily confirmed but could not be
ruled out.

All the tricarbonyl complexes (I-V) were readily soluble in the halogen

compounds mentioned.

Reaction of the complexes with ethereal hydrogen chloride gave only two

products.

Et,0, 20°
——————-
:rcsﬂs(co)3MGeR3 + HC1 nCSHS(CO)BMH + R3Gecl

The mass spectrum of the molybdenum-containing material from this reaction on
the ethyl complex (II) showed intense molecular ions due to the metal hydride,
and no trace of the molybdenum halide. V.P.C. examination of the germanium-
containing portion similarly showed no trace of germanium hydride.

Excess iodine in benzene solution cleaved the metal-metal bond and went
on to displace éne carbonyl group giving an interesting tri-halo compound.

——————
ﬂCSHS(CO)3MGeR3 + 212 ﬁCSHS(CO)ZMIB + R3GeI + CO

The molybdenum-halogen compounds of this type were reported at almost the same
time as this reaction was performed]67 They are diamagnetic and non-electrolytes

and the authors suggested a high oxidation level for the transition element to
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account for the high CO stretching frequencies, and also a possible eight-co- -
ordinate structure. The molybdenum trihalogen complexes containing bromine
and chlorine decompose with the liberation of carbon monoxide. An 18-
electron, seven co-ordinate structure, however, could be proposed, if the
presence of an X2 unit donating two electrons is allowed, and such an X2X
formulation could account for the loss of CO in the decomposition of these
compounds. Attempts to indicate the presence of an I, unit in rrCSHS(CO)ZWI3
in the present work by examining its visible/near U.v. spectrum in benzene
solution for charge-transfer bands, (by analogy with the the well known 12-
‘benzene complex) proved inconclusive.

Perhaps thé most interesting cleavage reactions occurred with metal
halides. fhese were carried out only on the tungsten complexes but there seems

to be no reason why the molybdenum compounds should not react in the same way.

Freshly sublimed mercuric chloride readily cleaved the W-Ge bond of
complexes IV and V in THF solution to give the bright lemon yellow tungsten

mercury chloride almost quantitatively

room temp.l2 hrs. ’ o
o+ HgCl2 —»ﬂCSHS(CO)3WHgC1 + R3GeC1 75%

:rC5H5( CO)3WGeR T

3
This metal-metal bonded compound is air stable in solid form over a few days
but is light sensitive giving a black deposit of mercury metal within 1 hour
on exposure to sunlight. (c.f. the germanium silicoﬁ mercury compounds
(Me3Ge)2Hg and (Me3Si)2Hg). The -HgCl unit was capable of further reaction
with another M-Ge bond as described below.

The tungsten complexes also reacted with freshly prepared anhydrous

magnesium bromide in T.H.F. to yield the extremely interesting pink tungsten-

magnesium compound -~ the first compound containing an M-M bond to a group II
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element to be isolated. Elemental analysis indicated one molecule of co-
ordinated tetrahydrofuran on the solid state, and the p.m.r. spectrum of a
saturated solution in benzene conformed this, indicating a 1l:1 ratio of C5H5

to CAHSO

THF, 20°

2 T days ﬂCSHS(CO)SWMgBr.THF + BrGeR

nCSHS(CO)BWGeR 3

+ MgBr
3 S
Molecular weight measurements in freezing benzene, were rather restricted by

low solubility but indicated a monomeric unit for the compound in this

solution. The magnesium atom in the monomer must then be three co-ordinate,

%8 If the

one of the few examples of magnesium in this unusual configuration.
geometry of this compound conforms roughly to that suggested for the trialkyl-
germyl derivatives, theh steric reasons for the inability of the unit to
&émerise could readily by justified from the nearness of the carbonyl and

cyclopentadiene groups to the bulky T.H.F. ring and bromine atom attached to

a trigonal magnesium atom. This is illustrated on page 89%a, fig. 2-2.

2.4.8. Reactions of the tungsten-mercury compound and other M-Ge derivatives

The presence of the potentially reatice -HgCl unit in the tungsten-mercury

complex, ﬁCSHS(CO)3WHgC1, prompted an examination of the action of this
compound on other germanium-metal bonds in the hope of producing perhaps a
linear W-Hg-M' grouping which might then be induced to yield a W-M' bond.

| Addition of a solution of the tungsten-mercury compound to a benzene-T.H.F.
solution of the germanium-gold complex, PPhBAuGePh3, resulted in an immediate
precipitation of mercury and the decompo;ition of a very thin almost transparent,
red film of gold on the walls of the reaction vessel. The pale yellow tungsten-

gold complex ﬂCSHS(CO)BWAuPPh3 was isolated in good yield (approx.70%) after

only ten minutes stirring of the reaction mixture.
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PPhBAuGePh3 + nCSHS(po)3Wch1 —_— nCSHS(C0)3WAuPPh3 + Hg + ClGePh3

The amount of decomposition to metallic gold was very small indeed.
Similarly the reaction of the tungsten-mercury compound in 1:1 molar ratio
with the platinum complex (Ph2P02H4PPh2)Pt(GePh3)2 in THF yielded an immediate

precipitate of mercury and the buff platinum-tungsten-germanium complex.

P ‘GePh P GePPh
N 3 \ 3
+ ' +
/Pt\_ nCSHS(CO)BWHgCI — /Pt Hg + CngPhB
P ~ GePh, _ P w(co)?’ylrcsn5

This reaction was also rapid. 1In this cases the metallic mercury is assumed
to come from the decomposition of R3GeHgC1, and elimination of this compound

from an octahedral Pt complex intermediate, by analogy with the Ir-Hg 152
complexes, seems feasible. The platinum-tungsten-germanium complex was not
easy to purify because of solubility difficulties but infrared, elemental
analysis and mass spectrometry indicated that the major prodﬁct of the reaction
was this compound.

The reaction of the tungsten-mercury compound with the more soluble

(Et3P)2(I)PtGeMe was, in contrast, more complicated and the major product, a

3
dark red crystalline solid, was probably the tungsten dimer [nCSHS(pO)Bw]Z,
although it was not completely characterised. The fate of the platinum and
germanium containing portion of the reactants was not easy to ascertain. These
facts could lend rather dubious support to an octahedral addition intermediate
with all possible elimination reactions occurring. Metallic mercury was again
deposited almost immediately.

In an attempt to further establish the generality of the cleavage of M-Ge
bonds and to extend the synthetic method for metal-metal bonds which was begining

to emerge, the reaction of mercuric chloride on the two platinum complexes,
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(1>thc2H4

in 2:1 molar ratio with a THF solution of mercuric chloride gave after long

Pth)Pt(GePh3)2 and (EtBP)ZPt(GePh3)2,.was investigated. The former

stirring only the chelating phosphine platinum dichloride and unreacted starting

material as the major platinum containing products.

P GePh3 P Ccl
AN / N /
Pt + 2HgCl —_— Pt + 2ClGePh,. + 2Hg
2 . 3
s /
P GePh3 P cl

Presumably the sﬁall solubility of these compounds allowed the cleavage of
both Pt-Ge complexes to proceed to completion before an& further other reaction
could take place.

The soluble platinum complex however, reacted_in a more interesting manner.
Slow dropwise addition of a solution of mercuric chloride in THF to a THF
solution of (Et3P)2Pt(GePh3)2 (overall molar ratio Pt complex:HgC12::2:1)
resulted in an immediate precipitatioﬁ of mercury, and a golden solution
remained on allowing the mercury to settle out. This solution turned first
orange, then brown over some 45 minutes, depositing a brown film (presumably
metallic Pt) on the walls of the reaction vessel, in a manner reminiscent of
the tungsten-mercury-gold complex reaction. Filtration yielded a brown solution
frqm which light brown crystals were precipitated. The elemental analysis,
infrared spectrum and mass spectra of this material all indicated the formation

of a dimeric platinum germanium complex, presumably containing a Pt-Pt bond.

2(Et,P),Pt(GePh,), + HgCl, —— (Et,P),(Ph,Ge)Pt-Pt(GePh,)(PEL,), + ClGePh,
+ (CngGePh3)

It seems likely that the light brown colour of the compound is not genuine but

is due to the precipitation of a fine film of Pt metal. Very soon after this,
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the report of the preparation of‘the (PPh3)2XPt-PtX(PPh3)2 and (PPh3)éCIPtHgC1
complex by an addition’ reaction appeared. This more direct confirmation of the
stability of the Pt-Hg bond lends support to a Pt-Hg-Cl intermediate for the
above reaction which then attacks a Pt-Ge bond in another molecule, possibly
forming an octahedral (addition) intermediate before decomposing to the Pt-Pt
complex.

The cleavage of M'-Ge bonds by M-Hg-Cl units is thus a general process
which, in the simpler cases studied, yields the M-M' bond directly, and could
thus become an extremely useful method of synthesis of previously unattainable
metal-metal bonded complex, parficularly polynuclear compounds.

An attempt to prepare a o-bonded aryl tungsten compound using the "tungsten

Grignard reagent" and bromobenzene

THF
| KC5H5(CO)3WMgBr + BrPh ———» ﬂCSHS(CO)3WcC6H5 + MgBr,

yielded only the tungsten hydride on work up. Accidental hydrolysis over the

extended period of the small scale reaction could not be ruled out

H.,0
2
ﬂCSHS(CO)3WMgBr — rrCSHS_(CO)3WH

It is interesting to note that earlier attempts to prepare the phenyl-tungsten

compound ‘and similar complexes using the conventional Grignard reagent on the

tungsten halide also fai_ledw3

JtCSHS(CO)3WBr + ArMgBr —— tarry material

and the o bonded aryl tungsten complexes remain unknown.
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2.5. EXPERIMENTAL

2.5.1. Preparation of the complexes

n-Cyclopentadienyltrimethylgermyltricarbonyl molybdenum(I). - Freshly

cracked cyclopentadiene (4.0 gm., 0.062 mole) was added sloﬁly to a stirred
suspension of sodium (1.2 gm., 0.048 mole) in freshly distilled.tetrahydro-
furan (T;H;F:, 120 ml.) and the pink solution was refluxed for two hours to
ensure compiete reaction. The solution was allowed to cool and molybdenum
hexacarbonyl (12.6 gm., 0.0476 mole) was added and the mixture refluxed, with
stirring, for 15 hours. Vigorous effervescence occurred during the first
hour of reflux and the colour of the solution slowly. changed to a clear orange.
Trimethylbromogermane (9.5 gm., 0.048 mole) in THF (50 ml.) was added slowly
to the stirred solution at room temperature, and the soiution turned yellow
with the formation of a thick white precipitate. After reflux for a further
three ﬁours, the colour changed to an orange-red. The solution was filtered
(under nitrogen), the THF removed in vacuo, replaced by degassed pentane

(40 ml.) and the solution again filtered to remove sodium bromide which had
been dissolvgd in the THF. Lustrous, platy crystals were deposited from the
solution at -10°. The mother liquors were decanted and the crystals were
washed with pentane at -780, redissolved, filtered and recrystallised to give

very pale pink crystals of the methyl complex (11.5 gm., 65%) with analytical

data as shown in table 2.1. Sublimation at 50°-55° and 0™ mm gave the

methyl complex as virtually colourless plates.

n-Cyclopentadienyltri-ethylgermyltricarbonyl molybdenum (11) was prepared

in an analogous manner from sodium cyclopentadienide (0;074 mole) molybdenum
hexacarbonyl (16.3 gm., 0.062 mole) and tri-ethylbromogermane (15 gm., 0.062
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mole). The complex crystallised as pink needles from pentane at -60° (9.6 gm. ,
46%, analytical data as in table 2.1.). 1Its ultra violet/visible spectrum in
ethanol showed three main bands A 207 mp, log € 3.44; A 263 mp, log
max max :
<A

€ 3.00; A ax 320 mp log € 2.40.

Similarly, tri-n-propylbromogermane (12 gm., 0.043 mole) and the dosium
salt of m-cyclopentadienyltricarbonyl molybdenum in THF (0;043 mole) yielded

the brick-red complex m-cyclopentadienyltri-n-propylgermyltricarbonyl

molybdenum(III). Some difficulty was experienced in the isolation of this

material because of its great solubility in all the common solvents, and it
was crystallised from pentane at -78° with considerable loss. Its low melting
point (approx. 25°) added to the difficulties and only mass spectrometric and
infrared (i.r.) characterisation were obtained.

The tungsten complexes n-cyclopentadienyltrimethylgermyltricarbonyl

tungsten (IV) and the tri-ethylgermyl analogue (V) wereprepared in a similar

fashion, but using di-n-butyl ether as a reaction medium. The sodium"shot" for
the reactions was prepared in situ in this solvent and refluxed for 12 hours to
ensure complete reaction with the added cyclopentadiene. White crystals of
sodium cyclopentadienide formed on cooling the solution, and after addition of
the tungsten carbonyl, the mixture was refluxed for 36 hours before adding the
germanium halide. Addition of 20-30% (by volume) of THF was advantageous
because of the increased solubility of the reactants in this material. The
tungsten-germanium-methyl complex (IV) was prepared on an 0.025 molar scale
(yield 5.8 gm., 50%) and the tungsten-germanium ethyl complex on an 0.013 molar
scale (yield 3.2 gm., 48%).

All the complexes had characteristic, sweetish, nauseating odours. Infra-

red and analytical data are given in table 2.1.
e i g "’y";r'
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2.5.2. Reactions of the complexes

(i) Oxidation. The molybdenum-methyl cdmplex (1) (91 mg., 0.25 mmole) was
dissolved in benzene (2.5 ml.) in a "break-seal" tube, which was then filled
with dry oxygen (25 ml.) sealed and shaken for 20 days. Over the first 17
hours of shaking the colour of the solution changed as described in the text.
Fractional condensation of the volatile products gave‘CO (9.07 ccs at S.T.P.
(Nces), identified by its infrared and mass spectrum and estimated by
combustion) CO2 (2.18 Nccs i.r. and m.s. identification), ratio of complex to

CO and CO, 1:1.61:0.57 mole, respectively. Examination of the benzene solvent

2
by vapour phase chromatography (V.P.C.) on Apiezon L. (A.P.L.) and neopentyl-
glycol adipate (N;G;A;) stationary phases confirmed the presence of hexamethyl
digermane. The crude blue residue showed considerable infrared structure

(table 2. ) and the mass spectrum of this material showed peaks due to (Me3Ge)20
and others which could be ascribed to a compound of the formula (Me3Ge)3COH.

Mass spectrometry on other blue residues from similar experiments showed peaks
which could be ascribed to6 this latter compound under low resolution but high
resolution confirmation of this formulation could not be obtained. No significant
amount of material could be soxhelet extracted with benzene from the blue

powder, which on further exposure to air lost all its i.r. bands othern than a
very broad métal—oxygen vibration centred on 12 p, and failed to yield ahy mass
spectrum from a direct insertion probe.

The molybdenum-ethyl complex (II) sealed in oxygen gave after standing at
room temperature for 3 months, a small amount of CO and CO2 (<1 Nec, identified
by mass spectrumetry) and, in part, a brown-black solid [Found: C, 35.4; H,4.42%;
stoichiometry C,,H, 0 MoGe, i.e. C5H5(CO)3(04)MoGeEt3 requires C,35.8; H,4.26%]
which showed four distinct vibrations in the carbonyl stretching region of the
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.iﬁfrared (1961, 1946, 1916, 1883 cm-l, in KBr). This material was non-
melting at temperatures up to 350° and was slightly soluble in benzene and
methanol to give orange-red solutions which turned blue on exposure (6-12
hours) to air. Starting material was also recovered.

After 40 days in contact with 410 Nccs (18.3 mmole) of oxygen, a benzene
solution of the tungsten-methyl complex (0;436 gm. , 0.966 mmole, in 10 ml.
benzene) gave on soxhelet extraction of thé solid residue with benzene 87.7%
(by wt.) of unchanged material (i.r. characterisation). Roughly 6.5 Ncc
(0.3 mmole equiv.) of €0, and 27 Nec of CO (1.2 mmole equiv. estimatéd by
combustion) were collected, a total of approx. 1.5 mmole equiv. for CO removed
from the complex and putting the limits of oxidation for the material at 12

s

and 50%. The lower value is the more reliable. V;P;C; examination showed the

presence of (Me Ge)20 in the solvent.

3
(ii) Hydrolysis. A solution of the molybdenum-ethyl complex (0.20 gm.) in a
mixture of carefully degassed acetone (8 ml.) and DZO gave no permanent gas
after standing for two days at room temperature. Careful examination of the
solvent by v.p.c. gave no evidence for any volatile metal-containing compound
or hydrocarbon species. The i.r. spectrum of the solid material recovered by
benzene extraction (under N2) was identical with that of starting material.

A similar experiment with the molybdenum-methyl complex (I) gave the same

result, and during the course of the reactions of the tungsten complexes,
sensitivity to water was not observed.

(iii) Pyrolysis. The molybdenum-ethyl complex (II), (0.21 gm. 0,51 mmole) was
heated in a vacuum apparatus for 6 days at 150°-160°. Carbon monoxide (0.40
Neccs, 0.017 mmole equiv.) was collected from above the fused solid after cooling,

and further heating at 200° for two days produced only a very small additional
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amount of gas (<0.05 Nccs). Sublimation of the solid in vacuo gave 0.185 gm.
(89%) of starting material (i.r. characterisation) and about 10 mg . of a red
solid [Found: C,40.3; H,4.23%] part of which slowly sublimed at 60°-70° and
10—5 mm. to give scarlet crystals. The initial red material was slightly
soluble in benzene and molecular weight measurements in this solvent (VﬂP;
osmometer ) gave values in thelrange 615-740.

Complex I behaved in a similar manner, with little decomposition occurring
below 200°.

A small quantity of the molybdenum-ethyl complex was heated to 200° for
15 minutes in the hot inlet system of the mass spectrometer and after this time
the volatile products were allowed to enter the ionisation chamber. C5H5GeEt3
was detected (and characterised) in good amount, together with peaks at higher
masses which could be ascribed to ion fragments from the unaltered complex.

Heating the tungsten-methyl complex (0.138 gm. , 0.307 mmole) in a small
volume (6 ml.) break seal tube for 5 days at 180-190° gave 0.614 Nec of CO
(0.0896 mmole equiv.). Sublimation of the residual solid from the tube gave
91.1% (by wt.) of unchanged starting material (i.r. characterisation) and a
few milligrams of light red crystals.identified (by i.r.) as [ﬂCSHSW(CO)B]'2
A very small amount (~1 mg.) of a green-black, involatile, acetone soluble
material remained in the reaction vessel after the sublimation.

(iv) Reactions wirh Di-ethylphosphine. The molybdenum-ethyl complex, II,

(0;17 gm. , 0.42 mmole) was sealed with 3 ml. of freshly distilled di-ethyl-
phosphine in an evacuated break seal tube. After standing for 28 days at room
temperature, the solution yielded 8.65 Nccs (92 mole%) of carbon monoxide.
Removal of the excess phosphine in vacuo and recrystalliéation of the residue

) . . .
from pentane at -20 , gave the pale yellow, air sensitive, low melting
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crystalline complex n-cyclopentadienyltri-ethylgermyldi-ethylphosphinodi-

carbonyl molybdenum (v P-H 2286 cm-l, v CO 1942s, 1910 m,sh, 1848s cm—l, v CH

of CSH5 3106 cm—l; M 170(MoGe) 468).. No further characterisation of this

material was obtained.

A similar reaction between 0.161 gm. (0;358 mmole) of the tungsten-methyl
complex, (IV) and 2.5 ml. of di-ethylphosphine gave 7.98 Nccs (100 mole%) of CO
after 14 days at room temperature. All efforts to recrystallise the residual
material from methylcyclohexane and 400/60o petroleum failed to give a solid

and ﬂ-cyclopentadienyltrimethylgermyldi-ethylphosphinodicarbonyl tungsten was

obtained as a golden yellow air sensitive liquid [Found: C,32.6; H,4.90%,

256 . .
M~ (WGe) 512. C;5t,50, P WGe, i.e. CSHS(CO)Z(EtzPH)WGeMe3 requires C,32.8;

H,4.91%; M 256(WGe) 512]. v CO 1941s, 186ls, — (in CCl4) v P-H 2286 em L.

(v) Triphenylphosphine reactions.

(a) In sealed systems: The molybdenum-methyl complex .(I) (0.325 gm., 0.895

mmole) and triphenylphosphine (0.62 gm., 2.4 mmole) were dissolved in 5 ml. of
benzene and heated in a break seal tube for 24 days at 65°. After this time
6.53 Neccs (31.8.mole%) of carbon monoxide were collected from above the solution.
'The yellow-brown material (25.3 mg.) which was formed during the first 4 hours
of heating was removed from the solution by filtration and the i.r. spectra of
this solid and the solution were examined in the region 4.5-6.5 p as soon after
removal from the apparatus as possible. Three major bands occurred in this
range (1818s, 189%m, 2016m, cm—l, in KBr) none of which could be ascribed to a
ketonic configuration for a C-O unit. The mass spectrum of the solid showed
under unit resolution rather ill-defined ions corresponding to CSHS(CO)3(PPh3)Mo-
GeMe,. An 0.5% solution of water in acetone (2 ml.) had no effect on the

3

appearance of the remainder of the benzene solution of the crude product and gave
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no additional gas. The i.r. spectrum of the material after removal of the
acetone, water and benzene remained unchanged‘and waé identical with the i.r.
of similar reactions (without addition of water) at the same stage.
Replacement of the benzene by methylcyclohexane gave, at -20° to -40° pale

yellow crystals of m-cyclopentadienyltrimethylgermyltriphenylphosphinodi-

carbonyl molybdenum MPt 215°-216° (sealed tube). [Found: C,57.24, H,5.06;

P,5.93, C, H,,0,GeMoP, i.e. CSHS(PPh3)(CO)2MoGeMe requires C,56.33; H,4.90;

2872972 3
P,5.14%]. 5 CO ( mg./cc in CDC1,) 1911s, 18%m,sh, 1831s, em . The
proton magnetic resonance spectrum of this material ( 50 mg./cc in CDCl3)
showed resonance corresponding to ﬂCSHS,f 5.18, C6H5,1 2.53, and CH3,1 9.42
in the ratio 5.2:15.0:9.7.

A tube containing 0.324 gm. (0;898 mmole) of the molybdenum-methyl
complex and 0.24 gm. (0L9l mmole) of triphenyl phosphine dissolved in 1 ml.
benzene gave, after heating for 24 hrs. at 650, 4.7 Nccs of CO (24 mole%) and
on immediate removal of‘benzene and washing the resultant solid with 4 x 6 ml.
of 400/60o petroleum, a buff powder (MPt 100°-200° dec; Found: C,52.3;

H,4.64; P, 5.7%) whose mass spectrum under low source pressure conditions

showed ions ascribed to CSHS(C0)3(PPh3)MoGeMe3. A tube containing 0.322 gm.

(0.898 mmole) of the methyl complex and 0.546 gm. (2.09 mmole) of PPh, in

5 ml. benzene gave 2.44 Nccs (12 mole%) of CO after 24 days at room temperature,

and 34.8 mg. of the yellow-brown intermediate (present from about 12 hours after

the start of the reaction). Again the dicarbonyl-phosphine complex was the
major product, crystallising from a sherry-coloured solution in methylecyclo-
hexane.

Similarly the ethyl complex with both an excess of and 1:1 molar ratio of
triphenylphosphine in methylcyclohexane yield, after heating 65°-70° for 1-7
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days 25-31 mole% of CO and buff crystals of n-cyclopentadienyltri-ethylgermyl-

triphosphinodicarbonylmolybdenum ( 25%) MPt 165°-170° dec (open. tube) » CO,
170

1937s; 1898w,; 1858s, cm . [Found: C,58.3; H,4.35; P,6.85; M 1/O(MoGe), 612:

C,. H,A .GeMoO,, -i.e. CSHS(CO)Z(PPhB)MoGeEt requires C,57.6; H,5.29; P,4.6%].

32735 2 3
The initial light brown precipitate gave a reproducible mass spectrum under

low preséure.conditions, showing ions corresponding to CSHS(CO)B(PPhB)MoGeEt3
with the required MoGe isotope pattern easily distinguishable, but satisfactory
high resolution mass measurements weré again not obtaimed. 1In all experiments
unchanged starting materials were recovered, and careful V;p.c. examination of
the solvents under a wide range of condtions showed no trace of volatile metal-
containing compounds.

Similar experiments with the tungsten-methyl complex, IV, gave from 1.06
mmole (0.478 gm.) of (IV) and 1.23 mole (0.326 gm.) of PPh, in 5 ml. of methyl-
cyclohexane, 22.5 mole% (5.29 Nccs) of CO, after heating for 30 days at 65°.
~ A further 2.5 mole% (0.59 Nccs) was removed from above the mixture four hours
later, during which time the reaction tube was left attached to the vacﬁum

apparatus at room temperature. Work up in the usual fashion under nitrogen

gave m-cyclopentadienyltrimethylgermyltriphenylphosphinodicarbonyltungsten

(0.243 gm., 34%) [Found: C,52.8; H,3.87; P,6.35; M 256(wc;e) 684 C,)gHyg0,CePH,

i.e. CSHS(CO)Z(PPh3)WGeMe requires C,49.1; H 4.27; P.4.52%]. From a reaction

3
of IV with a.3 fold excess of the phosphine at 650, 17 mole% of CO was isolated
Reproducible mass spectra on the brown solid present during these reactions were
not obtained; the i.r. of the crude reaction products showed in addition to the
usual 3 v CO bands, 3 v C-H bands for the CSHS unit at 3135,3125,3096 cm_l.

(b) in an open system. To the molybdenum-ethyl gomplex (11) (aﬁprox.

3.6 gm. 0.086 mole) in pentane (8 ml.) in a double shlenk tube, was added
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a benzene-pentane (5.30 ml.) solution of triphenyl phosphine (2.4 gnm., 0.092 mole)
Over the first 15 minutes of stirring, a small amount of buff material appeared.
The sherry coloured solution was stirred at room temperature overnight, filtered,
and the solvent removed in vacuo to give an orange-yellow solid which did not
give crystals from pentane at -78°. AfterAallowing the solution to, stand under
nitrogen for a further five days the pentane was replaced by methylcyclohexane,
and-work up in the usual fashion gave the phosphine-dicarbonyl complex (ca. 4gm.
~75%).

(vi) Reaction of the tungsten phosphine-dicarbonyl complexes with carbon monoxide

(a) Sealed system. The tungstensphosphine-dicarbonyl complex

A(ﬂ-C5H5(CO)2(PPh3)WGeMeB), <0;048 gm.) dissolved in 1:1 benzene-acetone (6 ml.)
was sealed in a 120 ml. flask filled with CO at atmospheric pressure and was
shaken for 14 déys at 18°. The i.r. spectrum of the recovered material (38 mg.
of solid) showed three major carbonyl stretching frequencies, and the mass
spectrum of this material showed unequivocally the presence of the tricarbonyl
complex (anHS(CO)3WGeMe3). Exposure of the crude reaction product (as a
semi-solid before recrystallisation gave large Ph3PO+ and Ph3P02+ ions

its mass spectrum which were not normally observed in the spectra of the di-
carbonyl-phosphine complexes (which are reasonably air stable) and these ions
were attributed to oxidation of the tricarbonyl-phosphine intermediate.

