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CHAPTER I 

INTRODUCTION 

/ . The development of organogold* chemistry 

The first attempts to prepare alkylgold compounds were carried out in 1864 by 
Frankland and Duppa *. These investigators treated alkylmercury compounds 
with metallic gold but the gold was only amalgamated and organogold com
pounds were not formed. The reaction of alkylzinc compounds with gold tri
chloride gave no alkylgold compounds either. 

In 1907 Pope and Gibson2 were the first who synthesized alkylgold com
pounds. They prepared diethylgold(III) bromide from hydrated tetrachloro-
auric acid and ethylmagnesium bromide in absolute ether. The yield was about 
10% and great quantities of metallic gold were liberated. 

Until 1930 no other investigations about organogold compounds are men
tioned in the literature. In that year Gibson and his collaborators in England 
started a series of thorough investigations on dialkylgold compounds. The 
results of their work are to be found in thirteen publications which appeared 
between the years 1930 and 19493-15. 

Also in 1930 Kharasch and Isbell in America began investigations in the field 
of organogold compounds16-20. They prepared alkylgold compounds from 
Grignard solutions and gold halides in the same way as Gibson but their yields 
were very low and the physical constants of their products were, in some cases, 
later found to be wrong. 

They found however a direct auration method for aromatic compounds18 by 
the reaction of anhydrous gold trichloride with aromatic substances. An AuCU 
group was introduced into the aromatic ring and compounds with general 
formula ArAuCh were formed. The reaction may be formulated as follows : 

C6H6 + AuCb • CeHjAuCh + HCl (1) 

When the gold trichloride is added finely divided to a large quantity of dry 
benzene, the reaction starts immediately with evolution of hydrogen chloride 

* In this study organogold compounds are defined as compounds with one or more direct 
gold-carbon bonds but with the exclusion of some typical, often ionic inorganic gold com
pounds such as AuCN or KAu(CN)4. 
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and the mixture becomes red in colour. The reaction has to be stopped after an 
appropriate time interval to avoid further arylation with formation of diarylgold 
chloride: 

CeHsAuCb + С6Нб > (C6H5)2AuCl + HCl (2) 

This compound is exceedingly unstable and in the presence of hydrogen chloride 
the following decomposition takes place: 

(C6H5)2AuCl + HCl » CeHsCl + AuCl + C 6 H 6 (3) 

The interruption of reaction (1) occurs by addition of oxygen containing com
pounds such as ether, acetic acid, alcohol or ethylacetate and CeHjAuCh can 
be separated from the reaction mixture. The procedure was not further in
vestigated although it should provide an exceptional and elegant method for 
the introduction of gold and perhaps some other metals into an aromatic ring. 

Aryl compounds of trivalent gold cannot be synthesized from arylmagnesium 
halides and a gold (III) derivative; at least numerous efforts in this direction 
by Gibson" as well as by Kharasch1 7 have failed. 

Trimethylgold(III) compounds have been prepared in recent years by 
Gilman2 1 and by Coates2 2. Gilman treated a suspension of anhydrous gold 
tribromide in absolute ether at —60° with methyllithium. The trimethylgold 
compound formed already decomposed at —35° and could not be isolated. It 
was thought that the compound would be present in the form of an etherate : 

СНз. . C H , 

> u , 
С Н з ' 0(C2Hä)z 

By complexing trimethylgold with sulphur or nitrogen containing substances 
such as sulphides or amines more stable* products could be obtained. Coates 
used phosphines to stabilize trimethylgold (III) and studied infrared spectra 
and dipole moments of the complexes obtained22. 

Colourless, monomeric organogold(I) compounds with the general formula 
R—Au-PRs (R = alkyl or aryl) are prepared from the corresponding halides 
Cl—Au·-PRa and a Grignard reagent or better an organolithium compound23. 

* In general, a stable compound is a compound which resists chemical change whether it be 
by heat, hydrolysis, oxidation, reduction or any other process unless under forcing conditions. 
Because most dialkylgold compounds arc fairly resistant to oxidation, reduction and hydrolysis 
but sensitive to heal, in this study, by stability we mean particularly thermal stability. 
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Some gold (I) alky ny Is and their complexes with phosphines and amines have 
been described by Coates24 and by Nast00. 