(b) open system. A slow current of carbon monoxide was passed through a
refluxing solution of the dicarbonyl-phosphine complex (33 mg.) in benzene (5 ml.).
After 18 hours reflux was stopped and the i.r. of the solution then showed three
major carbonyl stretching frequencies (2026s, 1929s, 1835s, cm-l, of the tri-
carbonyl compound). The benzene solvent was then-allowed to evaporate under a

current of CO and the mass:spectrum of the solid residue (33 mg.) was determined
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without further treatment. This showed ions due to n-CSHS(CO)3WGeMe3 (mol.
ion intensity 1.2 ) and nCSHS(CO)Z(PPhS)WGeMeB, (mol. ion intensity 1.0

but none due to a tricarbonyl-phosphine complex (ﬂCSHS(CO)B(PPhB)WGeMeB).
The i.r. spectrum of the solid corresponded to a mixture of the dicarbonyl-
phosphine and tricarbonyl complexes in the ratio indicated by the mass
spectrum.

(c) N.M.R. experiment. A solution of approc. 0.1 mmole (50-60 mg.) of the

tungsten dicarbonyl-phosphine (ﬂCSHS(CO)z(PPh3)WGeMe3) in 0.4 ml. CDCl3
containing T;M;S;, was made up in an NMMR tube ( ca. 4 mm I/D, 138 mm long)
attached to a spherical thin walled bulb (40 mm I/D, total volume of apparatus,
18.9 cc), by distilling the liquids onto the solid in the tube from a vacuum
apparatus. The tube was filled with CO at atmospheric pressure, with the
solution cooled to -193° and sealed. The experiment and its results are
described in the text,

(vii) Reaction with trimethylphosphine. The tungsten-methyl complex, (IV),

(0.439 gnm., 0.974 mmole). was dissolved in benzene (5 ml.) in a break seal tube
and trimethylphosphine (27.0 Nccs, 1.20 mmole) was condensed onto the solution.
After two days at room temperature, a few long, light-green needle shaped
crystals were noted in the dull yellow green solution and these remained until
the tube was opened 44 days later. On opening the tube 6.91 Ncc (31.6 mole%) of
CO were obtained. Work up of the solution in the usual fashion (under N2)
yielded, from a brilliant golden-yellow solution in methylcyclohexane yellow

crystals of n-cyclopentadienyltrimethylgermyltrimethylphosphinodicarbonyl

tungsten MPt 80° v O 1887s, 1799s, cm_1 (in KBr) [Found: C,31.55; H,4.57;

256 . . . .
M (WGe) 588, C 4Hy40,PGeW i.e. CSHS(co)z(PMe3)wce_Me3 requires C,31.3; H,4.65%].

The complex smelled strongly of trimethylphosphine.
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(viii) Reaction with di-n-propylamine. The molybdenum-ethyl complex, (II),

(0.193 gm. 0.474 mmole) dissolved in freshly distilled di-n-propylamine (6 ml.)
gave only a very small amount of permanent gas ( 0.1 Nec, 1% reaction) after
standing for two months at room temperature. A heavy red-orange oil formed over
the first 3 hours, and this yielded after removal of the excess amine, in vacuo,
0.083 gm. of unreacted starting material (i.r. and m.s. characterisation).

(ix) Reaction with pyridine. The tungsten-methyl complex, (IV), (0.369 gm.

0.822 mmole) dissolved in 2 ml. redistilled pyridine gave after 10 &ays at
room temperature 0,85 Ncc (4.6 mole%) of CO. The light pink solid remaining
after removal of excess amine in vacuo turned dark red over 5 minutes on
admitting nitrogen to the system and the mass spectrum of the material gave for

the ion set centred at 450 the masses 447.96926,448.96800, 449.96771, 450.9710,

451.96778, 452.96941. C11H1403wce i.e. cp (CO)3WGeMe3 requires 447.966362,

448.966187, 449.966899, 450.966394, 451.967229, 452.969975. C10H1402N2WGe i.e.

cp (co)21\12wc;el~1e3 requires 447.97797, 448.97742, 449.97841, 450.97788, 451.97890,

450.97788, 451.97890, 452.98121, One of the pyridine complex was isolated on

work up.

(x) Cleavage by 1,2-dibromoethane. The molybdenum-methyl complex, (I), (0.376

gm., 1.03 mmole) dissolved in 1,2-dibromoethane, {5:1 gmn.), gave after heating
for four days at 700-780, ethylene (21.7 Nccs, 94.1 mole%) and lustrous dark

red crystals (from pentane ay -10° to —200)'of ﬁ-éyclopentadienyltricarbonyl
molybdenum bromide. [Found: C,29.53; H,1.88; Br,23.8;'C8HSOBBrMo requires C,29.56;
H,1.55; Br,24.6%}. The i;Z-dibromoethane recovered was shown by V.p.c.

measurements (comparison with authentic material) to contain 9.4-11.0 wt.% of

Me,GeBr in 2.7 gm. of solution (i.e. 90-100 mole% of Me,GeBr, T 3.47 in

c H Br2). A similar experiment, with heating for four days at 90° gave in
' 110
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addition to 100 mole% ethylene, 3.9 Neccs (17 mole%) of permanent gas (probably
CO) and a small amount of red brown powder, shown by mass spectrometry to be a
molybdenum polybromide containing CSHS and probably 2 CO groups.

(xi) Cleavage by ethyl bromide. The molybdenum-ethyl complex, II, (0.145 gm.,

0.349 mmole) and redistilled ethyl bromide (5 ml.) were allowed to stand for
4 months at room temperature, the solution slowly turning deep red. Fractional
condensation of the volatile products yielded no permanent gas, and 5.10 Nccs of
a gas which passed through a trap held at -78° and which was shown by i.r. and
mass-spectrum to be a mixture of ethylene and ethane. V;p.c. examination of the
excess ethyl bromide showed, on comparison with aufhentic materials, the
presence of triethylbromogermane, no tetraethylgermane or hexa-ethyldigermane,
and some butane. The residual red solid was separated by fractional crystall-
isation from benzene/pentane into starting material (i.r. characterisation) and
bis(r-cyclopentadienylitricarbonyl molybdenum), (characterised by i.r. and ‘
elemental analysis).

A similar experiment in which the tungsten-methyl complex (IV) (0.368 gm. ,
0.819 mmole) and ethyl bromide (5 ml.) were heated for 9 days at 65° gave a
dark red solution containing very dark red crystals and 9.57 Nccs (52.4 mole%) of
ethane/ethylene mixture, and other products analogous to the molybdenum reaction.
(CAHIOMeBGeBr’ starting material, and [%CSHSW(CO)B]Z, 74 mg.). 1In this reaction
about 1.3 Nccs of CO were also obtained end polybromo tungsten compound
(approx. 10 mg.) similar in character to that that from the reaction ef ethylene

dibromide on the molybdenum complex. No other products were identified.

(xii) Cleavage by hydrogen chloride. The molybdenum-methyl complex (0.332 gm.

0.915mmole) and about 5 ml. of dry diethylether gaturated with hydrogen chloride

were stirred magnetically in a vacuum apparatus at room temperature for four




days. The clear solution turned slowly light orange and deposited orange-
yellow crystals. After removal of solvent and excess HCl, the residue was
heated to 60°-70° at 10 mm (closed system) and over 1% hours yielded well
formed pale yellow crystals of n-cyclopentadienyltricarbonyl molybdenum

hydride (v Mo-M 1786 cm_l, in cs,; M 98ﬁo 248). The mass spectrum of this
hydride showed intense molecular ions with a clean Mo isotope pattern and

133(MoCl)_,,282). V.p.c. examination

no trace of the halide CSHS(CO)BMOCI (M,
of the ether showed trimethyléhlorogermane and no trace of trimethylgermane.
Dry hydrogen chloride gasfnbbled through a benzene solution of the

molybdenum ethyl complex also yielded the molybdenum hydride and triethyl-

chlorogermane.

(xiii) Cleavage by iodine. The tungsten-methyl complex, (0.393 gm. 0.872

mmole), iodine (0.634 gm., 2.50 mmole) and benzene (15 ml.) were allowed to
stand for 76 days at room temperature, and after this time yielded 19.33 Nccs
(98.9 mole%) of CO. The greater part of the excess iodine was removed from
the residual red-brown solid by sublimation at 45° and 107% mm, and the
brown powder left was washed 4 x 5 ml. benzene: it did not crystallise from

pentane or benzene, but was characterised as sm-cyclopentadienyldicarbonyltri-

iodo-tungsten (0.439 gm., 73.4%), v CO 2062s, 2020s, 2004s,sh cm-l. [Found:

¢,12.17; H,1.22; 1,56.7; C,H.O0, LW i.e. CSHS(CO)2W13 requires C,12.26; H,

0;74; 1,55.5%]. The compound proved too insoluble for n.m.r. in benzene and

+
at a source temperature of 180°-200° yielded a mass spectrum showing large 12

and [CSHS(CO)ZIW]2+ ions. The presence of MejGeI in the benzene solvent was

confirmed by mass spectrometry.

(xiv) Cleavage by mercuric chloride. To a solution of the tungsten-methyl

complex (IV) (0.487 gm., 1.08 mmole) in freshly distilled THF (2 ml.) was
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added a solution of freshly sublimed mercuric chloride (0.296 gm., 1.09 mmole)
in THF (3 ml.). After some 10-15 minutes the pale yellow solution became
noticeably cloudy and on stirring at room temperature overnight and removal

of solvent gave the bright lemon yellow solid, m-cyclopentadienyltricarbonyl-

tungsten mercury chloride (0.181 gm., 31.8%) (MPt 1960-1970, dec. [Found:

€,17.07; H,1.13; C8H503, i.e. nC.H; (co) 4WHgCL requires C, 16.89, H,0.89%]

vCO 1923, 2015 cm 1, in C6H6 The compound had a low temperature coefflcient
of solubility in the common solvents, but came down as bright yellow crystals
on slow evaporation of a THF solution. It was found to the air stable over a
period of 2-3 days, but darkened rapidly in sunlight (15-30 minutes)
deposiging metallic mercury.

A similar experiment with 0.940 gm. (1.91 mmole) of the tungsten-ethyl
complex (V) and 0;520-(1.92 mmole) of mercuric chloride in a total of 15 ml.
THF gave after 2 hours stirring at room temperature 0.733 gm. (67.4%) of
the tungsten-mercury compound. At a source temperature of 1960, the molecular
ions from this compound were not visible on its mass spectrum but large Hg+
and =nC.H (CO) W' ions were found.

575

(xv) Cleavage by magnesium bromide. Anhydrous magnesium bromide was prepared

in one limb of a doubled shlenk tube from magnesium turnings (0.52 gm. and
1,2-dibromoethane (1.0 gm.) in freshly distilled (from LiAlHa) THF (12 ml.).
After the initial vigorous reaction had subsided, the mixture was heated to
45° for 4 hrs. with stirring and filtered hot (70°) through the central disc
of the shlenk into the other limb. To this solution was added a solution of
the tungsten-ethyl complex (V), 0.795 gm., 1.62 mmole) in THF (8 ml.) and the
mixture was stirred at room temperature for 4 days, during which time the pink

colour lightened somewhat. The THF was then removed in vacuo and the residual
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pink solid extracted with benzene, to give an orange red solution. The
benzene was removed from this solution and the'extraction repeated. Replace-
ment of the benzene by pentane did not yield crystals at -70° but removal of
the pentane and washing with 3 x 5 ml. of this solvent gave the pink solid

n-cyclopentadienyltricarbonyltungstenmagnesium bromide tetrahydrofuranate

(approximately 0.4 gm.) v CO 1916s, 2025s, 2044w, cm_1 in Celg [Found: C,25.5;

H O requires C,28.3; H,2.57%,

H,2.85; C WMgBr, i.e. CSHS(CO)BWMgBr.

12 13 4 C,Hg
CSHS(CO)3WMgBr requires, C,22.0; H,1.15; C st (co) 4WMgBr . 2THF requ1res C,33.1;
H,3.64%] The p.m.r. spectrum of a saturated solution of the compound in

55

and the THF high field resonance centred on 7 8.58, with relative intensities

benzene showed the C.H. singlet at 7 5.44, the THF "triplet" resonance at 76.00,

15:12:13 respectively.

‘Molecular weight measurements in freezing benzene (under N2) gave values
of 546 (0.109 gm. cpd, 10 ml. benzene, (K = 5.5) A =0.125%) and 393 (0.069 gn.
cpd, 10 ml. benzene, A 0.110° ), =C H (co) WMgBr THF requires 509. The
compound redissolved in benzene slowly and with difficulty, even on warming.

Reactions of the tungsten-mercury compound nC5H5(CO)3WHgC1

(xvi) with triphenylgermyltriphenylphosphine gold. The gold complex, PPh3AuGePh3

(0.0620 gm. 0.0815 mmole) was dissolved in a 1:1 mixture (6 m1.> of THF/benzene

to give a clear solution. Addition of the tungsten-mércury compound (0.0512 gm.
0.0914 mmole) in THF (3 ml.) caused an immediate blackening of the solution

with the deposition of metallic mercury and a thin red film of gold on the walls of
the 1imb of the shlenk tube. The mixture was stirred for 15 minutes, and

filtered to give a light yellow solution from which a buff powder m~-cyclopenta-
dienyltricarbonyl tungsten-gold triphenylphosphine (0;0442 gm., 68.57) was

obtained [Found: C,41.6; H,3.06; P, 3.48, C, H, O PWAu i.e. nCSHS(C0)3WAuPPh

2672073 3
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requires C,39.4; H,2.54, P,3.91%].

(xvii) with 1,2-bis(diphenylphosphine)ethanebistriphenylgermylplatinum.

To a suspension of the platinum complex (0.125 gm., 0.104 mmole) in THF (15 mi.)
was added a THF solution (5 ml.) of the tungsten-mercury compound (0.0653 gm.
0;115 mmole). A precipigate of metallic mercury formed, the platinum complex
slowiy went into solution and the yellow colour of the liquid deepened on
stirring overnight. The solution was filtered and on removal of solvent in

vacuo and washing with pentane yielded 1,2-bis(diphenylphosphine)ethanetri-

phenylgermyln-cyclopentadienyl tungsten platinum (0.0841 gm., 68.4%) as a

light yellow solid. (MPt 200° dec., [Found: C,47.38; H,3.97; P,3.66;
Cs,H,,04P,PtWCe, i.e. (thPCHZ)th(GePh3)W(CO)3ﬂC5H5, requires C,50.76; H,3.60;
P,5.03%]. The mass spectrum of this compound at a source temperature of 180°-
200° showed the ions PhBGeT and CSHS(CO)3W+ and other ions with a PtWGe isotope
pattern up to mass 990. Weak ions in the region of the molecular ions (mass
1230) could be detected but their isotope pattern could not be distinguished
clearly. The compound was slightly air sensitive showing marked darkening
after 10 days exposure.

(xviii) with bis(tri-ethylphosphine)trimethylgermyliodoplatinum. To the

platinum complex (0.120 gm., 0.177 mﬁole) in THF (2 ml.) was added a THF
solution (3 ml.) of the tungsten-mercury cbmpiund (0.095 gm., 0.167 mmole).

An immediate precipitate of mercury was thrown down, leaving, after stirring
for 15 minutes, and filtration a clear orange solution from which dark red
crystals (33 mg.) were obtaihed. The i.r. of these crystals was consistent with
their formulation as ﬂCSHS(CO)3W(I)Pt(PEt3)2, but their elemental analysis
[Found: C,24.3; H,1.68; P,1.23; 1,1.32%) was not (C20H3503P21th, requires

€,26.95; H,3.96; P,6.95; I,14.247%. [ﬂCSHS(CO)BW]Z, i.e. CygH, 0., requires
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C,27.8; H,1.51%) Time did not allow further pursuit of the reaction.

Reactions of mercuric chloride and platinum-germanium complexes.

(xix) Mercuric chloride and (thggﬂz)th(GePh3)2. To a suspension of the

platinum complex (0.651 gm., 0.542 mmole) in THF (15 ml.) was added a THF
solution (1.5 ml.) of freshly sublimed mercuric chloride (0.147 gm., 0.272 mmole).
A precipitate of mercury slowly formed during two days stirring at room
temperature. The mpther liquors were decanted and after removal of solvent in
vacuo the residual white solid was separated into Ph3GeC1 (i.r. characterisation;
the most soluble portion) and (thPCHz)thcl2 (i.r. and m.s. characterisation).
The insoluble white solid remaining after removal of mercury by sublimation at

) -6 X ,
80° and 10~ mm was unreacted starting material. No other products were

detected.

(xx) Mercuric chloride and (Et3P)2Pt(GePh3)2. A THF solution (1 ml.) of
mercuric chloride (0.0388 gm. , 0.143-mmole) was added dropwise over 15 minutes
to a stirred solution of the platinum complex (0.295 gm., 0.283 mmole) in THF
(5 ml.). Mercury was precipitated during the addition and on allowing the
solution to stand for 30 mins., its colour changed from light yellow, through
orange to a dull yellow-brown. The solution was then filtered and reduced to
a small volume. Slow addition of 40°/60° petroleum (5 ml.) gave a light

brown, microcrystalline solid, bis(triphenylgermylbis(triethylphosphine)

platinum), [Found: C,50.94; H,5.78; P,7.45; C60H90P4Pt2Ge’ 1.e.[(Et3P)2PtGePh3]2
requires C,49.00; H,6.17; P,8.42%]. MPt. 151-152° (hot stage). The i.r. of
this material was closely similar to that of (Et3P)2Pt(GePh3)2, showing only
intensity differences in the bands due to the GePh3 unit. The mass spectrum

o .
of this material at a source temperature of 190 showed a number of differences

from the mononuclear platinum complex at high masses and ions with PtzGez
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isotope patterns were observed at masses from 950 to 1500.

(xxi) Attempted preparation of ﬁ-cyclopentadienyldehényltficarbonyltungsten.

To a solution of m-cyclopentadienyltricarbonyltungsten magnesium hromide (0.1 gm.)
in THF (10 ml.) was added an excess (0.5 ml.) of freshly distilled bromobenzene
The mixture was stirred at room temperature for 4 days, during which time the
colour lightened and a white precipitate was formed. After filtration, removal

of solvent, benzene extraction of the solid, and recrystallisation from 400/60o
petrol at -50° the solution yielded pale yellow crystals (ca.iO mg. [Found:
C,26.9; H,2.23%] ) whose i.r. spectrum indicated the abéence of a phenyl group

and showed a close similarity to that of ﬂCSHS(CO)3WH (C8H6O3W requires C,28.9;

H,1.81%. vCO 2020, 1929 cm 1))
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PART 3

MASS SPECTROMETRY
OF |
POLYISOTOPIC MOLECULES




THE forty years since the classical work of Aston, Bainbridge and
Dempster have seen the field of positive ion in analysis widen continuously.
Present applications of mass spectrometry range from automatic control of
industrial production plant to complete analysis of microgram quantities of
rare poisons, and the rate of diversification shows no sign of slowing.

Mass spectrometers first began to be familar pieces of laboratory equipment
about fifteen years ago in response to the petroleum industry's need for an
accurate and fast method of quantitative analysis of mixtures of closely
similar organic compounds. Not unnaturally, the growth of the discipline
has continued largely within the realm of carbon chemistry, and this growth
has often been rapid and with far-reaching consequences. The recent advent
of commercially produced high-resolution mass spectrometers has brought a
new dimension - or rather several dimensions - to the subject. Not only are
these instruments capable of measuring ion masses, in some cases up to 1000
mass units (m.u.) with a precision of a few parts per million, but they can
also give ion abundance values to a high degree of accuracy, thus at once
disposing of previous distinctions between mass spectrographs and mass
spectrometers. Above all, these instruments are able to provide, at least
in theory, data which can lead to the exact elemental composition of every
ion in a spectrum, a situation which has been likened to the comparison of a
colour photograph (a complete-high resolution spectrum) with the "black and

white" picture of the unit mass resolution spectra of earlier machines.

In contrast to the already widespread and still growing applications of
mass spectrometry to organic molecules, only a few investigations of inorganic

compounds have been reported. Most of these studies have involved anisotopic

ns




elements or elements containing one dominant isotope (e.g. iron). Studies of
compounds containing two or more metallic elements are rare and those of
molecules with a metal-metal bond even less common. All the work on poly-
metallic compounds, including some in which high resolution facilities have
been available:69has so far ignored the fundamental problem of calculation
of thg apparent masses of peaks from metallic aggregates, and so has been
without direct confirmation of the elemental composition of ions in the
spectra obtained. In the majority of cases, the molecules examined have
been sufficiently simple for low resolution identification to be adequate,
there have been few instances, for example, where doublets arising from loss
of fragments such as C2H4 and CO have been encountered, or even possible.

In one or two cases, however, it is apparent that some information has been
lost because of this lack of the facility for unambiguous confirmation of
the composition of ioms.

The present study of a number of more complex organometallic and inter-
metallic compounds has made considerable use of high resolution mass measurement,
based on data specifically producéd for each polyisotopic unit considered.
This need for continuous use of mass measurement has arisen for a number of
reasons. First, the molecules are complicated enough for multiplet peaks to
be commonplace; loss of fragments such as C2H5, CZH4 HCO and CO all of which
occur in the breakdown of the intermetallic carbonyls studied, results in ions
whose isotope patterns overlap or superpose. Similar difficulties occur with
alkyl-alkenyl, and HZ-H loss in the alkylgermanes. Secondly, all the isotope
patterns for the compounds containing more than one atom of one or more poly-

isotopic element, which form such a characteristic feature of their spectra,

are sufficientlyvdifferent from the patterns due to each individual element
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to require complete elucidation if they are not to lead to considerable
uncertainty in assignments. For example, for ions containing a Ge2 unit,
the largest peak does not occur at a mass corresponding to the sum of the
masses of the most abundant isotopes for two separate germanium atoms

(i.e. 2 x 74 = 148) but at mass 146. Similarly in the MoGe pattern, the
largest peak is 170, which is not the sum of the most abundant isotopes for
the separate metals (98 and 74). Clearly if the nature of this "mass
contraction" were not appreciated, some difficulties in interpretation would
result. Finally, the mass spreads of the isotope patterns can be troublesome.
These are often as large as 30 mu, spreads of 15-20 mu are common, and even
if the nature of a molecule is such as to preclude formation of actual
doublets, differences between ions of as much as a CH3 or CO unit can still
react in ion sets whose extremities overlap sufficiently to grossly distort
their abundance patterns. Under low resolution conditions, where abundance
values (pattern recognition) and accurate determination of mass spreads are
all important, this could lead to problems of interpretation impossibly
difficult to solve.

Methods of calculating abundance patterns and mass values are presented
in Part 4, and the fundamental nature of these data is again emphasised here,
without them assigments of formulae to ions in these spectra would be extremely
uncertain. It is clear that as more complex molecules are analysed, increasing
reliance must be placed on accurate mass measurements for elucidation of frag-

mentation patterns (and so molecular structure), and that in turn reliance must

be placed on calculations such as those outlined later.

Previous work on metallic compounds has been almost entirely with the




transition metal cyclopentadienyls, carbonyls and their derivatives. Some
isolated studies on other structural types have been undertaken. An early
comparison of the fragmentation of the alkyls of the group IV metals '’°

showed that the molecular ions of these compounds are usually of low intensity.
Careful measurement of the abundance of the germanium isotopes gave valuable
additional data for calculation of the atomic weight of germanium.]7' More
recent studie;72”£ave confirmed the high probability of decomposition for the
molecular ions of these compounds and have brought to light a number of
interesting fragmentation routes, for example alkene elimination, as discussed
for the germanium compounds in the present work, has been found to be a

. . .. . 7
dominant process. One particularly unusual e11m1nat10n,'3

+ +
Et,M ——— MeMEt, + CH

3 2 2 M = Ge,Sn,Pb.

PhZSnEt+ —_— PhZSnMe+ + CH2

has been observed giving low abundance ions. Interesting correlations and
differences in breakdown patterns betwen the mixed aryl-alkyl group IV organo-
metallics and the homo-substituted cbmpounds have emerged from these studies.
A number of mercury élkyls have been inves&igatedvsand show marked
differences from the group IV alkyls. Hydrocarbon fragments, which constitute
only a minor part of the total ion current from the latter molecules, made up
the principal part of the spectrum of the mercury compounds. A study of the

378

176
comparison with the corresponding alkanes and metalloid and metallic hydrides.

silanes SiH4, Si2H6, and Si H, is of interest in that it provides some

The ions formed by loss of an even number of hydrogen atoms were more abundant
than those formed by losing an odd number. Moreover, compared with the

corresponding hydrocarbons, the silanes show a greater. facility for fission of
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both Si-H and Si-Si bonds. The formation of the three ions C+, C2+, and C3+

constitute between 0.04 and 0.36% of the total hydrocarbon spectrum as

compared with 10.4-32.9% for the corresponding silanes.

17
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A series of studies- "’ on both mononuclear and polynuclear (M-M,

M'-M, .and M'-M, type) hydrides of some some group IV and V elements employed

2
isotopically pure 74Ge and 1205n in compounds including 74Ge2H6, 74Ge3H8,
74Ge2SiH8, Si74GeH6, and 12OSn2H6; and interesting and undoubtedly expensive

way of avoiding calculation of precise masses and abundance patterns for
polyisotopic aggregates and of simplifying otherwise rather congested spectra.
The more plentiful studies on simpie mononuclear metal carbonyls have led
to some important results. The clastograms (plots of ion abundance against
ionising beam energy) for the group VI compounds (Cr(CO)6, Mo(CO)6, W(CO)6I7&9
suggest that the major decomposition route is single ionisation of the
molecule followed by successive stepwise loss of neutral CO fragmenté.
Careful measurements indicated that the appearance potential of the molecule-
ions rose with the atomic numbers of the central metal atom, which is the same
trend shown by the ionisation potentials of the (isolated) metal atoms, and
so it was conéluded that the electron loss on ionisation of these compounds is
entirely from the metal atom, rather than from the organic portion ofvfhe
molecule. In all cases ions of the type MC+ and Mczd+ were observed, thus
confirming (with the tacit assumption that no rearrangement had occurred!)
that the bonding to CO groups in these ions is through the carbon atom rather
than through the okygen; ions of the type M(CO)nC+ occur more commonly for
the heavier metai atommjé9Uhder mass spectrometric conditions usually

employed, however, there seems to be l1ittle evidence for the reversal of the
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normal M-C bonding pattern in the carbonyls, despite the large amounts of
energy available (70 ev = 1614 K cals/mole). A number of other first row
transitioﬁ metal carbonyls have also been studied, including the binuclear
carbonyls of cobalt and manganesej7?Again stepwise loss of CO fragments
occurred and for the Mn compound M-M bond fission. More recent work'®’on the
manganese combound has revealed some interesting comparison with its rhenium

about 967 of the ion current is

analogue. In the spectrum of Re2C010,

carried bt fragments containing two metal atoms whereas for the Mn compound
this is reduced to 59%. This would seem to give further confirmation of the
tendency for the heavier metals to form stronger M-M bonds, as discussed in
Part 2. A number of multiply charged ions were identified for ReZ(CO)IO’
but none in the spectrum of an(Cd)10 and this again suggests a greater
ability of the heavier metal to maintain metal-metal bonding in higher acid-
.ation levels. »Thé phosphine substituted carbonyls (RBPMn(CO)4)2 showed '**
extremely _interesting variations in the intensity of -the di-metallié fragments
of which the (RBP)ZMHZ(CO)S’ (R3P)éMn2(CO)4 and (RBP)ZMn2 types were the
major ions. Metastable transitions for the loss of four carﬁonyl groups at
once were recorded. It was also noted that substitution of a phosphine for
carbonyl in these dimetallic compounds drastically reduced the number of M-M
éontéining fragments, in keeping with the reported tendency of the phosphine
derivatives, particularly aryl phosphines, to give paramagnetic monomeric
species wheﬁ prepared by heating of the parent carbonyl with the phosphine.
Removal of large numbers of carbonyl groups all at once has been noted
for other dimetallic compounds, particularly for diene-carbonyl derivatives,

and this process seems to be a sensitive function of structure. The compound




~(co)cr Cr(CO),

is reported to lose its CO groups in a stepwise fashion?oi.e. species
corresponding to the basic skeleton with losses of all possible numbers of CO

groups were observed, whereas the related compound

(co),Cr

Cr(co),

exhibits peaks due to loss of 3, 4 and 6 carbonyls only. Simultaneous loss

of three carbonyl groups (metastable confirmed) occurs in the Mn compounds

'Mn(CO% : 0 o

Mn(CO)s -Mn(CO);
Mn(CO);
and this concerted elimination was suggested to have changes of valence state
(correctly oxidation number) as its driving force. '8¢ Interpretation: of
concerted or single radical loss %n terms of oxidation level ("valence")
changes was first propounded to explainAthe differences between the mass
‘spectra of AuCl; and FeCl 181

3 3’

structures in the vapour phase. The former compound readily loses neutral 012

both Qf which molecules have similar dimeric

molecules, whereas the iron compound decomposes with loss of Cl atoms, and

this behaviour was rationalised in terms of the preferred oxidation lewvels of
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the metals, the loss of Cl2 representing AuHIi——t»AuI transition, and of Cl-
an FeIII —>FeII change;
01 /201 cil* c1 +
‘\\ /// cl AW cl
Au II[ Au 2 Aul Aué —2> Au! Aul
/ N, / ../ \ N/
Cl Cl
"~ and,
N //01\\\ ca c1 ]t //pl *
Fell Fe{ L fearet rm [ L e Fde
/ 7/ N\
cl \\Cl// cl cl Cl Cl//
. III I .
The influence of the Au — Au" change was also demonstrated in the

spectrum of diethyl auric oxinate where an unusual elimination occurs,

- ’ -t ' F i -+
N’ ’ ‘ N
o. Fu o ¥
~~Au-C,H;s ~aul + CHy,
C,Hs

A detailed study of a number of metal acetylacetonates made effective
use of these -factors in the rationalisation of ..their spectra!az It has also been
notedmthat the greafer part of the odd electron ions of the tetraorgano-
stannes and -germanes decompose by loss of neutral odd electron fragments, and
that ions containing an even number of electrons lose even -electron fragments,

thus retaining as far as possible electron pair bonding throughout the remaining

ion, and indicating the importance of this type of bond for these main group
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elements.

Cyclopentadienyl metal compounds have been fairly widely investigated,
including the biscyclopentadienyls of vanadium, chromium, irom, cobalt,
nickel, rhodium, ruthenium and manganese, and the‘cyclopentadienides of
sodium and magnesiumjar71t was concluded that the variations in stability
of Ehese complexes in the mass spectrometer were directly related to the
nature of the central metal atmnp7 Only'rarely has the fragmentation of the
cyclopentadienyl ring itself been studied. This unit is normally very stable
under electron impact when mw-bonded to a metal and often produces quite
complex areas of low intensity peaks when it does begin to fragment. Both
C.H, and C,H, loss hgve been recorded from (nCSHS)zReH, and CSHS breakdown

272 274
+

ions.included C8H8Re , C8H6Re+, and C6H4Re+, although this pattern may not be

, 183
typical, because of the presence of the extra hydrogen atom.

Considerable lability has been reported for substituents attached to

the -C_H_ rings of some metal cyclopentadienyls, the compounds

55
SMe o - CH,NMe,
Fe . Fe

' -

187
for example give almost identical mass spectra. Related rearrangements and

eliminations include
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0
I + +
[(ﬂ—Ar—CfR)M(QO)S]——————>>[(ﬁ-ArR)M(CO)S] , (metastable

confirmed, M=Mn,Re)

gt

. + .
and [(ﬂ-(CSH4COR)F§ﬂC5H5]  — [RFe;rC5 5

S +
CSHS-C5H4 CSHA'C5H4 186

Intramolecular transfer of a CSHS ring from one metal to another has been
. +

observed for [(nCSHS)Fe(CO)2]2.g1v1ng (C5H5)2Fe and exchange of CgH. and

C6H5 in the compound ﬂCSHSFe(CO)ZSnPh3. No intermetallic transfer of CO

groups has been reported, however, and this fact together with the absence of
Fe(CO)5+ in the 'spectrum of Fe3(00)12 were interpretedwqas evidence in favour
of the recently pfoposed cyclic structure (a triangle of iron atoms) for
this compound, which would not then contain a Fe(CO)5 unit.

Some other trimetallic compounds have been rather briefly examined,

169

including Ru3(C0) Hg[Fe(CO), nC.H_], and C12$n[Fe(CO)2ﬁC H, ]

12° 27757572 552

In all cases these early studies have shown that a great déal can be
léarned about the stability and structure of organometallic and intermetallic
compounds from their mass spectra, providing that interpretation is thorough
and cautious. In particular the field of the metal-metal bonded molecules
whose mass spectrometric study is vefy much in its infancy should add
conéiderably to our understanding of this imfortant class of compounds.

Thg main purpose of this study of the mass spectra of some polyisotopic
_organometallic molecules has been analytical - that is, has been concerned
‘primarily with the identification of compounds. Because of this, some detail,
particularly for the more complex molecules is lacking, and the transition

metal complexes have not been given the attention they undoubtedly deserve:
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the major trends and the more interesting decomposition of these molecules

have been elucidated and these give some impression of the variety of reactions
which occur iﬁ a mass spectrometer. Two classes of molecule can be distinguished:
the homonuclear polyisotopics, in this case organogerﬁanium compounds (including
some organomonogermanes), and the heteronuclear compounds, organogermanium-
transition metal complexes and some derivatives. These will be dealt with in
turn. In all cases high resolution (approx. 1:10,000) mass measurement was

used to establish the identity of the ions, and representative examples of

results are given in Tables 3.1 and 3.2.

MASS SPECTROMETRY OF POLYISOTOPIC MOLECULES

3.1. Homonuclear compounds

(a) The tetrapropylgermanes.

The major features of the spectra of these molecules are summarised in the
illustrations, the fragmentation diagram, and the table of mass measurements.
All five tetrapropylgermanes gave closely similar spectra, .the only sifferences

being in the ratios of the intensities of hydride containing fragments,

particularly PrGeH2+ to Pr3Ge+. This was smallest for PrZGe, (1:1.23) has its
largest increase between PrZGe and Pr;GePrn, the value in the latter case being

(1.06:1) and remained at about (1.1:1) for the other molecules. This is

+ +
certainly connected with the ability of the Pr3Ge and PrZGeH fragments to
eliminate C.H, effectively and could be interpreted as evidence in favour of a

376

five-membered ring system for the transfer of a hydrogen atom from the -CH3 of

n-C . H_ to the germanium atom.

377

\/
Cc

“é;/ \Ci. —— \é- Ho o+

I . / /e- C3H6
" H..Co
I
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Fig.3.1. Fragmentation of Tetraisopropylgermane

* .
m = mass of metastable ion I = relative intensity

s = superimposed pattern

+¢
[Ge(C3H7)4]

n/e, 246; I, 0.011

b
[Ge(C3H7)3] + CH,

m/e, 203; I, 53

la
+
[HGe(c3H7)2] + CjH,

m/e, 161; I, 100
(m* | caled, 127.6; obs.,127.6)

/\

+ B +
[HGe(CH,)(C,H_ )] + C,H, [H)Ge(C H,)]" + C H,
m/e, 133; I, 7 m/e, 119; I, 55
(m* caled, 109.9; obs.110) , (m*, calcd,87.94; obs.,88)
lg
+ ’ ld
[HGe(CH,),]" + CH, .
m/e, 105; I, 6 c [HZGeCHB] + C2H4
(m*, calcd,82.88; obs 83) '

m/e, 91; S
(m*, calcd, 69.58; obs,69.6)

+
[Ge(C,H, D] + H,
m/e 117; S e

(m*, calcd,l15;0bsll5)

y
+ .
[GeCH3] + H2
m/e 89; S
(m*, calcd, 87.1 obscured)



A situation which cannot obtain for the iso-C3H7 group, unless isomerisation
occurs. Presumably a corresponding four-membered.ring transition state for

i . . .
the Pr” unit is less geometrically and energetically favourable and requires

more energy for the transfer

CH,
¢
N +/"\ v/
Gq_ .C\
/ o

Labelling studies might provide valuable information on this process.

The molecular ions are of low intensity, compared with the most abundant
species, szGeH, (1:90 for PrZGe) and the eight major fragments are produced
by molecular elimination reactions following ionisation rather than by
direct cleavage of parts of the alkyl groups, appropriate metastable ions
being clearly visible. All the major ions contain an even number of electrons
and may be formulated with eleqtron pair bonds. No metastable was recorded

for direct decomposition of the (odd-electron) molecular ions, bit it seems

Ge+ is produced by expulsion of a C_H, fragment from the

likely that Pr 5H5

3
molecular ion rather than by direct cleavage of a Ge-C bond on ionisation.
Decomposition of Pr3Ge+ occurs by loss of propene [reactions (a) and (b),
Fig.3.2], followed by ethylene [reactions (d), (£f), and (g)] and hydrogen
[reactions (c) and (e)]. Transition (e) could not be confirmed directly as the

region of the expected metastable set (80-87 mu) is occupied by metastable

peaks derived from transitions (b) and (g) both of which are intense.

(b) Hexa-isopropyldigermane

Although its spectrum contains comparatively few major groups of peaks,

in common with the major characteristic of most gpIV organometallic compounds,
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the detailed fragmentation of the mélecule is remarkably complex. One
striking feature is the large number of ions in which the Ge-Ge bond remains
intact, fhese accounting for approximately 75% of the total ion current. The
base peak is, a dimetallic (even-electron) fragment containing, presumably,
both three-~ and four-coordinate germaniﬁm, PriGesz, and tﬁe molecular ions
are only 1% as abundant as this species. Eliminations of successive
molecules of propene dominate the fragmentation behaviour, and the digermanium
hydrides (Ge2H5)+, (Ge2H3)+ and (Ge2H5+ are the final products of this process
Large metastable peaks ﬁith well defined Geziisotope patterns resulted from
these reactions in the higher mass region of the spectruﬁ but at lower masses,
with so many overlapping patterns soﬁe of the metastables could not be

assigned unambiguously. For example, the strong transitions which occur over

the range 192-205 mu probably result from three parallel processes

(PriGe,H, W— (PriCe,H, Yo CjH, n* 199.5
(Pr;GeZHf' — (Pr;Ge2H2)+ + CH, n* 198.5
(Pr;Ge2)+ —>(Pr]2'Ge2H)+ + CH, n* 197.8

High resolution mass measurements on selected ions provide evidence for the

following reaction paths, involving loss of propene or hydrogen

i + i + i +
‘(PrSGez) +—>(Prhce2H) ————(Pr3Ge2H2) —_—

i N\t i i + + . +
(PrzGe2H3) —— (Pr Ge2H4) ——(Ge2H5) .—>fGe2H3)

i + i + i -+ i +
(Pr4Ge2) —»(P;SGeZH) —»(PrZGeZHZ) — (Pr Ge2H3)

+
_— (Ge2H4)

i+ i i + +
(Pr3Ge2) ——>(Pr2Ge2H) —» (Pr Ge2H2) ——»(Ge2H3)
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Table 3.3

Group
at mass

524
509
481
455
439
423
409
395
‘379
351
335
29
26
249

—

[94]

204.

203

167.

161
133
117

Mass Spectrum of Pri6Ge3O3

Principal ffagments, 530 & 117 mu.

"Group" masses represent the most abundant peak for

a given combination of germanium isotopes.

Abundance

0.37
0.31
100
6.9
2
1.9
19
12
26
19
7.9
16
21
8.1
0.1
38
0.2
71
25
33

Probable assignment

(Pri6Ge3O3)+
(Pr’5Ge309CHCH3) .
. (PrisGe;04)F

- (prl, Ge303(H2)cH;)*

(PriaGe3O3)+
(Pr*3Ge304CHCH;
(Prl,Geq04CHCH; )T

(Pri3Ge3O3)+

(Pr¥yGe409)F
(Pri,Ge,03CHCH;,
¢prisces0ocHCH; )"

(Pri3Ge20)+
(PrGe ,0,CHCH,
(PriGe,07CHCH,
(Pri,Ge;0, (CHCH;) ) )

(Pri3Ge)+
(prt,Ge,0,CHCH, )T

(priceocucu,)t
(prigeo)t
(prige)t

)+

)+

)+
)+



Two very small ion sets corrpesondiﬁg to loss of both 16 and 15 mu (CH.4 and
i

2GeH3‘)+ weére observed in the low

CH3) from the ions (PréGez)f and (Pr
resolution spectrum (intensity about 1% of each of the ions from which they
were derived) but apart from this no evidence for processes other than loss
of propene was obtained. The stage at which fission of the Ge-Ge bond occurs

was not unambiguously determined, but it must be from an ion containing at

+

least three propyl groups, because of the appearance of Pr;Ge

.These three groups need not necessarily be attached to the same
germanium atom before the Ge-Ge bond breaks, however, since transfer of alkyl
radicals from one atom to anothér. has been noted in the breakdown of compounds

1 1 . .
. of the type R JM-M'R, (e.g. Me381Ge(CH2C6H5)3), and this could occur

immediately prior to or during the bond fission.
;’Ge+

propyl germanes. No doubly charged ions were observed.

Decomposition of Pr followed the same routes discussed for the tetra-

(c) Trimeric di-isopropyl germanium oxide, (Pr;Ge0)3.

The molecular ions for this compound were very weak compared to those due
to loss of one isopropyl group (ratio 1:273) and Pr;'GeBO3 formed the base peak
of the»spectrumf This extremely high decomposition probability is also
 pbsefved for the simpler oxides (R3M)20 M = Ge,Si, where in some cases the
ﬁblecular ion is difficult to detect: the first fragment is also intense for these
molecules. Reaction processes involving rearrangement of ions were much less
apparent than with the compounds previously discissed and were not clearly
evident unfil the cyclic system had degraded to fragments containing only one

germanium atom. A number of losses of odd-electron units, particularly CH3'

and C3H7' were noticeable, and the CZH4 (—CHCH32) radical was observed in a
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Table 3.1.

m/e

246.1405
203.0853

161.0386
118.9914
90.9603

477.0274
478.0291
479.0263
480.0281
481.0249
482.0245
483.0245
484.0259

361.1174
318.0730
275.0245
231.9798
231.9524
203.0857
192.9287
190.9130
146.8855
146.8674
146.8516

Some High~Resolution Mass Measurements

Organogermanium Compounds

deviation

(p.p.m)

PrzGe
+1
+1

+1
+3
+1

+2
+3

Pr Ge

assignment

PrZGe+
prkcet
Pr}GeH+
Prigen,t
MeGeH2+

Pr§214Ge303

Pr§215Ge303

pri?16Ge504



number of ions. One interesting ion set with central mass 455 corresponded to

. i .
C13H33Ge303 i.e. Pr4(CH3G6303H2’ and gave evidence both for the normal alkene

loss and for an open structure for the ring at this stage. It is of interest
that loss of oxygen occurs only after loss of three isopropyl groups (395-379

sets). Two doubly charged ions were identified, (Pr;GeZOZCHCH3)2+ and

i 2+
(Pr;Ge3O3CHCH3) . There was no evidence for the production of the ion set

at mass 203 (Pr1

3

mentioned earlier, transfer of alkyl groups in gp IV metal organic ioms has

+ . . .
Ge ). by process involving metastable transitions but, as

been observed. Metastable peaks corresponding to reaction (a) (Fig.3.2.) were
observed. The major mass groupings and their probable assignments are listed
in Table 3.3.

The mass spectrum of octaisopropylcyclotetragermane was not examimed in

detail, but two ion sets, of the same intensity formed by loss of C2H5 and

C2H4, and CBH6 and C3H7 from the molecular.ion were noted. Again a

considerable amount of the ion current was carried by species containing four
i

+
germanium atoms. Pr3Ge was also present to a small extent.

3.2. Heteronuclear Compounds.

(a) The tricarbonyl organogermanium transition metal complexes, nCSHS(Eg)SMggR3

All the compounds of this type (M= Mo,W, R = Me; and Et and Pr" for Mo
only) showed intense molecular ions and the greater part of their spectra was
made up of ions contdining the metal-metal bond intact, (over 75% of the ion

current for nC_H (CO)3MoGeEt was carried by MoGe species). The most

55 3

abundant fragment of highest mass was invariably that corresponding to loss of

R from the molecular ion»

+° + )
CgH;(CO) ;MGeR —— CH(CO) MGeR,™ + R*  —m-emmoo--oo (i)

3
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and for the higher alkyl groups, R = Et and Pr" this was the only decomposition
route of any significance for this ion. The trimethyl gerﬁyl molybdenum
compound, however, showed ions of intensity comparable to those formed by

transition (i), from initial loss of a carbonyl group

+o . .
_.csﬂs(co)zMoGeMe + + CO  mmmeme- (ii)

CH 5(co )3M0GeMe 3

3
giving an ion containing an odd number of electrons, and in the subsequent
breakdown of the comﬁound, this decémposition route was always in competition
with thevloss of alkyl radicals.

The trimethyl germyl tungsten compound showed intense ions due to an

inital loss of CO2

. CoH (CO)CWGeMe L S (iii)

C5H5(CO)3WGeMe 3 )

3

although the question of whether the CO, was eliminated as a molecule, from a

2
concerted rearrangement, or by successive (or simultaneous) emission of CO and O
could not be resolved directly as the area of the expected metastable peaks was
covered by the extremities of two large metastable sets from other reactions.
There was, however, no large metastable present for loss of a CO2 molecule.

Any ions from this compound due to initial loss of CO from the molecular-ion
wefe, if present at all, émaller than the metstable set for the transition
corresponding to (i),.and could not be detected

t . CSHS(CO)3WGeMe + + Me- m* 421

CSHS(CO)3WGeMe 5

3

C5H5(CO)2WGeMe3 = 422

These differences in initial fragmentation behaviour for the three types of

molecule, the methyl-molybdenum, methyl-tungsten and higher alkyl molybdenum




Fig.3.2 Some Fragmentation Paths of Tr-CSHS(CO)3MoGeMe3

I = relative intensity.

[C H (CO) MoGeMe ]+

[c H (CO) MoGeMe ]
I 2

H (co) MoGeMe ]

1,1
[CH, (co) MoGeMe]
1,1
CoHg (€0),MoGeMe ]
' 1,2
[ cSH-S(-co)ZMoGeMe«]+' v s
[C.H.(CO)MoGeMe, ]
575 3
\ 1,1
) |
‘, \
+
[(cgH,Me)(cO MoGe]” [c SHS(CO)CMoGe]+ [CoH MoGeH,]
[C.H CMoGe]+

575

|

+
[C4H3M0Ge]




complexes, seem to be fairly typical of the differences. throughout their spectra.
The molybdenum-methyl complex showed ions due to loss of both CO and Me units,
those resulting from the alkyl radical loss being somewhat more intense than

those from the carbonyl loss

+
C5H5( CO)BMoGeMez + Me

/ : rel. int. 2
C.H.(CO) MoGeMe,,
relative intensity 4. CSHS(CQ)ZMoGeMe o o

3
rel. int. 1
The molybdenum-ethyl and -propyl compounds showed much more complex break-
downs, following all possible competing paths and no particularly dominant process,
alkene elimination and loss of alkyl radicals and carbonyl groups (including HCO & .

H,CO loss) all giving relatively intense ions.

+

+
5 _>c5H5(co)3MoGeEt§H) + C.H

CSHS(CO)BMoGeEt SHy,

+ + .
CSHS(CO?SMoGeEt ——-7>05H5(co)3MpGe + Et

+ +
CSHS(CO)BMoGeEt ——»cSHS(co)zMoceEt + CO

2
Thgre was some tendency,. as shown in these compoﬁnds, to retain an even electron
configuration for many of the ions.

The  tungsten methyl complex showed peaks from cleavage of C-O bonds from the
earliest stages of breakdown (this process was noted for the molybdenum-
analogue only after loss of two Me units) and provided a different pattern of
ions from thaf of the molybdenum compound, showing losses of 15,16,28,29,30 and
44 mu fragments (probably CH3, 0, CO, HCO, HZCO and co, although loss of CH,
and C,H, from -GeMe, or -GeMezlcannot be ruled out: the latter reaction

274 3

certainly does occur at some stage).




Fig.3.3 Some Fragmentation Paths of ﬂ—CSHS(Eg)BMoGeEt3

+o
[CSHS(CO)3MoGeEt3]
[c_H_(CO)_ MoGeEt ]+
55 UY /g R0GERL,y
+ [CSHS(CO)3MoGeEt(H)]
[(C5H4Et)(CO)2MoGeEt]
[MoGe(C0)3]+
[C.H.(CO). MoGeEt,]"
55 LD HOLERL,
[(C.H Et)MoGeEt]+ [c_H_(CO) MoGeEt(H)]+
5% 5°5 2
[C.H.(CO)MoGeEt. 1T
5°5 2
_|.
0 [CSHSMoGeHz]
+
[CSHSMoGeEt]
y

[C7H6Mo(;e]+

l

MoGeCH2+

MoGeC+




The metal-germanium bond reamined intact for the greater proportion of the
ions until all six initially surrounding groups (CO and R) were removed,
leaving as in the case of the simple alkyl germanes, hydride fragments,

CSHSMGeHil The presence of such hydride ions implies loss of either CHZ'

or CZH4 from the methyl complexes. Some rupture of the M-Ge link occurred at

+ . .
an early stage, however, as the GeR3 ion was seen in all the spectra, GeMe3

forming the base peak of the methyl compounds, and the corresponding major
+

R3

as the largest set in the spectra of the propyl and ethyl complexes.

breakdown fragment of Ge for the higher alkyl units (i.e. R2GeH+) appearing

No fragments containing solely molybdenum or tungsten were detected,
although the regions of the spectra in which they would occur was in all cases
very complex, being occupied by numerous doublet and triplet ion sets with no
clearly defined isotope patterns.

Those ions which retained the metal-metal bond intact and a CSHS unit
could always be formulated with the cyclobentadiene ring as CSHS' In some
cases, however, notably, after loss of HCO had occurred, this procedure (of
retaining a CSHS unit in the formulation of the ion) left a C2H4 or a CH2 unit
to be accommodated in the remainder of the ion. The apparent presence of
these entities, which are not favoured in the breakdown of the simple alkyl
germanes, is perhaps better explained in terms of transfer of C2H5 or CH3
groups to the C5 ring (which remains n-bonded to the transition metal) to
give C5H402H5, and CSHACH3 units, the hydrogen removed in the HCO group thus
coming from the cyclopentadiene rather than the alkyl group. There is, of
course, no means of distinguishing between isomeric ions such as
+
2

+ +
C.H MoGeEtz(C2H4) , and C.H, MoGeEt,, and the rearrangement

Et )MoGeEt 5Hs

(CSH4
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must remain speculative. No othe;,fragments containing C5H4Et, similar units
or.their breakdown products were detected.

The production of the fairly intense CS'HSGe+ ion in all the spectra is
probably analogous to the ions produced by the migration of alkyl groups in
molecules such as RBSi-GeR'3 menioned earlier. Two processes are possible
(a) the transfer of the germanium atom and its attached alkyl groups to the
C5 ring which is at that time still x bopded to.the transition metal - i.e.

a proéess involving initial metal-metal bond breaking or (b) transfer of the
05 ring to germanium with the metal-metal boﬁq intact followed by subsequent
M-M rupture (variations could include synchronous transfer and bond breaking).
The former process could occur from an early stage, i.e. when the germanium

retained two or three alkyl groups, the latter process would be expected to

occur at a later stage, after considerable breakdown of the GeR3 unit had

taken place. In no case was an intense ion corresponding to CSHSGeR2 or 3+
seen, and inly in the spectrum of the methyl-molybdenum complex was there a

+ +
suggestion of the ion C_H GeCH3 , 8o it would seem more likely that C5H5Ge

575
production occurred at a late stage in the breakdown of these compounds, by
: +
the second process, (b). CSHSGe+ can also be formulated as CyH,GeH ,

although CSH could be o bonded to germanium as

5

+ \
Ge '

The fragmentation of the cyclopentaiene ring attached to the M-Ge skeleton
which only occurred after loss of the six other radicals produced complex
multiplet ions with group centres 13 and 26 mu apart, by loss of, presumably,

CH, C2H2’ H2 and H units.
136
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Table 3.2. Some High-Resolution Mass Measurements

Organgermanium-Transition Metal Complexes.

m/e deviation assignment
(p.p.m)
nCSHS(CO)BMoGeEt3
406.9715 +5 cp(coXL71(MoGe )EL 5+
405.9690 0 cp(c0)3170MoGe )EE 5+
404.9705 A cp(€0)308(Moge )EL S
403.9704 -4 cp(€0)3168(MoGe )EL 5T
376.9297 0 cp(€0)3179(MoGe )EL T
348.9351 +1 cp(€0)2170(Moge )EL 5
348.8992 +2 cp(€0)3170(roGe )EL (1)
318.9025 A cp(C0)2170(MoGe )ELT
259.9063 +2 cp 166(pMoge)ELT
181.8431 -1 168(mMoce )cHo+
181.8349 0 169 (Moge Ycut
181.8266 4 | 170(Moge)ct
144 .44933 cpCo 170(MoGe)C2H4++
144 .47682 cp 165(MoGe)EtzH++
nC H; (CO),WGeMe,
44:8.9665 +1 cp(C0)3235(WGe )M+
447.9663 0 cp(C0)325% (WGe Mest
407.9822 +9 cp(C0)C237 (WGe eyt
407.9472 0 cp(C0) 256(wge Me,t
406.9783 A cp(€0)C250 (WGe )Megt
406.9467 -4 ¢p(€0)2233(WGe )Mes™
ﬂCSHS(CO)Z(PPh3)MoGeEt3
480.0339 -4 c¢p(C0)92%Mo(PPh3 ) (H)F
452.0246 P -4 ~ cp(co) 98MopPhyceH,t
425.0340 B +3 13¢c,1578MoPPhy cgH,t

239.9920 ‘ 0 CsH598MocgHgT




A number of doubly charged ions were clearly visible in the spectra.

For the tungsten methyl compound, these'corresponded to all the major M-M
containing fragments, i.e. CSHS(CO)nWGeRm++ m = 0-2, n = 0-3, indicating
again the high stability of the metal-metal link in higher oxidation levels
for the heavier transition metals. It is interesting to note that the
intensities of the ion groups, as seen at unit mass resolution differed in
the doubly charged state from those of the singly charged ions. The doubly
charged ions from the tungsten-methyl compound increased uniformly in
intensity from high to los mass, while their singly charged couterparts
alternated in intensity as déscribed above, indicating perhaps that any
stabilising effect of the carbonyl groups and the loss of CH3 units was not
so effective for the ions with the greater charge. For the molybdenum-

ethyl complex, which showed ions corresponding to CSHS(CO)BMoGe++,
CSHS(CO)ZMoGe++ and CSHS(CO)MoGé++, the reverse was apparently true, the
group CSHS(CO)ZMoGe++ and its isobars being the most intense. In the same

- molybdenum compound, two small ions corresponding to CSHSMoGe++ and Et3Ge
were observed in the low resolution trace. Doubly charged ions in the spectrum
of the molybdenum methyl complex were very much less intense and could not be
assigned unambiguously  from the low resolution spectrum.