Without any doubt Gibson has provided the greatest contribution to the 
development of organogold chemistry. A large number of compounds of the 
dialkylgold (III) type were synthesized by him and their properties were in
vestigated thoroughly. 

At room temperature the dimethyl- and diethylgold halides are white 
crystalline solids while the higher homologues are colourless oils. The compounds 
are dimeric and have the general formula: 

R X R 
4 A u / A u ' 

R ' '-X' 4 R 

R = :CH3, C2H5, C3H7, C4H9, C5H11 

Most of them are slightly light sensitive and decompose below 100° often 
without melting. 

It appeared that dialkylgold halides could be stabilized by molecules with 
electron donating atoms e.g. amines, ketones or sulphides. Apart from a few 
doubtful cases the coordination number of the gold in all these complexes 
is four. 

The complex compounds can contain one or two gold atoms depending on 
the nature of the complexing agents, e.g. : 

R X R X X R 
N A u ' ^ A u ' N A u / 

R ' NH3 R ' NH2-CH2-CH2-NH2
 X R 

Mostly these compounds have a higher decomposition temperature than the 
dialkylgold halides. Also this group of compounds is obtained in the form of 
white crystalline solids which are fairly stable to reducing agents. They are 
soluble in benzene, ether and chloroform but insoluble in water. With an excess 
of ammonia or amine, water soluble complexes are formed according to the 
following equation : 

R X 
N A u / + N H 3 > 

R ' NH3 

R NH3 
N A u / 

R ' NNH3 
X-

3 



By evaporation of the solvent the equilibrium is moved to the left and the non-
ionic complex is re-obtained. 

Dialkylgold bromides react with an equivalent amount of bromine in carbon 
tetrachloride giving rise to the formation of dimeric alkylgold dibromides 2 · 5 ' 1 7 . 
These are deep-red crystalline compounds much less stable to reducing agents than 
the dialkylgold bromides. They behave as mixtures of a dialkyl compound and 
gold tribromide. Hence it is very probable that the two alkyl groups removed by 
the bromine come from one and the same gold atom. 

The dialkylgold cyanides7,17 have a tetrameric structure. The gold atoms in 
these compounds are covalently bonded to the carbon atoms of the cyano 
groups, whereas the nitrogen atoms are coordinated to neighbouring gold 
atoms. Since the cyano group and its two adhering atoms must be linear and 
the gold (III) atom must have the coordination number four a symmetrical 
twelve-atom planar ring structure is the only simple structure possible for dial
kylgold cyanides: 

R 
I 

Κ - Α υ - Ο Ξ Ν 

N 
III 
с 

I 
R-Au ΝΞΟ 

I 
R 

This structure was later established for the dipropyl compound by an X-ray 

analysis25. That the tetramerisation is due to the coordination capacity of the 

CN-group is shown by the fact that these compounds react with ethylene 

diamine just like dialkylgold bromides giving compounds with the following 

structure: 

R CN NC R 
^ u ' 4 A u / 

R ' N H Z - C H Î - C H Î - N H / R 

Tetrameric dialkylgold cyanides are soluble in benzene or chloroform. On 
standing a precipitate appears in these solutions caused by loss of alkyl groups. 
During the decomposition first alkylgold cyanides arise which are transformed 
into gold (I) cyanide by further loss of alkyl groups: 

4 

R 
I 

Au-R 
I 
с 
I I I 
N 

-Au-R 
I 
R 



R R 
I I 

- A u i n - C = N « . A u I - C = N ~ A u , n - C = N - — > (AuCN)x 
I I 

R R 

By treatment of the dialkylgold bromides with thallous acetylacetonate the 
corresponding dialkylgold acetylacetonates arise3 , 9: 

R О-СГ' 

R ' 0 = C ^ 
СНз 

Complexes of this type sublime readily and show some similarity to the dialkyl
gold dithiocarbamates described in this study. 

All dialkylgold compounds decompose on heating with liberation of alkyl 
radicals which unite to give alkanes. Thus ethane is formed from dimethylgold 
compounds on thermal decomposition and butane is produced from the diethyl-
gold compound. In these reactions the gold derivatives are reduced to gold (I) 
compounds or to metallic gold. 

2. Applications of organic gold compounds 

Solutions of organic gold compounds have been used for about 150 years to 
produce metallic films on glass, ceramics, plastic laminates and many other 
materials. To prepare these solutions gold is dissolved in aqua regia and con
verted into gold trichloride by expelling the excess of nitric acid from the 
solution. The gold trichloride is then treated with a 'sulphurated terpene' to 
produce a 'gold terpene sulphide' having adequate solubility in organic solvents 
and essential oils2 6. Small amounts of other organic metal compounds are 
added. When a glassy surface is coated with this gold preparation - mostly 
called 'liquid bright gold'-and then heated in air in order to volatilize and 
oxidize the organic constituents of the coating, a specular gold film of 22 carats 
is deposited on the glass. The exact nature and composition of the 'gold 
terpene sulphides' are still unknown although a considerable amount of re
search has been carried out in this field. 

In 1949 Ballard27 introduced the use of'gold terpene mercaptides' obtained 
from reduced 'sulphurated terpene' and gold trichloride. The structure of these 
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gold compounds is also unknown. Fitch 2 8 in 1961 patented a series of gold (I) 

tertiary mercaptides for making gold films. 

These three types of gold compounds are the only ones that have appeared 

suitable for producing bright films by a thermal process. Other organic gold 

compounds when dissolved in organic solvents and applied on glass or pottery 

gave either only a dull gold film after heating or were unstable and could not 

therefore be used for this purpose. 

When the above mentioned gold solutions are used without the addition of 

other metals a gold film of only discrete gold particles is formed upon heating 

to the decomposition temperature. The deposit can be wiped off the surface 

very easily. The addition of a small amount of a rhodium compound to the 

gold solution has a startling effect in so far as the film obtained after heating is 

continuous, electrically conductive and specular. Similarly, small amounts of 

bismuth, silver, chromium and tin act as fluxes during the firing process and 

bind the now abrasion resistent gold film firmly to the glass surface. The film 

has a maximum thickness of 0.25 μ per application, is brightly reflecting but 

appears to be blue in transmitted light. 

Gold films, so obtained from organic gold solutions have several applications. 

Primarily they are used for decorating glass and ceramics. Very thin layers for 

the production of light filters can be used in sun glasses and have been described 

by Kerridge29. Such films reflect infrared radiation very powerfully, absorb 

ultraviolet light and are transparent in part of the visible spectrum. Therefore 

they can also be used on car windows or on porcelain enameled stainless steel 

as infrared reflectors or as heat shields in furnaces. Other applications are to be 

found in the excellent book of Wise on the recovery, properties and applications 

of gold and its compounds3 0. 

Diethylgold(III) bromide is the only alkylgold compound that has been used 

for the preparation of thin gold films on glass and other surfaces. However, the 

film was not produced by a heating process but by the action of alkali on an 

alcoholic solution of the dialkylgold halide. Gibson discovered this process and 

spent several years of painstaking investigation in its perfection. In its final form 

the technique consisted in exposing the surface to be gilded, after scrupulous 

cleaning, to a solution of just that amount of diethylgold(III) bromide required 

to obtain a film of planned thickness, and sodium ethoxide in pure ethyl alcohol. 

The films so obtained, mostly on glass, were easily detached by rubbing and 

could be floated off by water. By a simple procedure discovered later by Gibson 

it was found possible to cover them with a thin layer of silica which protected 

them from damage3 1. This process, however, never came to the stage of com

mercial development. 

The compounds described in this study have been examined with respect to 
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their film forming properties. The monovalent gold dithiocarbamates and the 
trivalent dihalogold dithiocarbamates gave a dull film after firing on glass or 
ceramic surfaces. The dialkylgold dithiocarbamates cannot be used in such a 
process because they are volatile and would evaporate before decomposition 
could occur. 