The reactions discussed are summarised in the partial fragmentation

diagrams.

(b) The dicarbonyl-phosphine complexes, ﬂCsH5(99)2(££h3)§§ER3.

In these compounds, nCSHS(CO)z(PPhB)MGeRB, R = Me, Et for Mo, and Me for
M=W, the number of ioms containing the M-M link was virtially. limited to those

at high mass in which complete loss of the alkyl groups from the germanium had

not yet occured. These were much less intense than the corresponding ions in
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the tricarbonyl complexes, in agreement with the trends found on substitution
of phosphines for CO groups in MhZ(CO)lo. The moleculaf ions were still
easily detected however. Rupture of ghe M-Ge bond occurred in all cases before
that of the M-P 'bond, leaving a number of large ions containing the
transition element as the sole metal. The M-Ge bond could just be detected

as remaining until the [(C5H5(PPh3)MGe]+ stage. One of the major M-M bond
fission processes was the strange elimination of a neutral germanium hydride

fragment, best seen in the molybdenum ethyl complex
+ + .
[C5H5(C0)2(Ph3P)MoGeH2] —_— [CSHS(CO)Z(PPh3 MoH] + GeH ....... (i)

555 ~~——= 482 + 75, m*= 419
the apparent discrepancies in mass arising from the "mass contraction" for the
MoGe combination, as mentioned previously. The metastable set from this
transition has a different isotope pattern from any of the metallic fragments,
but occupies the region calculated by considering transitions occurring from
each of the largest individual isotope combinations, e.g}7?Mo-Ge)+ ——*??Mo)+ +ge
etc. Two other interesting reactions among the ions cqntaining just the

transition element were noted,

+ + ..
[C5H5(CO)2MH(PPh3)] —»[CSHS(CO)M(PPh2C6H4)] + HCO  ...... (ii)

and

]+ + P(CcH), ..., (iii)

+
[CSHSM(PPh CH, )] —[C_H.MC.H 6,y

2764 55766

both of these processes being confirmed by high resolution mass measurement and

|
\
the presence of the.appropriate metastable peaks. Transition (ii) is formulated
with-loss of hydrogen from the phosphine rather than the cyclopentadiene ring

in the basis of the subsequent rearrangement to the "sandwich" ion, with



elimination of the presumably very stable "phosphonium" unit. The ion
[CSH5M°C6H6]+’ isoelectronic with (neutral) chromocene, forms the base peak °
of the spectrum of the molybdenum-ethyl compound. Transition iii and its
associated ions were present in the spectrum of the molybdenum- and tungsten-
methyl phosphine compounds, nCSHS(CO)zPPhBMGeMe3, but to a lesser extent

than for the ethyl compound. Transitions (i) and (ii) occurred to an even
smaller extent, presumably because of the difficulties in prbducing aAGe-H

]+

can of course

species from the GeMe, grouping. The ions [CSHS(CO)MPPh2C6H4

3
be formed by routes other than via the germanium hydride. Two large doubly
chafged ions corresponding to CSHSMP(C6H4)2 and CSHSMPPh3 were observed.

Transfer of germanium to cyclopentadienyl did not occur to any appreciable

extent, and ions corresponding to; and'derived from, the GeR3 fragment were

very small.

For the diethyl phosphine analogous of these compounds ﬂCSHS(CO)Z(EtZPH)MGeR33
the largest ion was that due to cleavage of M-M bond, [nC5H5(CO)2(Et2PH)M]+, ‘
but fragments containing metal-metal bonds were more abundant in these spectra
(M = Mo, R = Et, Me = W, R = Me) than for the triphenyl phosphine complexes.

The rearrangement .of the transition metal phosphine containing ion to either

ﬂCSHSMCZH5 or ﬁCSHSMCZH4 was not confirmed but could not be ruled out from the

low resolution spectrum.
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PART 4

CONVMPUTATIONAL
TECHNIQUES



THE intensity patterns of the groups of peaks making up each ion are one
of the most striking features of the mass spectra of organometallic compounds
containing polyisotopic elements. For ions with only a single atom of such
an element, the number and intensity of the major peaks in these groups
correspond to the number of naturally occurring isotopes of the element and
their relative abundance. The ion set Me3Ge+, for example, consists of five

70)+ 72 + 73)+

21%, (MeBGe ), 27%, (Me3Ge 8%

b b

major- peaks corresponding to (MeBGe

74 + 76+
e

(Me,Ge" ") , 36%, and (Me3Ge ), 8%, and similar much less intense sets from

3
jons with the same metal isotopes but increasing numbers of 013 atoms. The
characteristic patterns formed by ions containing more than one atom of one
or more polyisotopic element often cover a large mass spread, between the
peak from the combination of all the isotopes of lowest mass number to that

70Ge70

containing all the isotopes of highest mass number, (for Gez, mass 140, Ge
76 76 . . . .

to mass 152, Ge' Ge' ) and in calculating these isotope patterns, 1.e. of the

abundance of each nominal mass as seen under low resolution conditions, the

intensity contribution of each isotope combination to each integral mass must

be considered. For example, mass 166 in the MoGe pattern has contributions

70 ¥ gel? 92,74

from Mo96 Ge ~, Mo , and Mo For groupings containing more than

one atom of the same élemenf, these contributions are not immediately

additive, as allowance must be made for the increased probability of occurrence
of combinations containing varying numbers of dissimilar nuclides, which, being
proportional to the number of different permutations of the isotopes present
and the product of their abundances, results in a binomial relationship.
General expressions for the abundance of a peak at a particular mass within an

isotope pattern formed from a given number of atoms of a single polyisotopic
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element have been derived%Band may be evaluated directly, for the simpler
cases, by conventional means. Solution of these or similar expressions for
abundances caﬁnot be avoided, even if only the nominal mass of the most
intense peak of an isotope pattern is required, since this does not, in
general, correspond to the sum of the nominal masses of the most abundant
isotopes of the separate elements. This point is absolutely fundamental to
the mass spectrometry of polyisotopic molecules énd is in direct contrast
with the situation obtaining for organic compounds.

The precise masses of the isotope combinations contributing to any
particular integral mass usually have a spread of less than 50 p.p.m. (parts
per million) and with a maximum spectrometer resolution of 1:20,000, appear,
at the relatively high mass at which they are normally measured, as a single
peak with a precise mass corresponding to the weighted arithmetic mean of
the exact mass of each of the contributing combinations, and a relative
abundance which is the sum of the relative probabilities of occurrence of
these combinations. If all the data which may be obtained from the
examination of isotope patterns under high resolution are to be used, the
value for the precise mass of each peak in the pattern must be calculated,
as well as its abundance. Provision of exact mass values not only increases
the order of magnitude of the task but also requires a different approach
to the solution of the general expression for abundances. The binomial
relationships encountered soon increase the labour of a manual calculation
for the larger patterns to overwhelming proportions, and they then become
much better suited to the higher speeds and greater reliabilities of

electronic digital computers.

This section deals with computer-based methods of handling the




arithmetic required for the elucidation of the mass and abundance values
characteristic of isotope patterns. These form the basic data for studies
of the mass spectra of polyisotopic organometallic compounds and without
them the elemental composition of fragments within the spectrum of such a
compouﬁd cannot be determined unequivocally.._Methods are also considered
for tackling the inverse problem of fitting elementél compositions  to
experimentally measured values of masseé and abundances. Here again, for
the polyisotopic organometailics, vast amounts of arithmetic result for
exhaustive coverage of all possibilities and the repetitive nature of the
process is well suited to computer method;.

The two fields, of synthesis of isotope patterns and analysis and
interpretation of experimental measurements from spectra containing these
patterns, will be considered separately. Six computer programs are
presented, three in each category, and these yill be dealt with in turn,
first in general, explaihing their purpose and relevance in chemical terms,
and then as a full specification giving all details of their working
methods and requirements. This latter section presupposes a familiarity
with general copputing terminology, of the capabilities and mode of
operation of the computer for which the program was written and a working
knowledge of the programming 1anguagé?&2%%ese specifications also include
the program text. Exémples of output are given and results relevant to
the work described in part 3 are collected in Appendix 1.

There has been no previous work on the problem of calculating the
apparent precise mass of peaks resultingifrom the combination of groups
of metallic isotopes, and only a small amount on the provision of

abundance values for aggregates of polyisotopic atoms; patterns for all
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combinations of brqmine and chlorine up to a total of eight atoms,

(i.e. Bro_8 C18—Br) and for up to eight sulphur atoms have been evaluatede
The relatively recent advent of commercially'produced high resolution mass
spectrometers is perhaps at the foot of this apparent lack of interest.
Considerable use has been made of electronic computers in the mass
spectrometry of organic compounds. They have been employed in the
production of mass and abundance tablesmfygn the solution of a}gorithms
for the derivation of empirical formulae from a precisely measured ion
massz here often in conjunction with some method of checking the answer
against a probable composition of the parent compoundﬁizand recently in
two sophisticated routines for the wholly automatic recording and
interpretation of comﬁlete high resolution spectra. These latter methods
involve direct coupling of a computer to mass spectrometer, and have been
used to produce the now well known "element maps"]63and complete sequence
determinations for amino acids in various types of proteinlﬁ&% in both
cases precise mass was used as a sufficient criterion of elemental
composition. Methods for automatic quantitative analysis of mixtures of
similar compounds by computer, using abundance measurements from the
spectrum of the mixture have been in use for some time in the petroleum
industryw?

The three programs dealing with convérsion of experimental data to
elemental composition and formulae, owe something to the methods just
mentioned, in baéic concept if not in detail. It must be emphasised,
however, that any analysis of spectra of polyisotépic molecules depends
fundamentally on the basic data of the pattern synthesis, and the degree

of success achieved in analysis is directly related to that attained in
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Isotope abundance pattern for two molybdenum atoms

184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

- End

Nominal
Mass
184
185
186
187
188
189
190
191
i92
193
194
195
196
197
108
199
.- 200

Relative
Abundance
19,2408
0,0000
22,1281
38,0933
46,3966
44,8336
99,5008
52,8153
’ 100,0000
80,8979
80,2035
57 ,4411
67 4294
13,9076
34,9530
0,0000
7.,0789

ABUNDANCES output




the calculation of the isotope pattern.

4.1. COMPUTATIONAL TECHNIQUES FOR MOLECULES CONTAINING POLYISOTOPIC ELEMENTS

4.1.1. Basic Data - Masses and Abundances for Peak Patterns.

’ (i) ABUNDANCES.

This program provides abundance: values for each nominal mass in the
pattern resulting from the combination of any number of atoms of a single
polyisotopic element. The Diophantine expression for the intensity of a
peak within an isotope pattern given by Beynon is evaluated directly for
each mass and the final answers are displayed in parallel columns under the

headings Nominal Mass and Relative Abundance, this latter value being

normalised to the most intense peak as 100. A pictorial version of the
abundance values is also output, which gives a more quickly comprehensible
idea of what the pattern would look like in a conventional low resolution
trace of a mass spectrum. For most purposes the routine is superseded by
LSOCOMB-4, but it remains useful for polymeric materials containing more

than ten atoms of a particular polyisotopic element; e.g. small silicone

molecules, some boron-containing compounds, and some germanium polymers,
which are outside the present scope of ISOCOMB—4.

It is perhaps interesting to note that the Diophantine expressions
to which the program gives a solution, are a classical mathematical problem

~which as their name suggests were first studied by the ancient Greek

philosophers.
(ii) ISOCOMB-4
By effecting a complete synthesis from basic principles of an isotope

pattern formed by the combination of up to ten atoms each of up to four
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ISOCOMB-4 output

Isotope Abundance Patterns,
Peak Patterns in Mass Spectra of Compounds containing one atom of tungsten
and three of bromine,

Isotope , Combination Mass Abundance
( mass numbers ) ' Product
180 79 79 79 416,702024 8,25220
182 79 79 79 418,703313 1359,03
183 79 79 179 419,705332 738,572
184 79 79 179 420,705234 1582,36
186 79 79 79 422,709382 1469,41
180 81 79 179 418,700020 24,2470
182 81 79 179 420,701307 3993.17
183 81 179 179 421,703328 2170,10
184 8 179 179 422,703228 4649,36
186 81 79 79 424 ,707378 4317 .48
180 81 81 79 420,698014 23,7478
182 81 81 179 422,699307 3910,97
183 81 8 79 423,701326 2125,.43
184 81 81 79 424,701224 4553,656
186 8 8 79 426,705376 4228,60
180 81 81 8 422,696010 7.75299
182 81 81 s1 424,697301 1276,.82
183 8 8 81 425,699321 - 693,892
184 81 81 381 426,699218 1486,.64
186 81 81 81 428,703372 1380,52

Number of combinations:- 20

Nominal multiplicity spread Peak Mass Relative
Mass (ppm,) (wtd mean) Abundance
417 singlet 416,702024 0,0813

418 no combination S

419 2 7.9 418,703253 13,6312
420 singlet , 419,705332 7.2780
421 3 C 17 420,702404 55,1765
422 singlet ‘ 421,703328 21,3847
423 4 32 422,702596 98,9116
424 singlet 423,701326 20,9444
425 3 24 424,703349 100,0000
426 singlet 425,699321 6,8378
427 2 14 426 ,703776 56,3191
428 no combination

429 singlet 428,703372 13,6039




different polyisotopic elements, this program produces aly the information
necessary for the examination of these patterns in a mass spectrometer at
both high and low resolution.

The routine generates a pattern by setting up each isotope combination
in turn and from these calculating the two parameters needed for the
calculation of the weighted mean peaks. These parameters, a precise mass
and an "abundance product", the latter formed from the product of the
isotopic abundances of the nuclides present and the total number of atoms
in the combination and divided by the factorial of the total numbers of
each different isotope present, are listed in the first part of the

program's output, alongside their respective isotope combination in columns

headed mass and abundance product. All the individual precise masses and
abundance products are then combined to give the final pattern, which is

tabulated under the headings of nominal mass (integral mass number of the

peak), multiplicity (number of isotope combinations having the same
nominal mass), spread (difference between extreme masses of the contributing
combinations, in p.p.m.), peak mass, (weighted arithmetic mean of

contributions to multiplet masses) and relative abundance (sum of abundance

products of individual combinations normalised to the most abundant peak in
the:final pattern as 100).

For mést purposes, only the data in the last two columns are used, but
under optimum conditions, the peaks from the individual isotope combinationsv

can be observed; for example the M097Ge76 - MolOOGe73

doublet (mass spread
22 p.p.m.) could be seen as two peaks at mass 173 with a resolution of
1:20,000 but at higher mass this fine structure disappears, and in the

molecular ions of ﬂCSHS(CO)BMoGeEtB, the peak collapses to a singlet at the
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weighted mean mass under this resolution. In the cases where the fine
structure is resolved, the mass data from the first part of the output
can be used.

The calculations an& output are for the bare metallic skeleton only.
Production of masses and abundances cprresponding directly to those observed
for ions containing the organic elements is fhe function of the next program,
and ISOCOMB-4 produces a data tape for these calculations which can be read
without further preparation directly into this program. .

(iii) PEAK PATTERN.

This is a relatively simple and straightforward routine which gives
the abundance for each nominal mass number of any isotope pattern derived
from the combination of polyisotopic atoms and atoms of the organic elements,
a pictorial version of these abundances, and precise masses for a number of
peaks in the pattern and the (separate) organic portion of the ion. The
program is unusual in that it produces an accurate pictorial print-out of
the abundance values using the normal punched tape-controlled electrical
typewriter. Corrections to the basic isotope pattern produced by ISOCOMB-4
for the presence of the heavy isotopes 013, Hz, N15, 017 and 0" are made
in an appropriate fashion which is sufficiently accurate for virtually all
purposes. If necessary the mass values for the final ion, both the nominal
values printed alongside each abundance and the precise masses, can include
any number of phosphorus atoms, and one other monoisotopic element e.g.
fluorine or iodine, which can be specified by the user. A picture of each
actual ion required is thus produced. Apart from the data, tape from
ISOCOMB-4 or some other suitably prepared tape, the only information by
the program is the formula of the ion in question. The mass data stored in
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0,000432
0.,004754
0. 007963

0,012286

0,013987
0,021519
0,023221

0,025840

0,027544
0,035074
0, 036777
0,041098
0,044307

“0,048630

0,050332
0.057864
(0,062185

| 0,063888
10,071418

0, 077443
0, 080652
0, 084975
0094208
0, 098529
0,107763
0,116996

. 0,763557

0,786347
06799901
0,809135
0,82269
0,825740
01,834974
0,836246
0,840998
(,844207
0,848530
0,850232
0,857764
0.859465
1,862085
(. 863788
(0,871318
0873022
0877343
0880552
0,884875
0., 886576
0.,894108
0,898429

. m-3
. 6,040
6,603
3,979
4,557
6,425
4,372
6,246
4,948
6,809
4,764
6,632
7,1N
4,580
5,155
7,015
4,972
5,543
7,396
5,362
7,776
5,179
5,750
5,569
6,136
5,956
5,776
13,400
13,574
13,89
13,749
14,066
13,291
13,308
14,381

13,442

13,325
13,323
13,462
13,341
13.481
13,338

C 13,473

13,356
13,492
13,484
13,373
13,370
13.503
13,388
13,384

m-2
73,352
73,191

73,937

73,772
73,242
73,825
73,294
73,661
73,133
73,714
73,184
73,025
73,766
73,603
73,075
73,655
73,492
72,967
73,544
72,859
73,597
73,434
73.486
73,324
73,376
73,427
80,372
80,377
80,317
80,381
80,321
93,560
93,741
80,261
93,781
93, 921
93,706
93,974
93,888
94,167
93,667
93,913
93,851
94,108

93,849 .

94,035
93,810
94,045
93,995
93,764

m-1
28,708
29,368

126,106

26,791
29,180
26,593
28,992
27,273
29,650
27,077
29,464
30,116
26,881

27,558
29,932
27,364
28,037
30,397
27,844
30,860
27,650
28,321

28,130
28,795
28,606
28,415
26,807
27,097
27,630
27,387
27,919
19,963
19,654
28,449
23,746
19,342
20,310
23,448
20,001

23,148
20,964
24,094
20,657
23,797
24,737
20,349
21,311

24,443
21,005
21,963

m+1
10,911
11,979
7,258
8,344
11,614
7,969
11,247
9,051
12,314
8,678
11,949
13,012
8,303
9,385

12,649

9,012
10,090
13,347

9,720

14,042

9,347
10,425
10,055

11,128

10,760
10,390
27,958
28,295
28,968
28,632
29,305
25,989
25,666
29,975
29,960
25,342
26,354
29,650
26,032
29,338
27,040
30,327
26,720
30,017
31,001
26,399
27,406
30.694
27,087
28,089

m+2
21,371
21,581
21,601
21,778
21,403
21,610

- 21,225

21,793
21,439
21,623
21,259
21,479
21,453
21,640
21,298
21,469

21,662

21,340
27,489
21,387
21,316
21,513
21,338
21,541
21,365
21,189
86,373
86,330
86,364
86,287
86,322
74,436
74,339 °
86,360
74,743
74,243
74,419
74,643
74,322
74,543
74,500
74,731
74,402
74,630
74,820
74,304
74,484
74,719
74,386
74,567
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the program are on the C°~ scale and the values used for relative

A . . . " 188
abundances of the organic element heavy isotopes are those given by Beynon .

4.1.2. Interpretative Methods.

Progfams concerned with the production of chemical formulae from
experimental values of masses and abundances.
(i) MASS TABLE

Quite early,in the work on organogermanes described in part 1,
interpretation of their mass spectra became lengthy and tedious, in terms
of checking measured masses against proposed constitutions of various ions.
A tabulation of all masses for all chemically possible ions was clearly
desirable, but equally clearly a complete tabulation involving all the
germanium isotopes for a number of germanium groupings and all the commonly
encountered elements was out of the question. A compromise sacrificing
combleteness over a restricted range to wider limits and more manageable
proportions was adopted, by listing masses for the most abundant isotope
peaks of the groupings Ge, Gez,Ge3 and Ge4 taken in combination with all
Ehemically possible numbers, in terms of valence saturation, of the organic
elements within certain limits. No lower limit, other than zero, was placed
on these elements: upper limits were nine carbon atoms per free germanium
valence, fopr nitrogen and six oxygen atoms and hydrogen to valence
saturation. The program also calcﬂlated and printed values of the intensity
of peaks surrounding the one under consideration, for pure species
corresponding to each particular formulation of the peak, providing three
on the low mass side (M-3, M-2, M-1) and two on the high mass side (M1, MH+2).

The abundance values assumed unit resolution of peaks only, and so the
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FORMULATOR

Possible mass fomulations,
Ions in spectrum of pi-cyclopentadienyltri-ethylgermyltricarbonylmolybdenum

Allowed error + 10 p,p,m,

Jon Mass mnetal C Cx H H* N 9] calc, mass dev
348,966845
162 10 0 19 0 0 3 348,969701 8,2
165 10 1 17 1 0 2 348,963476 -9,7
166 11 0 19 o 0 2 348,967546 2,0
166 11 0 17 1 0 2 348,969093 6.4
170 11 1 18 O 0 1 348,967298 1,3
170 11 1 16 1 0 1 348,968846 5.7
170 12 0 17 1 0 1 348,964374 -7,1
172 8 1 18 1 0 3 348,963496 -9,6
173 8 1 19 0 0 3 348,967873 2,9
173 8 1 17 1 0 3 348,969421 7.4
173 9 O 20 0 0 3 348,963401 -9.9
173 9 0 18 1 0 3. 348,964951 5.4
Ion Mass metal = C C* H H* N (o] calc, mass dev
348,935104 . :
162 12 1 14 0 0 1 348,931820 -9.4
162 12 1 12 1 0 1l 348,933370 -5,0
165 9 1 15 0 0 3 348,934834 -,77
165 9 1 13 1 0 3 348,936382 3.7
165 10 0 14 1 0 3 348,931911 -9.,1
167 13 1 13 0 0 0 348,936886 5,1
167 13 1 11 1 0 0 348,938434 9,5
167 14 0 14 0 0 0 348,932416 -7.7
167 . 14 0 12 1 0 0 348,933964 -3,3
169 10 1 15 0 0 2 348,932476 -7,5
169 10 1 13 1 0 2 348,934024 -3,1
170 11 0 15 0 0 2 348,935734 1,8
170 11 0 13 1 0 2 348,937281 6.2
174 11 1 14 0 0 1l 348,934307 -2.3
174 11 1 12 1 0 1 348,935853 2,2
Ion Mass metal C C* H H* N O calc, mass dev
318,979069
167 10 1 19 0 0 0 318,977863 -3.8
167 10 1 17 1 o o 318,979413 1.1
168 11 0 19 0 0 0 318,981797 8,6
170 7 1 20 0 o 2 318,981181 6,6
170 8 0 19 1 0 2 318,978258 -2.5
174 8 1 18 1 0 1 318,976832 -7,0




tabulation accommodated the needs of both high and low resolution
measurements. A mass range of 74-400 was covered, resulting in a 740 page
output, the whole of which was sorted automatically into order of incrgasing
mass to make it more easy to use. Unfortunately concentration on the major
isotope masses was not always sufficient to characterise a complex pattern,
and smaller compilations over restricted mass ranges and composition limits
including all Ge isotopes and some C13 atoms, would have proved useful.

The program could be adapted to produce these but the other formulation
routines described below were developed and in general proved more useful.
(ii) FORMULATOR.

This program provides a straightforward method of dealing with mass
values which are otherwise difficult to formulate. The routine checks the
experimental mass in question against all the chemically possible
formulations for the constituent atoms of the particular compoéound, including
those containing 013 and H2. Each formula whose mass lies within a
specified range of the experimental value, conveniently the expected error
in measurement, is printed out. Provision is made for dealing with up to
four different isotope patterns in one spectrum e.g. PtGez, PtGe, Pt and Ge
in the spectrum of (Et3P)2Pt(GePh3)2, as well as those purely organic
fragments which could result from the compound studied e.g. biphenyl in the
above case. All the possibilities for each measured mass are printed under
headings showing the metal isotope peak present, the formulationm, including
separately any 013 or'HZ, the calculated mass for the particular formulation,
and ‘the deviation in p.p.m. of the measured value from that calculated. The
method was designed so that every possibility would be checked, thus at the

very least giving an indication that if no formulation was found for an ion,
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Possible mass formulations,

- FORMGROUP

Ionsg in spectrum of pi-cyclopentadienyltrimethylgermyltriphenylphOSphino-

dicarbonyltungsten

Allowed error, + 5.0 p,p.m,

Ion Mass metal C Cx
325,032049

74 12 2

74 12 2

182 11 O

183 6 2

183 6 2

184 6 2

184 6 2

184 8 0

186 3 2

Ion Mass metal C C*

326,036797

72 15 2

73 15 2

73 15 2

182 10 1

182 10 1

183 11 0

184 7 1

184 7 1

186 8 0

18

16

13

11

11

12

12

17

15

13

11

11

14

12

12

H*

calc, mass
325,032302

325,030752

325,032799

325,032488

325,030939
325,033600
325,032054

325,032757

325,032643

calc, mass
326,035238
326,037274
326,035726
326,037700
326,036154
326,036365

326,037659

326,036111

326,038071

dev

4,0

dev

Me

cp Bzn

cp Bzn
Ph Me

Ph

Me Me My
Ph Me Me

Ph Me Me

Me CO CO cp

Me Me My
Ph Me Me

Me Me CO CO Me

cp Ph Bzn
grouping
grouping
Bzn

Ph

Bzn

Me Me Me
Ph Me Me

Me Me My
Ph Me Me

Me CO CO cp




one definitely did not exist within the error limits and composition range
allowed. This simple but effective routine has proved helpful in assigning
masses from the congested areas of the’spectra of the organogermanium
transition metal complexes, particularly multiplet peaks.
(1ii) FORM GROUP

This program provides a way of dealing with the translation of empirical
formulae found for ions into possible groupingé of structural entities present
in the original cbmpound or which could be derived from them by known fragment-
ation processes. It is thus an appreach to a truly automatic interpretation
routine. It consists of two separate sections, an extended FORMULATOR
routine, similar to that described above, but with some modifications to
increase its scope and speed, and a self contained sub-program which performs
the grouping operation on the formulae found for each ion mass. It was the
intention to provide a routine which followed the methods one "intuitively"
employs to deduce the probable structure:of an ion from its formula, and by
applying this to all the results found for each experimental mass, to
felieve the user of the labour of checking all but the likely candidates
found by the method. The final algorithm used was a relatively simple
multistage addition and suﬁtraction process which was both fast and exhaustive.

The basis of the method is the tendency for the organometallic compounds
studied to fragment in certain well defined ways, e.g. the prevailing alkene
loss from the alkylgermanes, and the great stability of other groups e.g.
phenyl, cyclopentadienyl, carbonyl etc. under electron impact, thus making it
possible to include a substantial number of'fragmentation routes within a
relatively small amount of stored data. Fragmentation routes and data for 27
groups are contained in the routine, including the alkyl, alkenyl and alkynyl
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radicals up to C4, the common aromatic radicals, and a number of heteroatom
groups. These are listed in full in the-specification. The procedure can
easily be expanded to accommodate more or alternative routes, the basic
control statements, described in the specification and logic flow chart,
being designed with this in mind.

Special provision is made for the inclusion oflfluorine in the grouping
routine so that fluorocarbon peaks e.g. from the mass standard, can be
processed at the same time as hydrocarbon fragments. Provision is also made
in the formulation routine, for the inclusion of phosphorus and one other
monoisotopic element, at the user's discretion. The output format is similar
to that of FORMULATOR described above, with the addition of the structural
formula for each empirical formulation which is printed out next to the
value of the aeviatioﬁ, or 1f more tﬁan one possibility exists they are
printed out one below the other in this position. An example of output is

given on page 149a.

4.2. PROGRAM SPECIFICATIONS.

The routines described above are all written in the dialect of Algol 60
appropriate to the machine with which they were used (either an Elliott 803,
E.E.L.M. KDF9, or I.C.T. Atlas). Algol 60 has the advantage of being one
of the major internationally recognised programming languages, as well as
having a wide practical acceptance in this country. By virtue oﬁ its
powerful logical facilities, it is also particularly appropriate to the
199

solution of the present problems.

4.2.1. ABUNDANCES.

Language: Elliott 8 hole Algol (for 803 implementation)

Method:  Consider an element with a number of isotopes whose masses
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M, M+ 1, M+ 2, M+ 3, etc. have relative abundances a, ay, 2y, a5, etc.
Values aré required for the relative probabilities of occﬂrrence of poly-
atomic aggregates (ions) containing r atoms of the element and which have
masses rM, tM + 1, rM + 2, etc.

. . r
For the mass rM, this value is a s

r-1 T r! ]

for the mass rM+ 1, ra a = a T

’ o 1’ ) (r-1)! a ’
. for the mass rM + 2 ra r_la + _E;Ell_ a r_2a 2
’ o 2 2 o 1 '
ra a 2
[_g <1)]
1919 . 3
o a (r-2)'2! a
and for mass rM + 3
r-1 r-2 r.r-1.r-2 r-3 3
(rao a3 + r.r-l.ao ala2 + — T -ao .a1 )1

o

. . 3
IS [ S b YO S Y (.1)
- 0 a 2 (r-2)! (r-3)'37 "\ a

a
(o)

3
b b, b b
T, 3 12 1 - r , .
a0 T [(r-l)! + €D + CEER ao r! P3 ............. 4.4

where b. = a_/a .
X x' %o
Generalising this, the probability of occurrence of the mass (rM + S) is

a Tr1P  where
o S

P _Z 1 .>2 .Pg Lre e . n 4 o
= . T ts T2 - ] —1 -1 1 . ] g tressese e .
S | T 1n.(r i-1y-15 .. ln)'

the sum being taken over all partitions of S such that

il + 212 + 313 + e + nin = 8§ i iiiiaen 4.4iii
: (note 1)

The program sets up and stores in the two dimensional (triangular) array X,

products of successive "b factors" (i.e. the b, b,, bybyba,evnnnns terms of &4.1i)
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Abundances ;

begin
integer b,JsnsPedsu,h,t,W,z,r,g,k,in,8t,ab;
real I,v,sum,ans,abmax;

integer array title{1:15];

ing= 1; instring(title,in); ins= 1;

read 8t,r,z,g;

print £€1?Isotope abundance pattern for ?; outstring(title,in);
print ££1286?Nomina1£$4?Relative£1sS?MassEss?Abundance?;

begin integer array A,C,IM,M[1:r], F[O z];
real array D,E[l r].x[1°r,0 z].AB[O gl;

switch 8S:= 51,s2,583,54,55,56,57,58;

I}
[
-3
Q.
-
we
| ]
I
L |
D‘

:= 1 step 1 until r do read IM[h],E[h];

for h:= 1 step 1 until r do begin  D[h1:= E[h]/1; M[h]x IM{h]-s8t;
Clhis= g div h; if z < C[h] then C[hl:= z end;

for h:= 1 step 1 until r do
begin X[h,0]s= 1; for t:= 1 step 1 until C[h] do X[h,t]¢= D[(h]*X[h,t-1]
end;

F[h]s= h*F[h-1]; n:= O;

§8: bi= n; p:= r; sums= O; for hi= 1 step 1 until r do Alhl:= O
s1: Alpl:= b div M[p]; bi= b-Mlpl*Alp];
s2: £ b=0 then goto S3 else begin if p=1 then goto S7 else p3= p-1; goto S1 end;

§3: w:= z; for h:= 1 step 1 until r do wi= w=A[h]; if w < O then goto S7;

ve= 1; for h:= 1 step 1 until r do vi:= v*X[h,A[h]]1/F[A[h]]; wi= v/F[w];

if n=0 then goto 56;

§7: if p=1 then begin b:= b+A[1]1*M[1]; A[1]:= O; goto S4 end else goto §5;

S4s p:= p+l; if p=r+l then goto §6; if A[pl=0 then goto S4 else goto S5;

[72]
0
)

Alpl:= Alpl-1; b= beM[pl; goto $2;

S6: ans3= I*F[z]*sum; AB[n):= ans; ns$= n+l; 3if n < g then goto'ss;

abmax:= 0; for hi= 0 step 1 until g do abmax:= if AB[h]>abmax then AB[h] else abmax;
for h:= 0 t ep 1 until g do AB[h]:= (AB[h]/abmax)*100;
for h3= 0 step 1 until g do print ££L58??,sam911ne,d1g1ts(3),z*st+h ££54??,
alxgned(3 4),AB[h];
print €€14??; for h:= O step 1 until g do begin abs= AB[h]*0,8; print digits(3),
ps=

. z*st+h,2 ?; for
end;
end of program;

1 step 1 until ab do elliott(7,4,64,0,7,4,126) end;




Values for the exponentiated products for each term in the PS summation
(i.e. the numerators of 4.ii) are obtained from this array by multiplying
tégether eléments selected using the indexing array A (equivalent to the

i values of 4.ii), whicﬂ in turn is set up from the values of the maximum
mass excess (over that of the "basic peak" at rM) to be considered, and the
‘ éurrent value of the mass excess (n, equivalent to S) via the identifiers
"b" and "p". Thése are used to generate the "partitions'" required for
satisfaction of expression 4.iii. Each term of the P summation is
temporarily stored in location "V" (overwritten by each fresh value) and
the whole summation is generated and stored in the location "sum". The
final value for the probability of occurrence of a peak at mass number n

is stored in location "ans" and transferréd to the array AB for later use
in the normalisation routine. Factorials are set up and held in the array F
(note 2) and initial "b factor" values in array D. Array C stores index
values for the triangular array X (n factors in 4.iii) and arrays IM and E
hold the values of isotope masses and abundances (for nuclides other than
thét of thé lowest mass), read in as data. The final values for the
abundances are normalised to the largest as 100 (lines 29-30) and are output
in tabular form. Finally instructions of lines 33-34 produce a pictorial
version of these values (reduced by a factor of 0.8.to fit on the normai
width flexowriter carriage) each line representing an abundance being
labelled with its corresponding mass number. The instruction pair in the
Flliott procedure of line 34 produces the characters "space" and 'inderline"

(on channel one) more efficiently than the conventional "print" statement.
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Notes: _
1. The partitions of S are given by taking the coefficient the power of x°
in the expansion of

1 5 3 — = (1+£,x+f 2x2+ ceed) (1+f2x2+f22x4+ .
(1-f1x)(1—f2x )(1-f3x ) ... (l-fsx )

1" "1

e (HESHE 55 )
s_ [ ’

and the number of such partitions is given by

1 Jf. dz _
2ot (1-2)(1-22)(1-2°) ... (1-2°).25"1
{

2, The array F storing the required factorials is of type integer and it must
be noted that 13! > 536870911, the maximum integer capacity of the 803, so
that if the program is required for use in calculations involving more than 13
atoms, tggs array must be removed and redeclared as type real (where capacity a
5.8 x 1 , =@ 57!). This is the only likely cause of failure in the present
programe. -Little error is introduced by this approximation (i.e. real rather
than integrer factorials): note that the factorials of ISOCOMB-4 are stored as
real numbers.

Requirements:

8192 word configuration for translation with Elliott library program A.304
(Elliott 8 hole Algol). 4096 configuration is sufficient for running a pre-

compiled version, ABUNDANCES occupying 2233 location in A$304 translation.

Time:
1. Translation, using A;304, 6 minutes 30 seconds.
2. 'ARunning. Variable: 5 seconds per combination (see p.156a) is a reasonable

guide.

4.2.2. ISOCOMB-4

Language: Elliott 8 hole Algol. Primarily for the 803. May be used directly
with the Atlas Elliott compiler. *
Method: For any ion set from a molecule containing atoms of elements with

several abundant isotopes, the probability of occurrence of a particular

isotope combination, Pi’ is directly proportional to the product of the
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natural abundance of each isotope and the number of possible permutations of

the isotopes forming thé-combination, i.e.

where a is the relative abundance of the xth isotope, n the number of atoms
in the combination, and iX the number of atoms of the xth isotope present in
the combination.

The probability of occurrence of a peak at a particular mass number Am’
is proportional to the sum of the probability of occurrence of each of the
contributing isotope combinations, and, if relative probabilities are
concerned, constants of proportionality may be neglected, giving as the

relation for the relative abundance (probability) of a peak at Am as
c=2
1

A _ Z acl.acz.ac3. ceeen acn.n.
m . ts t i 1

. '
1 Lo teattes cn

where the summation is taken over all possible (z) combinations (c) of the
same nominal mass number (m). The precise mass at which a peak of particular
nominal mass occurs corresponds to the weighted arithmetic mean of the
precise masses of the combinations which have that nominal mass. This
assumes, however, a spectrometer resolution incapable of separating the
individual combination masses at the measured mass, which as explained above,
is normally the case.

The recursive procedure "isoset" forms the isotope combination for the
" required number of atoms of each element in turn. The combinations are
stored in the three-dimensional array IC as the corresponding integral mass

numbers, the subscripts of this array being the index number of the element
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concerned, the index number of the atom of the combination, and the index
ﬁumber of the combination itself respectively. The precise mass, the sum
of the isotope exact masses, of the combination, is stored in the array MC,
indexed by element and combination number. An abundance product, indexed
in the saﬁe manner, and formed from the product of the relative abundance
of each isotope divided by the product of the factorial of the numbers of
different isotopes present, is stored in the array AP, the searching routine
of lines 48 to 52 providing these numbers in the array "index". Control
variables "b", "d" and "B" ensure entry at the required loop of "isoset"
and "d" delays entry into the calculation routines until the innermost loop

is reached. The for statement routine of lines 80-87 forms the final

isotope combination, FIC for all atoms of all the elements present (this is
over-written by each combination after print out), the final mass of the
combination, FM, and the final abundance product FAP. These latter arrays

are retained‘for subsgquent sorting into order of ascending mass, which is
achieved by the minimal storage method of lines 97-113. A straightforward
sort-by-exchange routine is used with modifications which allow the sort fo
begin where the firét, and end where the last, exchange occurred on the
previqus pass. An exit occurs when the last exchange orders the set and
no'further exchange would take place on the next pass. These points effect
consideraﬁle time economies. Faster methods such as the "Shellsort" or

"Stringsort" routines are not used because of their high work space

X 198
requirements.

The ordered precise masses are converted to integral values (note 1)
and stored in the array IFM. A single pass through this list groups the

massés of the same nominal value together (line 121) and computes the




weighted arithmetic mean of their precise masses [i.e. 2(m.a.)/Za] and the
relative abundance (2a) for the peak. Values for the multiplicity and
spread (in p.p.m.) of the peak are obtained at the same time (note 2).
The final print statement produces the information in tabular form, the
relative abundances being normalised to the largest as 100 and a data tape
suitable-fqr direct input to the PEAK PATTERN program (described later) is
output on a second channel. These data consist of the title string (in
quotes), number of peaks in the pattern, nominal mass values and abundances
for each peak, and five precise masses, two on the high mass, and two on the
low mass side of the largest peak and this peak itself, or if this is
impoésible,'five peaks which include the largest-(note 3).

Fofmat and position of column headings are maintained by the procedure
"space'.

Notes:

1. The present program uses the "entier" value for the real to integer
conversion, thus assuming that the mass defect for all peaks of the same
nominal value is either always positive or always negative. The program
will fail if peaks of the same nominal value lie both above and below the
integral value (e.g. 123.999 and 124.001 would be regarded as 123 and 124
respectively, thus grouping them with the wrong nominal mass number).

The same problem arises with the "rounded off" real-integer conversion,

at the half integral value (e.g. 123.499 and 123,501 being regarded as

123 and 124). With combinations.of large mass defect elements, the latter
problem, i.e. a defect approaching 0.5 mass units, is more likely to occur,
and the "entier" procedure (with storage of the values to obviate unnecess-
ary re~calculation) is adopted, without further complicating the program to
allow for both possibilities. This point should, however, be borne in mind
as a possible cause of failure or incorrect results. Reprogramming for
the "rounding" conversion merely requires removal of the "entier" procedure

call.

2. The values for the multiplicity and spread of .a peak are most useful when
the individual combinations can be resolved, as described above, as an aid to
the location and fuller description of the peak. It must be remembered that
the multiplicity (or number of contributing combinations) is a "fine structure"
parameter and nothing to do with other ions of the same nominal mass. The
spread quoted is a maximum figure and gives equal weight to small peaks at
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IS0COMB - 4;
begin .
! ‘integer N,nmax,h,J,in,SN,SP,SPU,SPL,ICL,FML;
integer array na,ni,wl1:4],title[1:15];
real array M,A[1:4,1810],F[0:45];

int=1; instring(title,in); in:=1;
print €€R30L?Isotope Abundance Patterns,fL?Peak Patterns in Mass Spectra of?,
£ Compounds containing ?; outstring(title,in); :

read N; for h:=l1 step 1 until N do read nalh], ni[h];
if buffer(1,£;?) then read ICL, FML else begin ICL:= 210; FML:= 420 end;
for h:=1 step 1 until N do for j:=1 step 1 until ni[h] do read M[h,jl,A[h,J];

SN:=0; for hs=1 step 1 until N do SN:=5N+nalhl;

nmax3=0; for h:=1 step 1 until N do nmax:= if na[h]>nmax then na[h] else nmax;
F[0l3=1; for hi=1 step 1 until SN do F[{h]:=h*F[h-1];

SPUs= SPL:= O; for ht= 1 step 1 until N do

begin SpPUt= SPU+M[h,ni[h]]*na[h]; SPL$= SPL+M[h,1]*na[h] end;

SP:= SPU-SPL41;

or hs= 1 step 1 until N do w[h]:= O;

[

begin real‘arraz 1c[1:N,1:nmax,1sICL],MC,AP[13N,13FML] ,FM,FAP[1¢FML],1[1210];

integer Y;
integer array st,index,interstore[1:10];

procedure isoset(a,b,c,d); ' |
value a,b,c,d;
~ integer a,b,c,d;

begin integer B,isointer,t,x,z;
real AA,FF;
switch §S3=51,52,583,54,55,56,57,S8;

B:= if b > 5 and b=d then b-5 else if b > 5 then 5 else b;

if b > d then z:= 0 else
if b=d end b > 5 and b £ 10 then begin z:= 5; st[b+1]:=1; goto SS{B] end else
if b=d and b = 10 then begin z:= 5; Y= 1 end else
if b=d and b < 5 then begin z$= 0; st[B+1]:= 1; goto SS[B] end else
begin z3= 0; Yi=1 end;
§5¢ for st[S5+z]s= Y step 1 until c do
begin I[65+z]:= Mla,st[5+z]1];
54: for st[a+z]:= st[54z] step 1 until c do
B begin I[4+z]:= Mla,st[4+z]1];
532 for st[3+z]t= st[4+4z] step 1 until c do
begin I[3+z]:= Mla,st[3+z]];
s2: for st[2+z]:= st[3+z] step 1 until c do
begin I[2+4z)t= Mla,stl2+z]];

for st[1+z1:= st[2+4z] step 1 until c do

si: for
begin 1[14z]:= Mla,stl1421);




562

57¢

58:

wlals= wlal+l; MC[a,w[a]]s= O;

for hi=1 step 1 until b do :
begin MC[a,w[alls= MC[a,w[all+I[h]; IC[a,h,w[a)]ls= I[h] end;

if b=1 then goto S6;

interstore[1])s= I[1]); x:=1; index[1]:=1;
for h:= 2 step 1 until b do
begin isointer:= I[h]; if isointer=interstore[x] then index[x]:= index[x]+1
else begin =x:= x+41; interstore(x]:= I[h]; index[x]s=1 end
end;

FFi= 1; for hs= 1 step 1 until x do FF:= FF*F[index[h]];
AAs= 1; for h:= 1 step 1 until b do AAt= AA*Ala,st[h]];

-e

Ar[a,w[alle= AA/FF

end; goto §7;

Ap[a,w[alls= Ala,st[1]];

end; if B=1 then goto S8;
end; if B=2 then goto S8;
, end; if B=3 then goto §8;
end; if B=4 then goto 58;

end isoset ;

procedure space(a);

value a; integer a;

begin integer J,K; Ks= 2*abs(SN-5);

if a=1 and SN > 5 then begin for J:=1 step 1 until K do print ££s?? end else
if a > 1 and a < 5 then begin for J:=1 step 1 until K do print £€s?? end

end space ;

begin integer k,f,p,q,r,8,t,R,V,n;

real ULSP,LLSP,AN;

integer array FIC[1:SN],nm,Q[1:sP],ST[1:4],IFM[1:FML];

real array AB,sumM,sumA,spread,meanmass[1:SP],mainmass[1:5];
switch §8:= S9;

print £€L2??; space(1); print £Isotope Combination£s8??; space(1) ;
print £Massg£s10?Abundance£1??; space(1);
print ££s2?( mass numbers )£s??; space(1); print ££s24?product£1??;

for fi=1 step 1 until N do isoset(f,na[£l,ni[£],na[£]);

n$=0; if N < 4 then for h:= N+l step 1 until 4 do wlh]:= 1;




for 5T[4]s= 1 step 1 until w[4] do

for sT[3]:= 1 step 1 until w[3] do

for sT[2]s= 1 step 1 until w[2] do

for 5T[1]:= 1 step 1 until w[1] do
begin ni= n+l; s83=0

for ji:=1 step

]
Cclj,k,ST[jl] end;

FM[n]:= O; FAP[n]::
for t:=1 step 1 unt
begin FMInls= FM[nl+MC[t,sT[t]]; FAP[nl:= FAP[nl*AP[t,ST[t]] end;

FAP[nl:= FAP[n]*F[SN];

space(SN); for h:=l1 step 1 until SN do print sameline,digits(3), FIC[h];
space(SN) ; Brint £2547?, sameline,aligned(3, 6),FM[n],2£577?, freepo1nt(6)

FAP[nl,e£L2?;
end ;
ri=1; 8= n=-2;

begin real inter; boolean anychange;
for q3=1,q+1 while anychange do
begin anychange:=false;
for p:= r step 1 until s do
if FM[p+1] < FM[p] then
begin if not anychange then r:= p-1;
inter:= FM[p+l];
FM[p+1]s= FM[p];
FM[pl:= inter;
inters= FAP[p+1];
FAP[p+11:= FAP[p];
FAP[pls= inter;
anychange:= true

[= N

en
8¢
end
end;

.
H

341; if r=s then goto 89

[=X

s9s for hi=1 step 1 until SP do begin sumA[h]:= sumM[h]:= O; Q[h]:=0 en
for h:=1 step 1 until n do IFM[h]:= entier(FM[h]);

= IFM[n+1]:= O;

for h3=1,V+1 while h < n do
begin Vi=zh; R$=R+l;
if IFM[h+1] IFM{h] then

begin 1LLsp:=FM[h];
For ki=h,k+1 while IFM[k] = IFM[k-1] do




begin vi=k; Q[R]:= Q[R]+1;
sumM[R]:= sumM[R]+ FM[k]*FAP[k];
sumA[R]s= sumA[R]+ FAP[k];
ULSP:= FM[k]
end;
meanmass[R]s= sumM[R]/sumA[R];
spread[R]s= ((ULSP-LLSP)/meanmass[R])*,6
end else
begin Q[RJ:=1; meanmass[Rl:=FM[h];
sumA[R]:= FAP[h]; spread[R]:=0

end
end ;
AN$=0;  for h:=1 step 1 until R do

begin AN:= if sumA(h] > AN then sumA[h] else AN; nm[h]:=meanmass{h] end;
ks=0;

print £€L27?Number of combinationss-?,sameline,digits(3),n,22R80L5?Nominal€54??,
fmultiplicityES4?spreadfs5?peak Mass£S5?Relativels?MassesS22? (ppm,)£55??,
g¢(wtd mean)£s5?AbundancefL??;
for h:=1 step 1 until R do
begin kizk+l; print ££1s??,sameline,digits(3),nm[h]; if Q[h]=1 then print ££56??,
£singlet? else print sameline,digits(2),££57??,Q[h],££532?;
if spread[h]=0 then print ££s15?? else print sameline,££510??,freepoint(2),
spread[h],££8??; AB[kl:= (sumA[hl/AN)*100; .
if abs((sumA[h]/AN)*100-100)<;-6 then begin if R-h < 2 then si= 2-R+h else
if h<3 then s:= h-3 else s:=0; for j:=1 step 1 until 5§ do
mainmass[ j]s= meanmass[h-(3+8)+j] end;
print £€s4??,sameline,aligned(3,6),meanmass[h],2£s4??,aligned(3,4),(sumA[h]/AN)
%100; if h < R and nm[h+1] k nm[h]+1 then begin ki=k+l; print £€£1s??,sameline,
digits(3),nm[h]+1,£256?no combination?; AB[k]:= 0 end
end;

print ££s2rg0??,punch(2),£€r80L2Q??;
ins=1; punch(2); outstring(title,in);
print £€ul??,digits(2),k,££821277; :
for hs=1 step 1 until k do print digits(3),nm[1]-1+h,£€87??,8ameline,aligned(3,4),
AB[h]l,££52??; for h:=1 step 1 until 5 do print aligned(3,6) ,mainmass[h],£€£52??;

end of main bloek ;

of procedure block ;

-
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NUMBER OF COMBINATIONS

for a given number of atoms of a single
element with a given number of isotopes

No, of
Number of isotopes >
atoms
1 2 3 4 5 6 7 8 9 10
2 3 6 10 15 21 28 36 45 55
3 4 10 20 35 56 84 120 165 220
4 5 15 35 70 126 210 330 495 715
5 6 21 56 126 252 462 792 1287 2002
6 7 28 84 210 462 924 1716 3003 5005
7 8 36 120 330 792 1716 - 3432 6435 11440
8 9 45 165 495 1287 3003 6435 12870 24310
9 10 55 220 715 2002 5005 11440 24310 48620
10 11 66 286 1001 3003 8008 19448 43758 92378

Read number of combinations at intersection of row containing number of
atoms and column containing number of isotopes,

Note that numbers (including top row) form Pascal's Triangle with apex
in top left corner,




extreme mass values which make minor contributions to the overall nominal
peak envelope.

3. If the peak pattern has less than five peaks with non-zero abundance
values, failure will occur. Thus values for 2 or 3 atoms of a single di-
isotopic element (see appended table) could not be calculated without a
subscript overflow. These cases are trivial.

Requirements:

8192 configuration,'with magnetic film backing store for translation if
the Elliott library program A. 304 (Elliott 8 hole Algol):is used. ISOCOMB-4
occupies 3737 locations.

Time:

1. Translation: using A.304 and backing store on the 803, 17 minutes 10
seconds.
2. Running: 10-14 seconds per combination, depending on the number of
atoms and total number of combinations.
On the Chilton Atlas, calculation of the Ge7 pattern (330 combinations)
used 3099 Instruction Interrupts (approx. 20 seconds) and 40/113 blocks of
store (execute/compile). Compilation required 2102 Instructions.

Failure:

For possible causes see notes 1 and 3 and the note on the Data Format.

Data Format:

f title string, maximum 71 printable characters?

N
na[1l] nif[l]

naIZ] ni[2]

M[1,1]  A[1,1]
M[1,2]  A[1,2]

M[2,1]  A[2,1]
M[2.2]  A[2,2]
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" N." = number of different elements present (type integer)
na[l] = number of atoms of element 1 present (integer), and so on for

element 2, etc.

ni[1]

number of isotopes of element 1, (integer).

M[1,1]

precise mass of isotope 1 of element 1 (real). Note that the
"element" subscript increases more slowly, i.e. data should give

all isotopes of element 1 first, then all isotopes of element 2, etc.

A[1,1] = Abundance of isotope 1 of element 1, subscripted as above (real).

Conveniently, abundances for each isotope are punched normalised to
the sum total for each element as 10 (i.e.ZA(for element n)= 10).
No scaling factors are incorporated in the program but no inaccuracy

has been detected with abundance products up to 107.

Note:

# The number of combinations for a given number of atoms of a single
element with a given number of isotopes is determined by the coefficients of
Pascal's Triangle i.e. the binomial expansion, see table. The total number
. of combinations with several elements present is obtained from the product
of the combinations for the separate elements. The limits set on the arrays
IC, FM, FAP, MC, AP, and IFM, are 210 for ICL and 420 for FML, which are
suitable for 2 x combinations for six atoms of a penta-isotopic element. A
facility for altering these array limits to suit the particular problem is
incorporated, being a "buffer" controlled read statement. Insertion of a
"." character immediately following the last digit of the last isotope
number causes the next two numbers (integer) to be read as values for ICL
(the maximum number of combinations for the largest number of atoms of the
element with the largest number of isotopes present) and FML (total number
of combinations). The values already present in the program should be
adequate for most needs. However, note that a value of 330 for FML and ICL,
i.e. for 7 atoms of a penta-isotopic element, produces "space overflow" on
an 803 in 8192 configuration. No other character is necessary on the data
tape, and if no ";" is present, the read instruction is ignored.