Some evidence has already been obtained in the past, suggesting that gold 
compounds which have film forming properties have to be free of halogen. The 
presence of a gold-sulphur linkage should have a favourable effect on the firing 
process. For these reasons it seems likely that monovalent gold dithio
carbamates are suitable for the preparation of gold films. The solubility of these 
compounds in organic solvents is adequate to ensure a sufficiently concentrated 
solution for such purposes. It seems, however, necessary to add certain organic 
compounds to obtain a bright film after firing. Further investigations in this 
direction have still to be carried out. 

Pharmacological uses. Gold and gold derivatives have been used in medicine 
throughout written history to treat every conceivable disorder. A rational 
chemotherapy with gold compounds started when Koch32 in 1890 demon
strated that potassium tetracyanoaurate inhibits the growth of the tubercle 
bacillus in vitro. 

In 1913 several reports appeared concerning the therapeutic activity of simple 
gold compounds in cases of tuberculosis and syphilis. The compounds were 
however more or less toxic. 

In the following years attempts were made to develop derivatives having a 
more favourable effect. Less toxic cyanogold complexes were introduced but 
their use remained limited33. 

After 1917 a number of gold-sulphur derivatives has been described as tuber-
culostats and antisyphilitic agents. Thus Feldt34 in Germany introduced in 
1927 some aromatic gold mercaptides such as Solganol(I) and Triphal(II) for 
intravenous administration: 

N a O . S - f y N H C H . S O . N a (I) N.OOC N - C - S A » ^ 

AuS \—/ 4H 

The structure of these compounds has not been studied very intensively but no 
doubt the monovalent gold atoms form a coordinate bond with a sulphur, 
nitrogen or oxygen atom of the same or a second molecule. 

Among other gold compounds which are still in current use are sodium 
goldthiosulphate [NasAu(8203)2- 2H2O], goldthioglucose (CaHnOsSAu) and 
gold thioglycanide (CeHsNHCOCHzSAu). 
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Between 1920 and 1930 French workers associated lupus erythematosus and 
rheumatoid arthritis with tuberculous disease and began to treat patients 
suffering from these diseases with gold compounds35·36. The French clinician 
Forestier (1932)37 claimed to achieve a striking measure of success with his 
treatments. 

When modern antituberculosis agents became available the use of gold 
compounds for treatment of this disease decreased. However, treatment of 
rheumatoid arthritis with gold derivatives continued. Various attempts were 
made to minimize toxicity by the introduction of insoluble forms of gold 
compounds; therefore oily suspensions and even colloidal gold solutions came 
into use. 

At this moment gold therapy for rheumatic diseases is a far from spent force 
although the effects of gold compounds in the human body remain uncertain. 
It seems therefore unlikely that additional gold derivatives will be introduced 
into medicine. Gold compounds however continue to attract the interest of 
research workers because of such curious phenomena as the specific obesity 
producing property of gold thioglucose in rats. 

Possible pharmacological actions of the organogold compounds described 
in this study have not been investigated. 

3. The scope of the present study 

The investigations, the results of which are reported here, aim to contribute to 
the present knowledge of the chemistry of organogold compounds. By a 
thorough analysis of Gibsons work the probable causes of the low yields in his 
syntheses of dialkylgold(III) halides could be traced. 

After extensive investigations it was possible to develop two improved 
methods for the preparation of compounds of the Gibson type in which the 
yields were increased considerably. The influence of complexing agents on the 
stability of dialkylgold compounds was investigated. The often remarkable 
chemical and physical properties of the products obtained were examined and 
an attempt was made to explain these with the aid of modern theoretical 
concepts of chemical bonding. 

From gold (I) di-n-butyldithiocarbamate and half the equimolecular amount 
of halogen monohalogold dithiocarbamates were obtained. On the basis of 
elemental analyses and molecular weight determinations these products seemed 
to be divalent gold compounds. The absence of paramagnetic character, how
ever, indicated molecular compounds of gold (I) and gold (III) species. To 
establish the exact structure an X-ray analysis of the bromogold dithiocarbamate 
is under investigation. 
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In 1956 Longuet-Higgins and Orgel38 suggested that tetraphenylcyclobutadiene 
could be stabilized by formation of metal complexes. On theoretical grounds 
particularly the existence of stable nickel and gold complexes was predicted. 
Efforts to synthesize a gold complex with cyclobutadiene were unsuccessful. 
However, one of the reactions carried out gave a new compound which on 
X-ray analysis showed to be a molecular compound of dibromogold dithio-
carbamate and tolan. 