4.,2.3. PEAK PATTERN

Language:Elliott 8 hole Algol.
Method: The straightforward method of correcting each peak of the basic

hetero atom pattern (which is generated by ISOCOMB-4 and read in as data)
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in the manner of Beynon, is used, i.e. the ratio of the probabilities of
occurrence of a peak at mass number m + 1 due to the presence of heavy

isotopes of carbon, hydrogen, oxygen and nitrogen is given by

Pm+‘ c h n o1
P~ - “[T00-c + x| 505 |* Y| Toom |T 2 T00-0,-9,

where w,x,y, and z are the numbers of carbon, hydrogen, nitrogen and oxygen

atoms respectively in the ion and c,h,n,o1 and 0, the natural abundance

(probability of occurrence) of C13, Hz, le, 017 and 018. Similarly for the

m + 2 peak the ratio is

P [ o w(w-1) c 2 x(x-1) h 2
m+2 = 2 + : . + ) +
i3 Z 1T00-0, -0 2 " | Too-c 2 -’ | T00-h
m | 1 72
- ar -2 _ = - -
(y-1) n z(z-1) 0 c h
y - + L + wx : +
2 100-n 2 100-01—02 ‘1 100-¢ 100-h

1

[ ¢ W [ o ] c o h 3 n 7
wy . + wz. . L + xy . +
L100-c L_100-n 100-c|{100-0 -o2 100-h | | 100-n

[ h B o n o
XZ . 1 + yz . L
_100—h .}00_01-02 100-n 100-01-02

This latter value is usually small (because of the square terms of quantities

already of the order of 10_2) except for ions with very large amounts of
"organic" material. Although corrections may be applied by extension of the
procedure to the m + 3 and higher peaks, ﬁhe process i§ curtailed at this
point (m + 2). Experimental justification for this under normal working
conditions is adequate. anch ion pattern is normalised to the largest peak as

100 and the pictorial representation, i.e. line representing each nominal mass

peak, is correct to + 0;5, the length being the value of the abundance rounded
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PEAK PATTERN ;

begin real ORGM,CF1,CF2,HF1,HF2,NF1,NF2,0F1,0F2,0F21,CABN,NFC,massX,abcorl,abcor2;
integer ab,cab,in,h, j,k,C,H,N,0On,P,CM,noX,head,nobase,inn;
array AB[1:50],mainmass[1:5],CAB[1:52];
integer array title[1:15],elem[135],nm[1:50];
switch SS:= repeat,exit;

ins= 1; instring(title,in); in:=1;

print £€1?Isotopic Abundance Patterns,£12?Peak Patterns in Mass Spectra of ?,

£Compounds containing ?; outstring(title,in); ing= 1;
read k;
for he= 1 step 1 until k do read nm[h], AB[h];
for ht= 1 step 1 until 5 do read mainmass[h];
wait;
read nobase, head; if nobase = 1 then goto repeat;

print ££13?Basic Heteroatom Pattern,£12?Nominal€s6?Relativef£ls?Mass€s8?Abundance?;
for hs=1 step 1 until k do
begin print £€1s??,sameline,digits(3),nm[h]; abs= AB[h]; if AB[h] > -6 then
print sameline,££S7??,aligned(3,4),AB[h],££5127?;
for js= 1 step 1 until ab do elliott(7,4,64,0,7,4,126)
end;

if buffer(1,2;?) then goto exit ;
repeat: wait;

read noX; if noX £ O then begin inn:= 1; instring(elem,inn); inns= 1;
read massX end;

read C.H.N.Oﬁ,P;

print ££r10016?Basic Pattern ?; if head = 1 then begin print e(?; in:= 1;

outstring(title,in); print £)? end;
print €, corrected for light elements,212?Number of atoms present:=?;

0 then print £ C?,sameline,digits(2),C;
0 then print £ H?,sameline,digits(2),H;
0 then print £ N?,sameline,digits(2),N;
$£0 then print € 0?,sameline,digits(2),0n;
0 then print £ p?,sameline,digits(2),P;

E
E
E
E
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Af noX & O then begin print ££82??; outstring(elem,inn); print sameline,
digits(2),noX end; print ££12s?Nominal2s6?Relative€ls2?Mass2s8?Abundance?;

CFl:= C*1,0806,-2; CF2:= (cF1*(c-1)*1,0806,,~2)/2;
HF1:= H*1,6003,-4; HF2:= (HF1*(H-1)*1,6003,~4)/2;
NF1:= N*3,8145,-3; NF2:= (NF1*(N-1)#*3,8145,~3)/2;
OF1$= On*3,9093,~4; OF2:= On*2,0048,~3; OF21:= (OF1*(0On-1)*3,9093,-4)/2;

abcorl:= CFi+HF1+NF1+OF1;
abcor2s= CF2+HF2+NF2+40F2+0F21 +CF1 *HF1 +CF1 #*OF1 +CF1#NF1 +HF1 *NF1 +NF1 *0F1 +HF1 *OF1 ;

H

or he= 1 step 1 until k+2 do CAB[h]:=
or h:= 1 step 1 until k do

in CAB[hJ:= CAB[h1+AB[h];
CAB[h+1]:= CAB[h+1]+AB[h]*abcor1-
CAB[h+2]:= CAB[h+2]+AB[h]*abcor2

ge

[}
o |2

CABN:=

for h:= 1 step 1 until k+2 do CABN:= if CAB[h] > CABN then CAB[h] else CABN;

CMe= C*124N*14+40n*16+H+P*31+nm{1]+noX*massX ;
ORGM:= C*12+H*1,00782522+N*14,00307438+0n*15,99491415+P*30,9737634+noX*massX ;

for h:= 1 step 1 until k+2 do
begin print £€1s??,sameline,digits(4),CM+h~-1; cabs= (CAB[h]/CABN)*100;
if CAB[h] > ,~5 then print ££87??,sameline,aligned(3,4), (CAB[h]/CABN)*100,2£512?7?;
;g; js= 1 step 1 until cab do elliott(7,4,64,0,7,4,126)

end ;

rint £€L2?Major heteroatom peak masses for this ion:-£s8??;
for h:= 1 step 1 until 5 do print sameline,aligned(4, 5).mainmass[h]+0RGM,££sz??~
grlnt 2e1.2?Mass of organic residue:~? samel1ne,a11gned(4 5),0RGM;

F

if not buffer(1,£;?) then goto repeat;
exits

end of program mod, 4;




\)

to the nearest integer in units 2.1 mm. long. Masses of the "organic"
elements are incorporated in the program on the scale C12 = 12 mass units
exactly, and precise values for the five central peaks (or five peaks
containing the most_abundant ion), are calculated together with the mass
of the "organic" portion which allows values other than those given to be
obtained by simple addition. Provision is made for the presence of
phosphprus (monoisotopic) and one other monoisotopic element (unspecified)
in the ion. The reievant data, number of atoms, chemical symbol or name,

and mass being read in by making use of a controlled read procedure (see

Data Format). Thus the masses given for an ion correspond with a complete

rather than partial formulation, by including atoms which make no
contribution other than mass.

Various "buffer"- and variable-controlled read statements (detailed
under Data Format and illustrated in the examples), allow (i) omission of
the print out for the basic heteroatom pattern (the variable "nobase"),
(ii) the inclusion, or otherwise, of the title string enclosed in parentheses,
in each pattern heading (the variable "head"), and (iii) stopping after
printing the basic pattern (buffer ";", after '"head"). Entry to the
calculation routine, for the same basic heteroatom pattern, recurs
automatically after each set of data until a ";" is encountered.

Values for the relative abundances of C13, Hz, N15, O17 and O18 are

taken from Beynmon.

Requirements:

8192 word configuration for translation by Elliott library A.304, 4096
configuration is sufficient for rumning, PEAK PATTERN occupying 2474 locations.

Note: the output is designed specifically for reproduction by Friden

"F]lexowriter" working in the Elliott 8 channel telecode.. It must also have a
160




carriage at least 134 characters (11.5") wide.

Time:

1. Translation: using A.304. 6 minutes 40 seconds.
2. Running: 1-2 minutes per pattern (20 peaks).
Data Format:

1. Data tape produced by ISOCOMB-4

£ title string: maximum 71 printable characters?

K
nm[1] © AB[1]

nmIZ] ABJ 2]

mainmass[1]

mainmassf[5]

K = number of peaks in pattern (including "gaps"); (integer).
nm[1l] = nominal mass 1,2--etc., (integer).
AB[1] = relative abundance of peak at nominal mass 1,2--. Normalised to

largest as 100, (real).

mainmass[1l] = precise mass value 1, - 2, etc. subject to restrictions
‘mentioned, (real).

2. Further data>required

nobase head *
noX **

C H NOUP"®
noX **

C H N OZP*




nobase, head; are control variables which must have the value O or 1.

nobase = 0 causes the basic heteroatom pattern to be printed

nobase = 1 causes this printing to be omitted.
head =0 omits heading (title string, in parentheses) from each
subsequent pattern.
-head =1 prints this heading.
noX = number of atoms of additional monoisotopic element present.

This value must be zero with the format presented above (see +s).
C, H, N, O, P = number of atoms of carbon, hydrogen, nitrogen, oxygen and

phosphorus present. A value for each of these must be present on tape.

All the above identifiers are of type integer.
*The character ";" inserted here (immediately after the last digit) causes the
program:to stop.
** For values other than 0, the following data immediately are required:
£ element name or symbol, max.-21 characters?

massX

massX ‘= precise mass of monoisotopic element introduced (real).

Note: A "data wait" occurs after reading in the first portion of the data.and

on each entry into the calculation routine for each ion produced.

4.2.4. MASS TABLE

Language: KDF9 Algol
Method: Precise mass values for formulae corresponding to a particular
nominal mass are obtained by a cyclic process which sets up all possible

combinations for the elements C, Ge, N and O, within certain careful

controlled composition limits. If the exact mass of a chemically possible
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formulation falls between the integral mass under consideration and the next
integral mass, the theoretical abundancé values for them -3, m - 2, m - 1,
m+ 1, and m + 2 peaks of this ion set are calculated and, together with
formula, and decimal part of the exact mass, are stored prior to sorting.
Print out occurs, after sorting, at the end of the process for the particular
mass unit interval, and is arranged to give blocks of 55 lines (approximately
quarto size) and to include any necessary repetition of headings.

The for statements of lines 28, 35-37, set up the values of the element
numbers (C, Ge, N, and 0), the limit for the carbon number being found by
the calculation of lines 33 and 34. A>10wer value of 1, an uppér value of
nine pef free germanium valence (i.e. assuming polygermanes to have -Ge-Ge-
1inks rather than Ge-C-Ge) or an intermediate limit equivalent to the number
of carbon atoms making up the whole of the remainder of the mass after
subtraction of the germanium mass, are all possible, the smallest appropriate
value being chosen. Numbers of hydrogen atoms present are calculated by
either line 41 or 42. Two possibilities must be considered, because of the

rounding real to integer conversion and the large mass defect of the metal

isotope; the rounding conversion can give rise to a formula with one hydrogen
too few and lead to the loss of a valid possibility from the table, unless
the "entier" value (line 42) is used to check an element number set if no
possibility is found from the "rounding" routine for hydrogen number. If a
formula fulfilis the constitutional requirementé of line 43, and its mass is
within the range of one mass unit considered at that time the abundance
calculation of lines 46-56 is entered. Note that line 43 merely requires
that the formula must be possible from the normal valence requirements and

that ions containing little or no hydrogen are not excluded. The corfection
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factors employed in the abundance calculation are set up at the head of the
program to obviate unnecessary recalculation, and for a single atom of a
heavy isofope (i.e. for corrections to the p + 1 peak) are stored in the
arrays Cfl, HFl, NF1, and OFl, for each organic element, respectively,
Simiarly the arrays CF2, HF2, NF2, and OF21, hold the corrections for p+2
peak from two atoms of a single heavy isotoée. Oxygen, with two heavy
isotopes also has the array OF2 which stores corrections to the p + 2 peak
from a single atom of 018. vThe required factor corresponding to the number
of atbms of each organic element present is selected from these arrays, and
the new values for the germanium isotope pattern peaks are re-normalised to
the largest, i.e. that corresponding to the nominal mass being considered,

as 100. The two dimensional integer array "stack" hold the formulae which
are indexed by element and formula number, and the similar real array "store",
holds the decimal portion of the exact mass (in store [1]) and the abundances
of peaks m-3 to mt2 (in store [2-6]), the second subscript again being
formula number. Sorting of these eleven arrays into order corresponding to
that of increasing mass is achieved by a relative indexing method, using the
auxiliéry array "sort", and the familar sort-by-exchange routine of lines.
Only the vector containing the mass values is actually sorted, together with
the row index vector sort [2]. On exit from the routine this contains the final
values of the formula number indices required to keep each row vector of the
storage matrix (the ten arrays other than store [1]) with the correct value of
the mass. The for ststament controlled print routine outputs the results in
tabular form (with the aid of the index vector) and also prints the column

headings and maintains the 55 line block format. The whole of the program forms
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Mass Table ;

begin library AO,A6;
integer a,b,h, j,k,n,C,F1,F2,F3,F4,G,Ge,H,M,N,On,count,lim,Clim;
real ABN,mass,mGe,CFl,CF2,HFl,HF2,NF1,NF2,0F1,0F2,0F21;

for

integer array nab[1:4],stack([1:5,1:400];

real array AB[1:14],abGe[1:4,1:10],s0rt[12:2,13400],8tore[1:6,1:400]
CF1,CrF2[0:50],HF1,HF2[0399],NF1,NF2(0:41,0F1,0F2,0F21[0:6];

+h
2]

I"’ I”’
“

lag

open(20) ; open(30);

as= read(20); b:= read(20);

= format([ssnd]);
= format([4sd,dddddd]);

F3:— format{([ssnnd,ddd]) ;

= format([sndd]);

h:= O step 1 until 50 do

for h:= 1 step 1 until 4 do nab[h]l:= read(20);
or h:= 1 step 1 until 4 do
close(20); count:= 0;

for j:= 1 step 1 until nab[h] do abGe[h, jl:= read(20);

begin CF1{h]:=h*1,0806,-2; CF2[h]l:=(CF1[h]*(h-1)*1,0806,<2)/2; end

h:= 0 step 1 until 99 do

r ht= O step 1 until 4 do

begin NF1[h]: =h*3,8145,-3; NF2[h]:=(NF1[h]*(h-1)#3,8145,~3)/2;

or h:= O step 1 until 6 do
begin 0F1[h]:=h*3 9093mr4 0F2[h]':h*2 ,0048,,-3;
end

OF21[h]:=(OF1[h]*(h-1)*3,9093,,-4)/2;

@ step 1 until b do

begin counts= count+3’ ni= 0;
if count < 51 then goto S1 else goto §2;

51:

begin if Ge=1 then mGe: 73,921150 else
if Ge=2 then mGet= 145,843356 else

write text(30,[[3cs]MASS***]); write(30,P4,M);

count:= 3; write text(30,[[p]]); goto 81;

or Ge!

1 step 1 until 4 do

f Ge=3 then mGe:= 217.,765914 else

if Ge=4 then mGe:= 290;

lims= (M-mGe)/12; if 1lim < 1 then lim:= 1;
Clim:= if lim < 18%*Ge+18 then lim else 18*Ge+18;

goto S§3;

begin HFl[h]._h*l 6003,,~4; HF2[h]l:=(HF1[h]*(h-1)*1,6003,~2)/2; end




- for Cs= 0 step 1 until Clim do
for On:= O step 1 until 6 do
for N:= O step 1 until 4 do

if ¢ < 15 then mGe:= 289,688432 else
if Ge=4 and C > 15 then mGe:= 291,687278;

Hi= M-C*12-N*14-On*16-mGe; G3= 1; goto 510;
593 $=.M-C*12-N*14-On*16-entier(mge); G:= 0;
5§10 mass:= mGe+C*12+4H*1,007 825224N+14,00307438+0n%15,99491494 ;

if mass < M+l and mass > M and H  2*C+2*Ge+N+2 and H > 0 then goto S4
else if G=1 then goto 59 else goto §5; ‘

S4: ni= n+1;. for hi= 1 stég 1 until nab[Gel+2 do AB[h]:= O;
for hi= 1 step 1 until nab[Gel do
begin AB[h]:= AB[h]+abGe[Ge,h];
|
|

AB[h+1]3= AB[h+1]+abGel[Ge,h]1*(CF1[C]+HF1[H]+NF1[N]+OF1{On]);

AB[h+3]t= AB[h+2]+abGe[Ge,h]1*(CF2[c]+HF2[H]+NF2[N]+OF21[On]+
or2[on]+CF1[cl*HF1[H] cF1[cl*OF1[0On]+CF1[C]l*NF1[N]+HF1[H]*OF1{On]+
HF1[H]*NF1[N]+NF1[N]1*OF1[On];  end;

ABN:=0; for h:=1 step 1 until nab[Gel+2 do
begin .if AB[h] > ABN then begin ABN$= AB[h]; ki= h; end end;

stack[1,n]s= C; stack[2,n]:= H; stack[3,n]:= Ge;
stack[4,n]s= N; stack[5,n]:= On; store[l,n]:= mass-M;
store[2,n]:= (AB[k-3]1/ABN)*100;

store[3,n]:= (AB[k-2]/ABN)*100;

storel4,n]s= (AB[k-11/ABN)*100

store[5,n]s= (AB[k+11/ABN)*100;

store[6,n]s= (AB[k+2]/ABN)*100;

if G=1 then goto S9;

S53 ' end
end ;

if n=0 then goto 512 else if n=1 then begin

write text(30,[[c3s]CH**H**Ge***Nx**0[6s]MASS]68]M-3[68]M-2[68]1M-1[65]M+1[6 s]M+2[c]]);
for h:= 1 step 1 until 5 do write(30,F1,stack[h,1]);

write(30,F2,store[1,1]);

for hs= 2 step 1 until 6 do write(30,F3,store(h,1]);

counti= count+2;

end;

if n=1 then goto 512;

for h:=1 step 1 til n do sort[1,h]:= store[1,h];
for hi= 1 step 1 until n do sort[2,h]:= h;
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begin integer p,q;
real inter;

boolean anychange;
for qi= 1,q+1 while anychange do
begin anychanges= false;
for p:=1 step 1 until n-1 do
if sort[l,p+1] < sort[l,p] then
begin inters= sort[1,p+1];
sort[1,p+11s= sort[1,pl;
sort[1,plt= inter;
inters= sort[2,p+1];
sort[2,p+1]:= sort[2,pl;
sort[2,pls= inter;
anychange:= true;

end
end

3
(=)

I“’I

hs= 1 step 1 until n do

b g n if h=1 then goto S6 6 olse goto S7;

562

write text(30 LLc3qlC***H**Ge***N***qus]MASSLGB]M—QLGQJM—QLGS]M—lLGs]M+1L6qlM+qu_])

counti=countil;

573 write text(30,[[c]1);
' for j:= 1 step 1 until 5 do write(30,F1 ,stack[j,sort[2,h]1]);
write(30,F2 store[l,sort[z h]])
for ji:= 2 step 1 until 6 do write(30,F3 store[ j,sort{2,h]]);
‘count:= count+l;
if count=55 then goto 58 else goto §513;

S8 write text(30,[[p3c]l*Mass***]);
write(30,F4,M) H
write text(30,[[3s]continued]);
s= h+l; counts= 3; goto S6;
S13: end:
5123 end;
close(30);

end
—




the scope of a fgg statement which steps the value-of the nominal mass, the
upper and lower limits of which are read as data. Provision is made for thase
cases in which the 292 peak of the Ge4 pattern becomes larger than that at 290,
i.e. for formulations with C>15. 1In these instances, renormalisation to the
corrected 292 metal peak occurs. Correction factors for up to and including
50 carbon, 99 hydrogen, 4 nitrogen and 6 oxygen atoms are stored.

Time:

For binary program from magnetic tape after usual Walgol/Kalgol translation,
compilatioﬁ and establishment, 200 mins. 27 secs., to cover mass range
74-400 in three runs.
Data Format:

a b
nab[1]

ngb[4]

abGe[1,1]
abGe[l,2]

abGe[2,1]
abGe[2,2]

lower (inclusive) mass limit (type integer)

a

b = upper (inclusive) mass limit (integer)

nab[1l] = number of peaks (abundances) of first metallic unit (here Ge)

considered, then for Ge,, Ge,, Ge, (integer)

abGe[l,1] = abundance of peak 1 for metallic unit 1 etc. element subscript (first)

increases more slowly (real)
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Formulator ;

begin integer V,X,IM,E,h,j,in,noXlUC,UH,UN,UOn,C,H,N,On,C1,H1,HH,CC;
roal AE,massX,PM,inter,interH,dev; o
real array I[1:41,M[0:4,0340];
integer array title[1:15]1,elem[1:5];
switch §S:= §1,82,83,exit;

N

!

. !
instring(title,in); in:= 1;

ini= 1;
read E; for h:= 1 step 1 until E do read 1fnl;

read AE; if buffer(1,£;?) then begin instring(elem,in); in3= 1;

read noX, massX, V end else begin noXi= Vi:= 0; massX:= 0 end;
read UC, UH, UN, Uln;

for h:= 1 step 1 until E do for j:= 0 step 1 until 1[h] do read M[h,jl;

print £€1,?Possible mass fomulations,£1?Ions in spectrum of ?;
outstring(title,in); in:= 1; print ge12?Allowed error +?,sameline,
freepoint(2),AE,£popemo?; if noX + 0 then begin print £€£s37?X = ?;

outstring(elem,in) end; Mlo,0]:= 0;
S1: road PM; 1= ji= 0;
print £e1482?21on MassEs4?motalEs5?C  C*E£547H H*€s3?NES3?07?;
if noX % 0 then print ££53?X?; print ££S37calc, mass dev?,aligned(3,6),
PM; goto S5Z; ' '
§3: " for hs= 1 step 1 until E do

Tfor j:= 1 step 1 until i[h] do
begin if PM < M[h,j] thon goto exit;
82 for C:= 0 step 1 until UC do

for N:= 0 step 1 until UN do

for On:= 0 step 1 until UOn do

for Cl:= 0 step 1 until 1 do

for H1:= 0 step 1 until 1 do
for Xs= 0 step 1 until noX do

begin inter:= PM- M[h,j] - C*12 - C1*13,0033543 - H1*2,01410219 - N*14,00307438
- 0n*15,99481415 - X*massX;

H:= inter; HH:= H+H1; CC:= c+C1; IM:= M[h,Jl;
if < UH and H > 0 and HH < 2*CC+M[h,0]+N+V+2 then
bogin  interH:= inter - H*1,00782522;
devi= (interH/PM)*p6;
if abs(dev) < AE then
begin if IM = 0 then print ££LS167HC? else print ££LS§147?7?,
sameline,digits(3),IM; . .
print sameline,digits(z),EESé??,C,QESz??,digits(l),C1,££sZ??,digits(2),
H,££52??,digits(1),H1,££32??,N,££52??,0n;
if X ¥ 0 then print sameline,££52??,digits(1),X;

——

print ££82??,sameline,aligned(a,6),PM—interH,££52??,freepoint(2),dav;

éxit: if h=0 then goto §3;
end; if not buffer(1,£;?) then goto 51;

end of program;




4.2.5. FORMULATOR

Language: Elliott 8-hole Algol

Method: A simple cyclic routine is used to set up all chemically possible
combinations of the atoms of the elements present in the compouhd.under
investigation. Fach experimental mass is considered individually and is read
at the beginning of the program. The nested for statements of lines 20-20
set up the numbers of C, N, O, 013 and D atoms between the limits read as
data and O for the major isotopes and O and 1 for the heavy isotopes. Line
28 allows the inclusion of one other polyisotopic element e.g. fluorine or
phosphorus in the formulation, and the switched statements of lines 20-21
pick out each metal isotope peak considered in turn. Up to four sets of

up to 40 peaks are allowed, and provision is made for those cases in which the
experimental mass does not contain a metal (e.g. C6H5-C6H5 or PPhB). The
hydrogen content corresponding to a particular combination of the "hetero"
and "organic" atoms required to make up the experimental mass is determined
in lines 29-31 and chemically impossible formulae are rejected in line 32.
Experimental and calculated masses are compared in lines 33-35 and if the
difference between the two (deviation, observed-calculated mass) is less than
or equal to the allowed error the formulation together with the calculated
mass and deviation is output in tabular form by the statements of lines 36:41.
Reentry of the formulation loops occurs until the for statements are exhausted
whereupon another experimental mass is read and reentry of the main body of
the program occurs. A ";" character after mass value stops the program.

The routine is recommended only for those cases requiring absolutely complete

coverage of all possible formulations since it is rather uneconomical, all
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these possibilities being calculated for each mass considered. This is

remedied in the extended formulator routine of FORMGROUP.

Requirements

8192 word configuration for translation, 4096 configuration is sufficient
for running. FORMULATOR occupies

Time:

Translation: (using A.304)

Running: about 20 minutes per experimental mass for the limits C = 14,
H=20,0=3,X=N=0

3

Data Format:

£ title, maximum 71 characters?
E

I[1]

AE
UC UH UN UOn
M[1,1]
M[1,2]

M[2,1]
M[2,2]

PM';

E = number of polyisotopic aggregates (metallic units) maximum 4 (type integer)

I[1] = number of peaks of polyisotopic unit 1,2 .... (integer)
AE = allowed error, p.p.m. (real)
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UC, UH, UN, UOn = upper limits of numbers of carbon,hydrogen, nitrogen and
oxygen considered (conveniently the molecular formula of the compound
in whosespectrum the peaks appear, or some lower values, integer)
M[1,1] = exact mass of peak 1 of polyisotopic unit 1, etc. Element subscript
(first) increases more slowly (real).
PM --- PM' = experimental masses, terminated by ";" (real)
Additional data for optional extra monoisotopic element are inserted here
after a ";" character (immediately after the last digit of AE). Data
required:
£ element name?
4 noX massX -V
noX = maximum number of atoms of element required (integer)
massX = exact mass of element (real)
V = valence in excess of 2 (negative values included, i.e. for fluorine,

V = -1 (integer)

4.2.6. FORM GROUP

Language: Elliott 8-hole Algol. Primarily for Atlas implementation

Method: The main working section is a "formulator" routine similar to that
just described, with the addition of a loop for the element phosphorus in the
main £2£ statement set and an increase in the upper limit of the number of C13
atoms (to 2). All the eiperimental masses are read in at the beginning of the
routine, with the proviso that the smallest is read first and the largest last,
and as each chemically possible formulation lying in this range is found all

the experimental masses are checked against it. Valid formulations are stored

in a manner similar to that employed in MASS TABLE
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INDEX NUMBERS of groups

Index Name or abbreviation, - Chemicai
(GT[2,h]) as output Formula
1 cp / C5H5
2 Ph C6H5
3 Bzn C6H6
4 Phy | C6H4
| 5 BT C./.H7
6 Me CH3
7 Et v CZHS
8 Ety _ , .CZHB
9 Pr ‘ C3H7
10 Al C3H6
11 Pry C3H5
12 Bu C4H9
13 co’
14 0
15 00
16 H
17 NN
18 N
19 NH
20 NHH
21 HCO
My CH2
Etl | C2H4
'Act . CZH
MAl CAHS
~ Buy C4H7
cpy C.H

5%




After completion of the formulation, the formula store matrix is sorted
by relative  indexing into order of increasing experimental mass using the
auxillary row veétor "sort[j]", and are output with the aid of this indexing
vector in a format similar to that described for FORMULATOR. The grouping
routine is entered after each formula is printed.
This routine consists of two procedures. The first "name'", stores and
prints the chemical symbols or abbreviations for the structural groups
considered, and is a simple switch controlled series of print statements.
"name" must be declared and evaluated before "group".
The procedure "group" deals with the translation of the empirical formula
presented to it as its actual parameters (values for numbers of C,H,N and O
atoms). into the structural units present in the original compound, or known
~breakdown fragments of these units. The basic logic is a multi-stage switched
addition and subtraction routine, working on a "snakes and ladders" principal
A steéring vector, flo[q], is set up prior to entry of the procedure (line

and this holds the index numbers of the structural units present in the
compound considered, e.g. for nC5H5(CO)3MoGeEt3 values of flo[q] would be
1,(= C5H5), 7(= CZHS)’7’13(E €0),13,13. ( a number must be present for each
group cohsidered - see appended table. The vector is conveniently ordered

in terms of decreasing carbon number but not necessarily so). The for
statements which control the main body of the procedure select values from this
array in turn (in a cyclic fashion, as every unit must be considered as a
leading set) and the formula corresponding to this unit is then subtracted,

in the statement labelled "forward" from the current values of cc, hh, nn, and
oo (the working storage of the CHN and O values, the original figures are

preserved in CC, HH, NN and 00 for use on further cycles). The main decision
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no
grouping

positive

®—>— sumcheck |—#—{ name( )
neg.

[ g:=q+1 | ) | cycle:=
] cycle+1

Fig.4.1 FORMGROUP subroutine decision loop logic.




loop (see flow chart, opposite) is then enterea, and depending on the values
of the element numbers, either the subtraction routine is continued, using
the next group selected from the "flo" vector or if any element number is
negative, the '"backward" loop is entered followed by the appropriate inner or
outer loop (from the switch bank "move") depending on the fragmentation
characteristics of the unit coﬁsidered. These are described by the steering
variables L,LC, and U.A The grouping routine is regarded as successful when
bvalues of 0 are found for all the elements and the '"check" loop is then
entered. If the grouping has not been found previously (the cyclic process
can give duplicates) it is then output using the procedure "name". Reentry
occurs until all the structural units have been considered, and if no grouping
is found, a meésage to this effect is output.

The formula data for 27 structurél groups are stored in the labelled
statements of lines 49-—7}, as assigments of the integers cl, hl ,nl and ol,
and in addition five steering variables are also assigned. The integer n
holds values of the actual parameter of the procedure "name" (which corresponds
to the symbol of each unit) and the identifiers L, LC, and U (which have values
0 or 1) signify the type of fragmentation path which can be followed. L=1
indicates that a route involving fewer hydrogen atoms (for the same or a
similar number of carbon atoms) is available, LC=1 that a path with fewer
carbon atoms is open, and U=1 that a route with more hydrogen atoms may be
taken. 'qu example the'C"jj_‘H5 unit which can fragment by loss of CH3 or C2 4
(to a group with fewer carbon atoms) or loss of hydrogen atoms has both L and
Ic=1 (swi£ch unit S7)

In statements labelled D4, provision is made for the presence of "extra"
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Formgroup ;

begin integer C,H,N,On,P,UC,UH,UN,UOn,UP,Cl,Hl,V,noX,X,E,G,NG,GF,TM,R,in,flomax,HL,
h,j,p,r,8,1m,hm;
real intermass,massX,AE,dev;
integer array stack(1:9, 1.400],GT[l._,1:25],sort[1:400],flo[l:25],
elem[1:5],title[1:50];
real array store[1:3,1:4001,1[1:6], M[O 6,401, PM[l 501;
switch SS:= §51,552,553,554,555,556; !

procedure name(GN);
value GN; integer GN;

‘begin switch p:= p1,P2,P3,P4,P5,P6,P7,P8,P9,P10,P11,P12,P13,P14,P15,P16,P17,
P18,p19,P20,P21,P22,P23,P24,P25,P26,P27 ,EE;

goto P[GNT;

Pl: print £cp ?; goto EE; P2: print £cpy ?; goto EE P3: print £€Bzn ?; goto EE;
P4: print £ph ?, goto EE; P5: print £Phy ?, goto EE; P6: print £BT ?; goto EE;
P7: print £Me ?; goto EE; P8: print €My ?; goto EE; P9: print £Et ?; goto EE;
P10: print €Etl ?; gotg EE; Pl1: print €Ety ?; goto EE; P12: print £Act ?; goto EE;
P13: print £Pr ?; goto EE; Pl4: print £A1 ?; goto EE; P15: print £Pry ?; goto EE;
P16: print £Bu ?; goto EE; P17: print £MAl ?; goto EE; p18: print €Buy ?; goto EE;
P19: print £C0 ?; goto EE; P20: print £HCO ?; goto EE; P21: print €H ?; goto EE;
p22: print £00 ?; goto EE; P23: print £0 ?; goto EE; P24: print €NHH ?; goto EE;
p25: print £NH ?; goto EE; P26: print €N ?; goto EE; P27: print £NN ?; goto EE;
EE:?

end name;

procedure group{(CC,HH,NN,00);
value CC,HH,NN,00; integer CC,HH,NN,00;
begin integer ce¢,hh,nn,c0,Q,q,n,L,U,LC,cl,hl,nl,0l,eh,t,vay,ment,sum,nog,
cycle,count;
integer array hold,sCs[1:25],cS[1:27];
switch s:= s1,$2,53,54,35,56,57,58,59,510,511,812, s13,514,515,516,
s17,s818,519,520,521;

switch SL:= SL1,SL2,SL3,SL4,SL5,SL6,SL7,SL8,SL9,SL10,SL11,SL12;
switch SU:= SU1,S5U2,SU3,5U4,SU5;
switch SC:= SC1,SC2,SC3,5C4,5C5,5SC6;
switch Sp:= D1,D2,D3,D4,decide,forward,backward,out,check;

switch move:= inn,inup,down,next;

csf1]:= 101; cs[2]:= 102; cs[31:= 103; cs[4]:= 104; CS[5]:= 105; csl6]:= 106;
cs[71:= 2001; cs{8]:= 2002; cs[9]:= 2003; cs[10]:= 2004; cs[111:= 2005;
cs{12]:= 2006; cs{13):= 2007; cs[14]1:= 2008; Cs[15]:= 2009; CS[16]:= 2010;
csl17]:= 2011; csf{18)s= 2012; cs[19]:= 30001; cs[20]:= 30002; cs(21]:= 30003;
cs[22 's= 30004; ¢s{23]:= 30005; Cs[241:= 30006; cs[25]:= 30007; cs[26]:= 30008;,
cs[27]:= 30009; '

: nogi= 1;
for cycle:= 1 step 1 until flomax do '
beg:n ccs= CC; hhi= HH; nn:= NN; oot= 0O0; count:= r:= 0;
for q:= cycle step 1 unt11 flomax, 1 step 1 until cycle-1 do do

beg1n




goto S[flolqll;

S1: cl:= 5; hl:= 5; nl¢= ol:= 0; Le= Q¢= ni= 1; LC:= Ut= O{ goto forward;

SCls ;sSUl: ;SL3: ;

§2: c¢l:=6; hl:=5; nl:= ols= 0; L:=1; U:=1; LC:=0; Q:=2; n:=4; goto forward;
SU2: ;83: cl:=6; h1 _6 nle= oli= 0; L:=1; U:=0; LC:=0; Q2:=3; ni=3; goto forward;
SL2: ;S4% cl2=6; bls=4; nli= olz= U; Li=y; Us=i; Gi=d; LC:=0; ni=5; goto forward;

S5: cl:=7; hl:s=7; nl:= ol:= 0; L= Us= 0; LC:= Qi= 1; n:=6; goto forward;

SC4: ;S6: cl3=1; hl:=3; nlt= ol:= 0; Li:=1; U= LCi= 0; Q:=7; n:=7; goto forward;
SC5: ;872 c¢l:=2; hl:=5; nl:= ol:= 0; L3=1; Us=0; LC:=1; Q:=4; n:=9; goto forward;
SL1i: ;S8: cl:=2; h1::3, nlszol:=0; L:=1; Us= LC:= 0; Q:=8; n:=11; goto forward;
SC6: ;S9: cl:=3; hl:=7; nl:=ol:=0; Let=1; Us=0; LC:=1; Q:=5; n:=13; goto forward;
SL5: ;S10: cl:=3; h1 =6; nlg=0l:=0; L3s=1; Us=LC:=0; Q:=9; n:=14; goto forward;
SL9: ;S11l: c1:=3; hl:=5; nlt=ol:=0; L:=Us=LC:=Q:= 0; n:= 15; goto forward;

5122 ecl:=4; hl:=9; nl:= ol:= 0; L:=1; Us=0; LC:=1; Q:=6; ni=16; goto forward
SL10: ;S13: el:=1; hl:='nl:= 0; ol:=l; L¢=0; Us=1; LC::O; Q:=3; n.—,9 goto forward;

S14: cl:= hl:= nl:= 0; ol:=1; L¢= Us= LCs= Q:=0; n:=23; goto forward;

S15: cl:= hl:=nl:=0; 0l2=2; L= Us= LC:= Q:=0; n=22; gggg forward;

§16:.¢12=0; hl:=1; nl:=z 01:=0; L= U= LCt= Q:=0; n:=21; goto forward

S17: cl:= hl:=0; nl:=2; ol:=0; L= Us= LC:=Q:= 0; n:=27; goto forward;

S18: clt= hl:=0; nl:=1; ol:= 0; L:= 0; Us=1; LC:=0; Q:=4; n:=2€; goto ferward;
SU4: ;S19: cl12=0; hls= nl:= 1; ol2=0; L:=0; U:=1; LC:=0; Q:: ;. n:=25; goto forward;
SU5: ;S20: c1:=0; hl:=2; nl:=1; 0l3=0; Ls= Us= LC:= Q:=0; ni= 24; goto forward;
SU3: ;S21: cl:=1; hl:=1; nl:=0; ol:=1; L:=1; U:=LC:=0; Q3=10; n:=20; goto forward

SL1: cl:=5; hl:=4; nl:= ol:= O; Li= Ut= LC:= Q:=0; ni=2; ggzg forward
. SL4: cl:=2; hls=4; nl:= 0l:=0; Le=1; U= LC:=0; Q:=11; n:=10; goto forward;
SL6: cl:=4; hl:=8; nls= ol:=0; L:=1; Us= LC:=0; Q:=12; n:=17; goto forward;

SL7: cl:=1; hl:=2; nl:= 0l:=0; L:= U= LCi= Q:= 0; n:i=8; go__t__ forward;

SL8: cl3=2; hle=1; nlg= o0l:=0; L= Us= LC:= Qi= 0; n:=12; goto forward

SL12: clt=4; hl:=7; nl:= ol:=0; Lt= Ut= LC:= Q:=0; n:=18;

S$C2: ;SC3: ; comment labels not used ;

forward: count:= count+1} cci= cc-cl; hh:= hh-hl; nni= nn-nl; ooi= 00-0l;
hold{count]:= n; goto decide;"

backward: cc2= cc+cl; hhi= hht+hl; nnt= nnini; ool=z oco+ol;
count:= count-1; goto move[ment];

inn: goto SL[Q]; inup: goto SU[Q]; down: goto SCL[QI;
decides if cc=0 and hh=0 and nn=0 and 0o=0 then goto check else

if 00=0 and nn=0 then goto D1 else if 00<0 or nn<n then
begin ment:=4; goto backward; end else goto D2;

Dl: if cc=0 then begin if hh<0 then goto D3 else goto D4; end else " |
__g ce0 then beg1n if LC=1 then begin ment:=3; goto backward end else

begin ment:= ; goto backward end end else begin if hh<(C then
goto D3 else goto next; end;

D2: if cc=0 and hh=0 then goto next else goto D1;

D3: _; L=1 then begin ment:=1; goto backward; end else begin menti=
got backward end;

D4: if U=1 then begin ment:=2; goto backward; end else begin if hh.< 4 then




begin r:=1; eh:= hh; hhi= 0; end else goto outf if 00=0 and nn=0 then goto check
else goto next; end;

check: sums= 0; for t:= 1 step 1 until count do -sum:= sum+CS[hold[t]];
sCs[cycle]l:= sum; for t:= 1 step 1 until cycle-1 do '
if sum=sCS[t] then goto out; if r=1 then print £€1s68??,sameline,
digits(1),eh,fH ? else print ££1s69??; for t:= 1 step 1 until count
do name(hold[t]); nog:= 0; goto out;

next: end; '
== |

out: end; if nog=l then print £€1869”no grouping?;
end group;
int= 1; instring(title,in); ini= 1; t= G:= 0;
read E; for h:= 1 step 1 until E do oad 1[h];
for h:= 1 step 1 until E do for j: = 0 step 1 until I[h] do read M(h,jl;

read AE; if buffer(1,g; ?) then beg1n instring(elem,in); in:=1; read noX,

massX, V, GF; end else begin noX:= Vi= GF:= 0; massXi= O; end;
read UC,UH,UN,UOR,UP;
if not buffer(l €:?) then begin G:: 1; read NG; for h:= 1 step 1 until
' NG do read GT[l hl, GT[2 h]; end;
or hi= 1,h+1 while not buffer(l E :?) do begin read PM[h]; TM:= h; end;

vty — !

p:= O; for h:= 1 step 1 until NG do for j:= 1 step 1 until GT[l h] do
begin p:= p+l; flo[pl:= GT[2,h]; end;  flomax:i=z p;
ims= entier(pM[1]); hm:= PM[TM]+1;

print ££1?Possible mass formulations,.£1?Ions in spectrum of ?;
outstring(title,in); in:= 1; print ££12?Allowed error, i?,sameline,freepoint(z),
AE,2 p.p.m,?; if noxko then beg:n print £€s5?X= ?; outstring(elem,in); end;

if GF=1 and G_I then print ££12?%* N,B, In grouping routine,flourine and hydrogen?,
e con81dered as one element?

+ R:= hs= je= 0; goto SS3;
1 step 1 until E do
=1 stqg 1 until I[h] do
for C:= O step'1 until UC do
for N:= 0 steg 1 until UN do
for On:= O step 1 until Uon do
for X:= O stepl until noX do
for p:= 0 step 1 until Up do
for Cl:= 0 step 1 until 2 do
for Hl:= O step 1 until 1 do
begln t= 2% (C+C1)Y+M[h, O]+N+P+X*V+2-H1° ¢= if HL<UH then HL else UH;
for H:= O step 1 until HL do
begin . intermass:= M[h,J]+C*1?+CL*13 0033543+H1*? 01410219+N*14,00307438
+On*15,920491415+H*1, 00782522+p%30,9737634+X*massX;
if intermass 2 lm and intermass < hm then begin
for re= 1 sg_p 1 until TM do
beg1n dev:= ((pM{r]- 1ntermass)/PM[r])*m6
if abs(dev) < AE then

beg1n = R+1;




store[1,R1:= pM[r]; store[2,R]:= intermass; storel3,R}:= dev;
stack[1,R1:= M[h,jl; stack[2,R]:= C; stack[3,R]:= C1;
stack[4,R]:= H; stack[5,R]l:= H1; stack[6,R]:= N;
stack[7,R]:= On; stack[8,R]:=X; stack[9,R]s:= P;
sort[R]:= R;
end;
end; end;

end;

end; if h=0 then goto 552;

end;

!

ri= 1; si= R-1;
begin real inter; hoolean anychange;
for h:= 1,h+1 while anychange do
begin anychange:= false;
for j:= r step 1 until s do
if store[1, j+11<store(1,j] then
begin if (not anychange) and j # 1 then ri= i-1;
inter:= store(l,j+1]1;
tore[1l, j+11l:= storell, jl;
storel1, jls= inter;
inters= sort[j+1];
ortl[j+1)e:= sort{jl;
sort{jl:= inter;
anychange:= true;
ond;
s::Sél}
end;
end;

ss1:  for hi= 1 step 1 until R do

" begin if h=1 then goto SS4 else goto S35;

5542 print £€14s2?Ion Mass€sd?metalfs5°C C* H H* N 07?;
if UPEO then print £€s3?P ; if noXkO then print ££347X?;
print ££s3”calec, mass dev?; goto 556;

S§s5s if store[1,h]-store[1,h-11>,-6 then begin goto SS4; SS56: print
aligned(3,6",store[1,h]; end; if stack[1,sort[h]]=0 then print ££1s16?HC? else
print £E1314°?,sameline,digits(3),stack[l,sort[h]];

print sameline,digits(Z),££s4??,stack[2,sort[h]],QQSZ??,digits(l),stack[3,sort[h]],

££522?,digits(2),stack[4,sort[h]],£Ls2?? ,digits(1),stack[5,sort[hl],£2s277, -

stack[e,sort[h]],EQsZ??,stack[7,sort[h]];
if UPEO then print sameline,£8s2 ?,digits(1),stack[9,sort[h]];
3if noXkO then print sameline,££sZ??,digits(2),stack[s,sort[h]];

print QESZ??,sameline,aligned(S,6\,store[z,sort[h]],EESZ ?,freepoint(2),

store[3,sort[hl]; if G=1 and GF=0 then

group(stack[z,sort[h]]+stack[3,sort[h]],stack[4,sort[h]]+
_ ~stack[s,sort[h]],stack[e,sort[h]J,stack[7,sort[h]])

else if G=1 and GF=1 then .

group(stack[z,sort[h]]+stack[3,sort[h]],stack[4,sort[h]]+stack[5,sort[h]]+

stack[s,sort[h]],stack[e,sort[h]],stack[7,sort[h]]);

end
end

—

of program ;




hydrogen atoms in a structure e.g. from breakdown of the alkyl groups
attached to metals by alkene loss and this value should be adjusted for
individual cases. No attempt has been made to correlate numbers of structurai
units with a valence value for the metallic unit present, since this would
involve at least one extra array whose indexing would be complex, (thus

slowing down the routine) but this is clearly desirable.

Note: For flow charting conventions, see ref. 198. In the diagram, L2
represents the switch bank "move", L2.1-4 being equivalent to inn, inap,
down and out, S() represents the entry point of the main data list, and
R and "imaginary" entry point controlled by the initial for statements
of lines 42-44,

Time: for six masses of Atlas, with limits C=14, H=20, 0=3, N=P=0, about
6 minutes including compilation. Time for the formulator routine increases
directly with the limits used, and it is not recommernided for analysis of a
full spectrum. The grouping routine, however, is fast.
Data Format:

A list of structural group index numbers is appended. Data symbols as for
FORMULATOR.

£ title?

E
I[h]

M[h,j]
AE (; E element? noX massX V GF)
UC UH UN UOn UP(;)»

GT[1,h] GT[2,h]

PM

171




GF = steering variable for inclusion of fluorine (or other element) in grouping
routine. GF =1 adds H F and takes this as equivalent to H for
grouping purposes.
GF = 0 omits this.

UP = maximum number of phosphorus atoms

GT[1,h] = number of structural units of type h to be considered

GT[2,h] = index number of unit h

*A ":" character here omits the grouping routine and the program reverts

to a purely "formulator" mode.
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APPENDIX 1

ISOTOPE PATTERNS



Isotope Abundance Patterns,
Peak Patterns in Mass Spectra of Compounds containing two germanium atoms

Isotope Combination
( mass numbers )
70 70
" 72 170
73 70
74 170
76 170
72 - 72
73 72
74 72
76 72
73 73
74 173
76 73
74 74
76 74
76 176

Number of combinationss-

Mass

139, 848554
141,846017
142,847637
143, 845427
145,845637
143,843480
144,845099
145,842890
147843099
145,846720
146,844510
148,844720
147842300
149,842509
151,842719

15

spread
(ppn,)

14
26

5.4

Nominal multiplicity

Mass

140 singlet

141 no combination
142 singlet

143 singlet

144 2

145 singlet

146 3

147 singlet

148 2

149 singlet

150 singlet

151 " no combination
152 singlet

Abundance
Product
4,22714
11,2751
3,20325
14,9965
3.,19091
7.51856
4,27204
20,0001
4,25558
.606841
5,68203
1,20901
13,3006
5,66014
602176

Peak Mass
(wtd mean)

139,848554

141 ,846017
142,847637
143,844777
144,845099
145,843357
146,844510
147 ,842494
148,844720
149,842509

151,842719

Relative
Abundance

17,7626

47,3786
13,4602
94,6093
17,9513
100,0000
23,8762
73,7720
5,0803
23,7842

2,5304
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Isotope Abundance Patterns, .
Peak Patterns in Mass Spectra of Compounds containing three germanium atoms

Isotope

Combination

( mass numbers )

70
.72
73
74
76
72
73
74
76
73
74
76
74
76
76
72
73
74
76
73
74
76
74
76
76
73
74
76
74
76
76
74
76
76
76

Number of combinations:-

70 170
70 70
70 70
70 70
70 70
72 70
72 70
72 70
72 170
73 70
73 70
73 170
74 170
74 70
76 70
72 72
72 72
72 72
72 72
73 12
73 172
73 72
74 72
74 12
76 1712
73 13
.73 173
73 173
74 73
74 13
76 173
74 174
74 174
76 74
76 76

Mass

- 209,772831

211,770294
212,771914
213,769703
215,769913

. 213,767756

214,769377

215,767167

217,767377
215,770996
216,768787
218,768997
217 ,766577
219,766787
221,766997
215,765219
216,766840
217,764629
219,764840
217,768460
218,766249
220,766461
219,764040
221,764250
223,764460
218,770080
219,767870
221,768080
220,765661
222,765870

© 224,766080

221,763450
223,763659
225,763871
227,764080

35

Abundance
Product
8.69099
34,7724
9,87882
46,2491
9,84077
46,3745
26,3499
123,361
26,2484
3,74300
35,0467
7.,45716
82,0382
34,9118
3.71422
20,6159
17,5709
82,2606
17,5032
4,99187
46,7403
9,94530
109,411
46,5603
4,95350
+472729
6,63945
1.41273
31,0835
13,2278
1,40729
48,5073
30,9638
6,58841
.467289
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Nominal
Mass .

210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228

280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304

S

Ge3
multiplicity spread
(ppm.)
singlet
no combination
singlet
singlet
2 9,1
singlet
4 27
2 9,0
4 18
3 18
4 17
2 3.6
4 21
singlet
2 3.6
singlet
singlet
no combination
singlet
Ge,
singlet
no combination
singlet
singlet
2 6.9
singlet
4 20
2 6,8
5 20
4 20
6 20
4 13
8 26
4 13
6 16
4 16
S 16
2 2,7
4 16
singlet
2 2,7
singlet
singlet

no combination
singlet

Peak Mass

(wtd mean)

209,772831

211,770294
212,771914
213,768729
214,769377
215,767174
216,768137
217,765914
218,766658
219,764842
220,765854
221,764017
222,765870
223,763770
224,766080
225,763871

227,764080

279,697106

281,694570
282,696188
283,692812
284,693652
285,691167
286,692089
287,689726
288,690475
289,688437
290,689227
291,687281
292,688119
293,686337
294,687339
295,685573
296,687129
297,685166
298,687228
299,685097

' 300,687439

301,685228

303,685437

Relative
Abundance

4,4446

17,7828
5,0521
47,3683
13,4755
80,5775
26,9090
100,0000
27,9587
86,1543
20,9824
51,2402
6,7648
18,3684
0,7197
3,3694

0,2390

11,1381

6.0714
1,7249
20,2211
6,9012
45,8066
18,3829
77,6657
30,7756
100,0000
38,1479
98,4648
32,5566
73,0355
19,6986
39,3927
7.1285
14,5771
1,3076
3,3873
0,0927
0,4342

0,0231
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Isotope abundance pattern, one atom each of tungsten & germanium

Isotope Combination Mass Abundance
( mass numbers ) Product

180 70 249 ,871257 065792
182 70 251,872548 10,8351
183 70 252,874567 5,88838
184 70 253,875266 12,6156
186 70 255,878617 11,7151
180 72 251 ,868720 087744
182 72 253,870009 14,4503
183 172 254 ,872029 7.85309
184 72 255 ,872729 16,8249
186 72 . 257 ,876079 15,6239
180 73 252,870339 024928
182 73 254,871630 4,10533
183 73 255 ,873649 2,23106
184 73 256,874350 4,77994
186 73 258,877699 4,43874
180 74 253,868128 116704
182 74 255,869421 19,2197
183 74 256,871439 10,4450
184 174 257 ,872139 22,3780
186 74 259,875490 20,7806
180 76 255,868339 024832
182 76 257 ,869628 4,08952
183 76 258,871649 2,22246
184 176 259,872350 4,76154
186 76 261 ,875699 4,42165

Number of combinations:- 25

Nominal multiplicity spread Peak Mass Relative
Mass (ppm,) (wtd mean) Abundance
250 singlet 249,871257 0,1315
- 251 no combination _ _ .

252 2 15 251,872518 21,8389
253 2 17 252,874549 11,8229
254 3 28 253,872442 54,3484
255 .. 2 1,6 254,871893 23,9094
256 . o5 40 255 ,873876 100,0000
257 2 11 256,872353 30,4404
258 3 25 257 ,873359 84,1566
259 - 2 23 258,875680 13,3183
260 2 12 259,874905 51,0684
261 no combination o

262 singlet 261 ,875699 - 8,8405
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Isotope Combination

Mass
) . ( mass numbers ) :
92 170 161,830567
94 70 163,829018
95 70 164 ,829997
96 70 ‘165,828827
97 170 166,830027
98 70 167,829787
100 70 169,831847
92 172 163,828029
94 172 165,8264 80
95 72 166,827460
96 72 167,826290
97 172 168,827490
98 72 169,827250
100 72 171,829310
.92 173 164,829650
94 173 166,828101
] 95 73 167,829080
96 173 168,827910
97 173 169,829110
98 73 170,828871
100 73 172,830930
.92 174 165,827439
94 74 167,825890
95 174 168,826870
96 74 ' 169,825700
97 74 170,826900
98 74 171,826660
100 74 173,828720
.92 76 167,827649
94 176 169,826100
95 176 170,827080
96 176 171,825909
97 176 172,827110
98 176 173,826871
100 76 175,828930
Nominal multiplicity spread
Mass (ppm,)
162 singlet
163 no combination
164 2 6.0
165 2 2,1
166 3 14
167 3 15
168 5 23
169 3 6,2
170 5 36
171 3 12
172 3 20
173 2 22
174 2 11
175 no combination
176 singlet

MoGe

Abundance
Product
6.52163
3,75014
6,45584
6,78480
3.88584
9,76600
3,.95574
8,69762
5,00141
8,60988
9,04860
5,18238
13,0245
5.27561
2,47099
1,42090
2,44606
2,57070
1,47231
3,70025
1,49880
11,5683
6.65213
11,4516
12,0351
6,89283
17 .3233
7.01683
2,46147
1.41542
2.43664
2,56080
1,46664
3,68600
1,49302

Peak Mass
(wtd mean)
161,830567

163,828327
164 ,829900
165,827637
166,828242
167,827662
168,827174
169,827270
170,827492
171,827140
172,829041
173,828082

175,828930

Relative
Abundance
20,4420

39,0175
27,9811
73,2045
43,6215
95,2079
60,1969
100,0000
40,8416
78,8628
9,2951
33,5479

4,6799
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APPENDIX 2

EXPERIMENTAL
METHODS



1. Nitrogen Supply and Glove Box

All reactions and operations involving air sensitive compounds or
intermediates were carried out in an atmosphere of pure, dry, oxygen-free
nitrogen. Further purification of commercial "white spot" nitrogen was
achieved by passing the gas through a tower containing B.T.S. catalyst (an
active form of copper on a zeolite support) at 170° and through a column of
molecular sieve and a long spiral trap cooled to -198° to remove traces of
moisture.

The perspex evacuable glove box (by Mecaplex of Grenchen, Switzerland)
was mounted on a wheeled trolley (approx. 4' x 2' 6" x 3') with all its
ancillary equipment housed on a lower decking below the working surface. All
control valves and switches were mounted on a verticalifront panel of the
trolley,.fetween the upper and lower decking. Two coppér furnaces were used in
the recycie circuit to remove oxygen, one, specially built in stainless steel,
contained 2 kg of copper and was run at 4500, the other, in series with the
first was of glass containing B;T;S; catalyst, the black-light grey colour
change of which indicating when regeneration of the two units was required.
The usual recycle pump was mounted outside the main glove chamber in a
specially made gas-tight perspex box, equipped with serum caps so that the pump
bearings could be oiled without shutting down the system. Two large liquid
nitrogen-cooled traps were incorporated in the recycle circuit and a mercury
manometer activating a relay provided a low pressure cut-out for the recycle
pump, to avoid damage caused by inadvertant partial evacuation of the main
chamber by this pﬁmp if a blockage in the nitrogen traps occurred (icing up).
The main chamber of the box could be evacuated (normally only necessary on
initial start up or after removing the domed top.of the chamber), the gloves
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being protected by port covers. A slight modification was made to these
consisting of a rotable disc, mounted co-axially with the main disc, which
could be moved to cover gaps required to hold the dis;s in place, and thus
give the gloves additional support against the atmospheric pressure.

The transfer port was routinely evacuated, a mercury manometer and
"yasustat" connected to the main pumping line giving pressure indications.
The chamber could be let down either to nitrogen from the box or from the
main laboratory supply line, a mercury float valve non-return blow off pre-
venting accidental ingress of air 4#f the latter method was chosen. A
pressure of 0.1-1 mm was normally achieved in the transfer tube and a purge
of 3-5 minutes was usually allowed after letting it down to nitrogen. The
normal time for entry to box via the transfer tube was 10-15 minutes in
total, compared with 20-45 minutes for the conventional 'purge only" boxes.

The present unit could of course be used in this mode also.

2. Infrared Spectra

The region 2.5-25 u was recorded on either a Grubb-Parsons G.S.2A or
"Spectromaster" spectrophotometer. golids were examined as pressed discs
in KBr or KI, or as mulls in nujol or perfluorokerosene. Liquids were
examined as thim films between KBr or KI plates. Carbonyl compounds were
examined in solution over the range 4.5-6.0 p using either an unreactive
solvent transparent in this region, e.g. CCl4, CHCl3 or CSZ’ or, in the case
of benzene or thick films of cyclohexane, by carefully cancelling out solvent
absorptions using a variable path-length cell filled with solvent in the
reference beam. The wavelength scale for these spectra was calibrated against

the bands of known frequency in polystyrene. The region 20-50 p was recorded
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on a Grubb-Parsons D;M;Z/D;B;3 instrument, solids being examined as nujol

mulls between ceasium iodide plates.

3. Nuclear Magnetic Resonance Spectra.

Proton magnetic resonance spectra were recorded on a Perkin-Elmer R.10
. . o s o
instrument using a 60 mc/s R.F. field at a temperature of 33 . Measurements

relate to tetramethyl silane (7 = 10) as internal standard.

4, Mass Spectra

Mass spectra were studied on an A.E.I. M.S.9 instrument using a 70 ev
100 pA ionising beam and 8 kv accelerating potential. Ionisation chamber’
temperatures were varied according to the compound under examination in the
range 65°-250°. vVolatile liquids were introduced through a gallium cell or
hot inlet, and solids by a direct insertioq probe. All mass measurements were
by the peak switching method using perfluorotri-n-butylamine as comparison

standard, and relate to 12C=12 mu exactly.

5. Vapour-Phase Chromatography

For the greater part of the analytical work described, Pye 104 single and
dual column machines equipped with flame ionisation detectors were used with a
number of stationary phases: 10% Apiezon L on 100-120 mesh "celite" (approx.
400 plates per foot, 4 mm column) was found to be the most generally useful
for organogermanes. It was also found that unless the ratio of hydrogen to
oxygen (in the air) used in the detector was greater than that normally
employed for organic compounds, pronounced non linearity of response occurred
leading to "double-peaking". A Kent "Chromalog" integrator was connected in
parallel with the (Honeywell-Brown) recorder.

A Perkin-Elmer 451 chromatograph was used for some early work, but with a
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silicone elastomer stationary phase (column '0O') at 200°marked anti-
Langmuir absorption occurred for the higher germanes, particularly for PréGez.
Small "preparative scale" separations for mass spectrometry were carried
out on a Pye "Panchromatograph" using a Hamilton_fraction:collector. The U-
tqbes.of the collector were fitted witﬁ B7 sockets and filled with carefully
 cleaned large grained quartz sand. The commercially produced serum caps
fitted the B7 joints snugly and held high vacuum (10'"4 mm) for short periods.
Volatile organogermanes were collected with the tubes cooled in liquid air
and were removed from the sand by vacuum distillation into a capillary tube,
using the apparatus shown opposite. The organogermane solidified in the
collecting capillary, the long tube surrounding it being held at -196°. |
After carefully letting down the apparatus to dry nitrogen and allowing it to |
warm to room temperature, the capillary was sealed above and below the drop of
liquid collected, which could then be stored in this form, or transferred
directly into the mass spectrometer through the gallium or hot flask inlet
from the capiliary.
Larger amounts of components of mixtures were collected using an

Aerograph "Autoprep".

6. Solution Molecular Weights

Molecular weights of air stable materials were determined in benzene at
37° using a Mechrolab Vapour Pressure Osmometer at concentrations ranging
from 0.003M to 0.1M using resublimed triphenylphosphine for calibration.
Solution molecular weights of air sensitive compounds were meésured by the

wellkndwn cryoscopic method in benzene (see e.g. ref.203.)
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7. A conventional mercury float valve vacuum line’®%as used for measurement
of permanent gas and fractionation of volatile products from reactions in
break-seal fubes. A1l solvents (B.D.H. analar grade) were dried by standing
over sodium wire, or in the case of 1,2-dimethoxyethane and tetrahydrofuran,
weré distilled from lithium aluminium hydride immediately before use.

Xylene and di-n-butyl ether used to prepare sodium sand were distilled
from sodium immediately prior to use. All the solvents used for the organo-
germanium -molybdenum and tungsten compounds were de-oxygenated by repeated

pumping and letting down to nitrogen.

Cyclopentadiene was obtained by ¢racking dry (MgSO4) commercial dicyclo-
pentadiene in the apparatus illustrated on p. 187a.The 1 litre flask containing
tetralin is held at reflux temperature (210°) and the dicyclopentadiene is
allowed to drip in slowly. Depolymerisation is almost immediate and quantitative
(dicyclopentadiene begins to crack at about 125°) and the cyclopentadiene
vapour, BPt 420, passes up the hot water condenser, which returns the tetralin
to the boiler, and is condensed by the cold water spiral and collected in the
small flask. Pure cyclopentadiene can be produced quickly and in quantity in
this way, and the method is much less troublesome than the normal fractional
distillation processes. A slow current of dry nitrogen helps the passage of
the cyclopentadiene through the double coﬁdenser system which was constructed

in one piece, without intermediate ground joints, to prevent loss of the vapour.

Other starting materials were prepared by the usual methods available in the

. 202-4
literature. .

188




REFERENCES




10.
11.

12.

13.
14,

15.

16.

17.
18.
19.

20.

0.H. Johnson, Chem. Rev., 1951, 48, 259.

D. Quane and R.S. Bottei, Chem. Rev., 1963. 63, 403.

F. Rijkens, "Organogermanium Compounds", Germanium Research Committee, 1960.

F. Rijkens, and G.J:M. van der Kerk, "Organogermanium Chemistry",
Germanium Research Committee, 1964.

F. Glockling, Quart. Rev., 1966, 20, 45.

M. Dub, "Organometallic Compounds", vol.2, Springer-Verlag, Berlin, 1961.

F. Glockling and K.A. Hooton, "Organometallic Compounds of the Group IV
Elements", vol. 1B, Marcel-Dekkef, New York,. 1967.

C. Winkler, J. Prakt. Chem., . 1887, 36, 177.

JH. Lengle and V.H. Dibeler, J. Amer. Chem. Soc., 1952, 74, 2683.

o

J.K. Simons, E.C. Wagner and J.H. Muller, J. Amer. Chem. Soc., 1933, 55, 3705.

F. Glockling and K.A. Hooton, J. Chem. Soc., 1962, 3509.

N.S. Vyazankin, G.A. Razuvaev and V.T. Brychkov, Dokl. Akad. Nauk S.S.S.R.

1964, 158, 382.
F. Glockling and K.A. Hooton, Chem. Comm., 1966, 218.

F.E. Brinckmann and F.G.A. Stone, J. Inorg. Nucl. Chem., 1959, 11,24.

W.K. Orndorff, D.L. Tabern and L.M. Dennis, J. Amer. Chem. Soc., 1927,

49, 2512.

L.I. Emel'yanova, V.N. Vinogradova, L.G. Makarova and A.N. Nesmeyanov,

Izv. Akad. Nauk., 1962, 53.

Yu.I. Baukov and I.F. Lutsenko, Zhur Obs. Khim., 1962, 32, 2746.

ibid, idem, 1964, 34, 3453.
K. Ziegler, "Organometallic Chemistry", ed. H. Ziess, Reinhold, 1960, p.194

L.L. Zakharkin and O.Yu Okhlobystin, Zhur. Obs. Khim., 1961, 31, 3662.




21.
2.
23.
2.
25.
26.
27.
28.
29.

30.

31.
32.

33.

34.

35.

36.
37.
'38.

39.

40.
41.

42,

ibid, Zhur. Prikl. Khim., 1963, 36, 2034.

B.P. 820, 146 (1959). G.P. 1,028,576 (1958).

F.
R.
H.

C.

Glockling and J.R.C. Light, J. Chem. Soc., 1967(A), 623.
Fuchs, L.O. Moore, D. Miles and H. Gilman, J. Org. Chem., 1956, 21, 1113.

Gilman, M.B. Hughes and C.W. Gerow, J. Org. Chem., 1959, 24, 352,

Tamborski, E.J. Soloski and S.M. Dec, J. Organometal. Chem., 1965, 4, 446.

D.E. Fenton and A.G. Massey, Chem. and Ind., 1964, 2100.

K.H. Birr and D.Z. Kraft, Z. anorg. Chem., 1961, 311, 235.

W.

H.

H.

c.

Davidsohn and M.C. Henry, J. Organometal Chem., 1966, 5, 29.

Hartmann, H. Wagner, B. Kerbsterin, M;K; El A'sser and W. Reiss,
Naturwiss, 1964, 51, 215.
Hartmann and K. Meyer, Naturwiss, 1965, 52, 303.

Eaborn and D.R.M. Walton, J. Organometal. Chem.,, 1964, 2, 95.

F.C; Lewitt, T.A. Manuel, F. thnson, L.V. Mathernas and D.J. Lehmann,

H.

J. Amer. Chem. Soc., 1960, 82, 5099.

Gilman and E.A, Zuech, J. Amer. Chem. Soc., 1960, 82, 2522.

L.I. Zakharkin, V;I; Bregadzi, 0.Yu. Okhlobystin, J. Organometal. Chem.,

1965, 4, 211.

0.H. Johnson and WM. Nebergall, J. Amer. Chem. Soc., 1949, Zl; 1720.

R.
M.

D;

H.

West, J. Amer. Chem. Soc., 1952, 74, 4363.

Schmidt and I. Ruidisch, Z. anorg. Chem., 1961, 311, 331.

Seyferth, H.P. Hoffmann, M. Burton and_J;F; Helling, Inorg. Chem.,

1962, 1, 227.

Hartmann, E. Dietz, K. Komorniczyk and W. Reiss, Naturwiss, 1961, 48, 570.

D.L. Tabern, W.K. Orndorff and L.M. Dennis, J. Amer. Chem. Soc., 1925, 47,2039.

P.

Mazerolles, M. Lesbre and J. Dubac, Compt. Rend., 1965, 260, 2255.

190




43.

44,

45,

46.

47.
48.
49.
50.
51.

52.

53.

54.

55.
56.
57.
58.
59.
60.
61.
62.

63.

L. Pauling, "The Nature of the Chemical Bond", 3rd. Edn., 1960, Cornell,

University Press.

E.G. Rochow, J. Amer. Chem. Soc., 1947, 69, 1729.

E.G. Rochow, R. Didtschenko and R.C. West, J. Amer. Chem. Soc., 1951, 73,

5486 .

A.D. Petrov, V.F. Mironov and I.E. Golgy, Izv. Akad. Nauk. S;S;S;R.,

1956, 1146.

V;F;-Mironov and T.K. Gar, Izv. Akad. Nauk S;S;S;R;, 1964, 1887.

E.A. Flood and L.S. Foster, Inorg. Syntheses, 1950, 3, 64.

V.F. Mironov and N.S. Fedatov, Zhur. Obs. Khim., 1964, 34, 4122.

A. Tchakirian, Ann. Chim., 1939, 12, 415.

G;T; Morgan and H.D.K. Drew, J. Chem. Soc., 1925, 1760.

B.V. Gladshtein, V;V; Rode and L.Z. Soborovskii, Zhur. Obs. Khim., 1959,

29, 2155.
J. Satge, Ann. Chim., 1961, 6, 519.

L.1. Zakharkin, O.Yu. Okhlobystin and B.W. Strunin, Izv. Akad. Nauk 5.5.S.R.

1962, 2002.

B.J. Wakefield, Organometal. Chem. Rev., 1966; 131.
E;C; Ashby, Quart. Rev., 1967, 259.

C. Eaborn and K.C. Pande, J. Chem. Soc., 1960, 1566.

P: Mazzerolles, Bull. Soc. Chim. France, 1962, 1907.

ibid. Compt. Rend., 1960, 251, 2041.
A.L. Allred and K.A. Hooton, Inorg. Chem., 1965, &4, 671.

D. Seyferth, J. Amer. Chem. Soc., 1957, 79, 2738.

H. Hartmann and J.V. Ahrens, Angew. Chem., 1958, 70, 75.

P. Mazerolles, J. Dubac and M. Lesbre, J. Organometal. Chem., 1966, 5, 35.

191




64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

.A. Ponomarenka and G. Yu. Vzenkova, Izv. Akad. Nauk S.S.S;R., 1957, 99%.

.A. Ponomarenka, G.Yu. Czenkova and Yu.P. Egorov, Dokl. Akad. Nauk. S.S.S.R.

1958, 122, 405.

. West, H.R. Hunt and R.O. Whipple, J. Amer.Chenm. Soc., 1954, 76, 310.
V.F. Mironov and N.G. Dzhurinskaya, Izv. Akad. Nauk. S.S.S.R., 1963, 75.
J;A; Semlyen, G.R. Walker, R.E. Blofeld and C.G.S. Phillips, J. Chem. Soc.,
1964, 4948.

J.A. Semlyen, G.R. Walker and C.G.S. Phillips, J. Chem. Soc., 1965, 1197.

-H. Beuer and K. Burschkeis, Ber., 1932, 65, 958.

W.H. Nebergall (quoted by Johnson, ref.l).

V.F. Mironov and T.K. Gar, Izv. Akad. Nauk. 5.5.S.R., 1965, 291.

F. Glockling and K.A. Hooton, J. Chem. Soc., 1963, 1849.

H. Gilman and C W. Geroﬁ, J. Amer. Chem. Soc., 1955, 77, 5509.

F. Glockling and K.A. Hooton, Inorg. Syntheses, 1966, 8,6 31.

R. West, J. Amer. Chem. Soc., 1953, 75, 6080.

P. Mazerolles, Thesis, Toulouse, 1959.

H.H. Anderson, J. Amer. Chem. Soc., 1953, 75, 8l4.

N.W. Cusa and F.S. Kipping, J. Chem. Soc., 1933, 55, 1040.

M;C; Harvey, WM. Nebergall and J.S. Peake, J. Amer. Chem. Soc., 1957, 79,
2762.

H. Gilman and W. Steudel, J. Amer. Chem. Soc., 1960, 82, 6129.

C. Tamborski and E.J. Soloski, J. Amer. Chem. Soc., 1961, 83, 3734.

D. Bryce-Smith, Bull. Soc. Chim. France, 1963, 1418.

K.B. Smith and C;A; Kraus, J. Amer. Chem. Soc., 1952, 74, 1418.

F. Glockling and K;A; Hooton, J. Chem. Soc., 1962, 2658.

R.J. Cross and F. Glockling, J. Chem. Soc., 1965, 5422.

.H. Brooks and F. Glockling, J. Chem. Soc., 1966(A), 1241.




88.
89.
90.
91.
92.
93.

9.

95.

96.
97.
98.
99.
100.
101.
102.
103.

104.

105.

106.

107.
108.

109.

A.L. Allred and D.A. Nicholson, Inorg. Chem., 1965, 4, 1751.

J. Lewis, Pure Appl. Chem., 1965, 10, 11.

A.G. Brook and G.D. Peddle, J. Amer. Chem. Soc., 1963, 85, 1869; 2338
A.L.“Allred and D.A. Nicholson, Inorg. Chem., 1965, 4, 1747.
R.J. Cross and F. Glockling, J. Chem. Soc., 1964, 4125.

0.H. Johnson and D.M. Harris, J. Amer. Chem. Soc., 1950, 72, 5566.

V.F. Mironov, N.G. Dzhurinskaya and A.D. Petrov, Izv. Akad. Nauk. S;S.S.R.,

1960, 2066.

V.F. Mironov, N.G. Dzhurinskaya, T.K. Gar and A.D. Petrov, Izv. Akad. Nauk.
S.S.S.R., 1962, 460.

D;Bryce-Smith and W.J. Owen, J. Chem. Soc., 1960, 3319.

C.T. Blues and D. Bryce-Smith, Proc. Chem. Soc., 1961, 245.

A.K. Fischer, R.C. West and E.G. Rochow, J. Amer. Chem. Soc., 1954, 76, 5878.

'V.F. Mironov, T.K. Gar and L.G. Leites, Izv. Akad. Nauk. S.S.S.R., 1962,1387.

V.F. Mironov and A.L. Kravchenko, Zhur. Obs. Khim., 1964, 34, 1356.
J. Safge and M. Massol, Compt. Rend., 1965, 261, 170.

H. Gilman and C.W. Gerow, J. Amer. Chem. Soc., 1957, 79, 342.

M.C. Henry and M.F. Downey, J. Org. Chem., 1961, 26, 2299.

N.G. Dzhurinskaya, V.F. Mironov and A.D. Petrov, Dokl. Akad. Nauk. 5.S.S.R.

1961, 138, 1107.
M. Lesbre and J. Satge, Compt. Rend., 1960, 250, 220.

I.M. Gverdtsiteli and M.A. Buachidze, Dokl. Akad. Nauk. S.S.S.R., 1964, 158,

147.

F.C. Wilson and D.P. Schoemaker, J. Chem. Phys., 1957, 27, 809.

A. Magneli and G. Andersson, Acta. Chem. Scand., 1955, 9, 1378.

P.W. Corfield and H.M. M. Shearer, Int. Union. Crystallography 6th Congress,
193

o

Rome, 1963, A74.




110.

111.

112.
113.
114.
115.

116.

117.

118.
110,
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.

131.

. Hesse, Arkiv. fur Kemi., 1963, 20, 481

.E. Orgel, 10e Conseil de 1'Institut International de Chemie Solway,

WA,

.D.

.C.

.G.

.A.

Stoops, Brussels (1956).

Blake, F.A. Cotton and J.S. Wood, J. Amer. Chem. Soc., 1964, 86, 3024.

Dunitz and L.E. Orgel, J; Chem. Soc., 1953, 259%.

. Goodenough, Bull. Soc. Chim. France, 1965, 4, 1200.

Powell and R.V.G. Ewens, J. Amer. Chem. Soc., 1939, 286.

Porai-Koshits and A.S. Antsyskina, Dokl. Akad. Nauk S.S.S.R., 1962,

146, 1102.

van Niekerk, F.R.L. Schoening and J.F. de Wet, Acta. Cryst., 1953,

6, 501.

. Yamada, J. Amer. Chem. Soc., 1951, 73, 1579.

. Miller, J. Chem. Soc., 1961, 4452; 1965, 713.

Woodward, Phil. Mag., 1934, 18, 823.

'Corbett, Inorg. Chem., 1962, 1, 700.

. Noak,.Helv. Chem. Acta., 1964, 47, 1555.

. Schafer and H.G. Schhering, Angew. Chem., 1964, 76, 833.

Sheldon, Aust. J. Chem., 1964, 17, 1191.

. Lewis and R.S. Nyholm, Sci. Prog., 1964, 52, 557.

. Bor and L. Marko, Chem. and Ind., 1963, 912.

. Vohler, Ber., 1958, 91, 1235.

Kuznetzov and P.A. Koz'min, Zhur. Struct. Kemi., 1963, 4, 55.

Cotton and C.B. Harris, Inorg. Chem., 1965, 4, 330.

Cotton and W.K. Bratton, J. Amer. Chem. Soc., 1965, 87, 921.

Cotton, N;F; Curtis, B;F;G; Johnson and W.R. Robinson, Inorg. Chem.,

1965, 4, 326.
194




132.
133.
134.
135.

136.

137.
138.

139.

140.
141.
142,
143.

144.

145,
146.
147.
148.
149.
150.
151.
152.
. 153.

154.

F;A; Cotton, C. Oldham and R.A. Walton, Inorg. Chem., 1967, 6, 2214.

F.A. Cotton, Inorg. Chem., 1965, 4, 334.

c.

L.

S.

D

A,

.C

.R

.N

v

.J

F.

.E.
.S.
M.

.D.

J.

Brosset, Arkiv. fur Kemi, 1949, 1, 353.

Dahl and D.L. Wampler, J. Amer. Chem. Soc., 1959, 81, 3150.

-Cotton, N;F; Curtis, C.B. Harris, B.F.G. Johnson, J.s. Lippard,

J.T. Mague, W.R. Robinson and J.S. Wood, Science, 1964, 145, 1305.
Sands and A. Zalkin, Acta. Cryst., 1959, 12, 723.

.H. Mitchell and R.J.P. Williams, J. Chem. Soc., 1962, 4570.

Kasenally, R.S. Nyholm, R.I. O'Brien and M.H.B. Stiddard, Nature, 1964,
204, 871,

Adams, D.J. Cook and R.D.W. Kemmitt, Nature, 1965, 205, 589.

Gorsich, J; Amer.. Chem. Soc., 1962, 84, 2486.

Patmore and W.A.G. Graham, Inorg. Chem., 1966, 5, 1405.

'H. Patil and W.A.G. Graham, J. Amer. Chem. Soc., 1965, 87, 673.
; Nesmeyanov, K.N. Anisimov, N.E. Kolobova and V.N. Khandozhko, Dokl.

Akad. Nauk. S.S.S.R., 1964, 156, 502.

. Dighe and M. Orchin, J. Amer. Chem. Soc., 1964, 86, 3895.

. Patmore and W.A.G. Graham, Chem. Comm., 1965, 591.

ibid, Inorg. Chem., 1966, 5, 2222.

F.A. Cotton, Quart. Rev., 1966, 20, 389.

f;A; Cotton, Quart. Rev., 1966, pp.393-7 for.lgading references.

E.R. Corey, L.F. Dahl and W. Beck, J. Amer. Chem. Soc., 1963, 85, 1202.
F.A. Cotton and T.E. Hass, Inorg. Chem., 1964, 3, 10.

R.S. Nyholm and K. Vrieze, Chem. and Ind. 1964, 318.

T.S. Piper and G. Wilkinson, J. Inorg. Nucl. Chem., 1956, 3, 104.

C.E. Coffey, J. Lewis and R.S. Nyholm, J. Chem. Soc., 1964, 1741.

195



155.

156.

157.
158.

159.

160.
161.
162.
163.
164.
165.
166.
167.
168.

169.

170.
171.

172.

173.
174.

175,

A.S. Kasenally, R.S. Nyholm and M.H.B. Stiddard, J. Amer. Chem. Soc.,

1964, 86, 1884.
N. Flitcroft, D.A. Harbourne, I. Paul, P.M. Tucker and F;G;A;Stone,

J. Chem. Soc., 1966(A), 1130.

A;G; Massey, A.J. Park and F.G.A. Stone, J. Amer. Chem. Soc., 1963, 85, 2021.

T. Kruck and M. Hofler, Angew. Chem., 1964, 76, 786.
R;E; McCarley, B.G. Hughes, F;A; Cotton and R. Zimmerman, Inorg. Chem.,

1965, 4, 1491.

P.T. Narasimham and M.T. Rogers, J. Amer. Chem. Soc., 1960, 82, 5983.

K;M; Mackay and R. Watt, J. Organometal. Chem., 1966, 6, 336.

J;A; McCleverty and G. Wilkinson, J. Chem. Soc., 1963, 4096.
B.P. Dailey and J.N. Shoolery, J. Amer. Chem. Soc., 1955, 77, 3977.

M.J. Benmet and R. Mason, Proc. Chem. Soc., 1963, 273.

K.W. Barnett and P.M. Triechel, Inorg. Chem., 1967, 6, 2294.
J.P. Bibler and A. Wojcicki, Inorg. Chem., 1966, 5, 889.
R.J. Haines, R.S. Nyholm and M.H.B. Stiddard, J. Chem. Soc., 1966(A), 1606.

G.E. Coates and D. Ridley, J. Chem. Soc., 1967(A), 56.

J. Lewis, A.R. Manning, J.R. Miller and J.M. Wilson, J. Chem. Soc, 1966(A),

1663 ¢

V.H. Dibeler, J. Res. Natl. Bur. Std., 1952, 49, 235.

A.E. Cameron, Analyt. Chem., 1963, 35, 34A and refs. therein.

D.B. Chambers, F. Glockling, J.R.C. Light and M. Weston, Chem. Comm.,

1966, 282.

D.B. Chambers and F. Glockling, J. Chem. Soc., 1967(A) in the press.

F. Glockling and J.R.C. Light unpublished observations.

V.H. Dibeler and F.L. Mohler, J. Res. Batl. Bur. Std., 1951, 47, 337.
196




176. J;D; Pupezin and K}F; Zubov, Bull. Inst. Nucl. Sci., (Belgrade) 1958, 8, 89.

177. F.E. Saalfeld and J.H. Svec, Inorg. Chem., 1963, 2, 46; 50.
.178. R.E. Winters and R.W. Kiser, Inorg. Chem., 1965, &, 157.

179. ibid, J. Phys. Chem., 1965, 69, 1618.

180 N. Maoz, A. Mandelbaum and M. Cais, Tetrahedron Letters, 1965, 2087.

181. J.S. Shannon and J.M. Swan, Chem. Comm., 1965, 33.

182. C.G. Macdonald and J.S. Shannon, Aust. J. Chem., 1966, 19, 1545.

183. L. Friedman, A.P. Irea and G. Wilkinson, J. Amer. Chem. Soc., 1955, 77, 3689.

184. A;F; Ried, J.8. Shannon, J.H. Swan and P.C. Wailes, Aust. J. Chem., 1965,

18, 173.

185. R.I. Reed and F.M, Falbrizi, App. Spectroscopy, 1963, 17, 124.

186. A. Mandelbaum and M. Cais, Tetrahedron Letters, 1964, 384}.

187. ‘R;I; Reed "Ton Production by Electron Impact" Academic Press, 1962.

188.  J.H. Beynon "Mass Spectrometry and its Applications to Organic Chemistry",
Elsevier, 1960.

189. J.H. Beynon "Mass and Abundance Tables for use in Mass Spectrometry"
Elsevier, 1963.

190.  D.D. Tunnicliff, P.A. Wadsworth and D.P. Schissler, Analyt. Chem., 1965,
37, 543. |

191.  J. Lederberg and M. Wightman, Report to N.A.S.A., June 15, 1964.

192. K. Biemann and M. McMurray, Tetrahedron Letters, 1965, 647.

193. K. Biemann, Pure Appl. Chem., 1964, 9, 95.

194. M. Barber, P. Powers, M.J. Wallington and W.A. Wolsterholme, Nature, 1966,

212, 784.

195. K. Biemann, C. Cone and B.R. Webster, J. Amer. Chem. Soc., 1966, 88, 2597.

196. p.D. Tunnicliff and P.A. Wadsworth, Analyt. Chem., 1965, 37, 1082.

197




197.

198.

199.

200.

201.

202.

203.

204.

L.A. Konig, J;H;E; Mattauch and A.E. Wapstra, Nuclear Phys., 1962, 31, 18.
"A Guide to Machine Independent Programming and Algol", An E.E.L.M. manual,
English Electric Leo Marconi Ltd., Kidsgrove, Stoke on Trent.

H. Bottenbruch "Structure and use of Algol 60", J. Assn. Computing

Machinery 1962, 161.
"KDF9 Algol Programming" an EELM mini-manual.

A.J. Layton, R;S; Nyholm, G.A. Pneumaticakis and M.L. Robe, Chem. and Ind.,

1967, 465.

J.M. Birmingham, Adv. Organometal.Chem., 1964, 2, 365.
D. Ridley, Ph.D. Thesis, Durham, 1966.

R.J. Cross, Ph.D. Thesis, Durham, 1965.

y; L
24 SEP 961
LIERAR 198