Finally, the infrared spectra of the various compounds were investigated. In 
the region 4000-650 cm - 1 special attention was paid to the positions of an 
intense absorption at about 1500 cm - 1 which is due to a stretching mode of the 
C—N bond of the dithiocarbamate residue. These positions were connected 
with the double bond character of this C—N bond. The infrared vibrations of 
the gold-carbon, the gold-halogen and the gold-sulphur bonds in the far-
infrared region between 650 and 220 cm - 1 were indicated. 



CHAPTER II 

STARTING MATERIALS AND SOLVENTS USED 

As starting product for the synthesis of dialkylgold compounds Gibson used 
in his first experiments gold tribromide, obtained from an aqueous solution by 
evaporation of the solvent and drying the residue2. Afterwards it appeared that 
this product was not АиВгз but HAuBr.»· ЗН2О which does not lose its water 
of crystallization in a vacuum desiccator over phosphorpentoxide4. The 
hydrated tetrabromoauric acid reacts with Grignard solutions forming dialkyl
gold halides in yields not higher than 17-18%. 

In later experiments Gibson used anhydrous tetrabromoauric acid dissolved 
in absolute ether but no increase in the yields could be achieved. 

Anhydrous gold tribromide obtained from finely divided gold and dry 
bromine4 has physical and chemical properties completely different from those 
of tetrabromoauric acid; e.g. tetrabromoauric acid dissolves in ether whereas 
gold tribromide is practically insoluble in warm dry ether. Gold tribromide is 
also insoluble in water except in the presence of bromide or chloride ions. 
Gibson ascertained that anhydrous gold tribromide itself docs not react in ether 
with alkylmagnesium halides. According to Gilman however gold tribromide, 
when suspended in ether reacts with methyllithium giving rise to the formation 
of trimethylgold21. 

Gibson spared no pains in searching for more suitable starting materials4,5. 
Therefore various complexes of gold trihalides with amines such as ethylene-
diamine, pyridine, picoline, quinoline and others were isolated. As the most 
suitable starting material for dialkylgold syntheses pyridinotrichlorogold5 was 
selected : 

CI /CI 

CX' N J 

This compound is only sparingly soluble in ether. A somewhat better solvent 
appeared to be dry pyridine. At the boiling point of this solvent АиСЬ • Py 
dissolves well. Upon cooling the solution a fine suspension of the gold complex 
is formed. This reacts at 0° with alkylmagnesium halides with formation of 
dialkylgold halides. The yields were now higher than those obtained by the use 
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of НАиСЦ but rarely exceeded 35 %. This is probably due to the heterogeneity 
of the reaction mixture and the insufficiently low temperature. Gibson made no 
further attempts to synthesize a better starting material. Indeed it seems 
difficult to find an easily accessible gold compound which is soluble in current 
Grignard solvents such as ether and pyridine. Many salts of gold with tertiary 
amines which may be suitable for the synthesis of dialkylgold compounds, and 
of which dozens, especially in the older literature, have been described for the 
characterization of amines3 9 are soluble in chloroform and in methylene chlor
ide. It appeared that dry methylene chloride can be used without difficulties as 
a medium for Grignard reactions88 and therefore we selected one of the amine 
gold salts - the N-ethylpiperidinium tetrachloroaurate'10 - as starting product 
for the synthesis of dialkylgold compounds. 

The salt is very soluble in methylene chloride and does not crystallize from 
fairly concentrated solutions on cooling to —80°. By addition of a Grignard 
compound at —80° the corresponding dialkylgold halide was formed. This 
compound was not isolated but immediately reacted in solution with a sodium 
dithiocarbamate and the corresponding dialkylgold (III) dithiocarbamate was 
obtained. The yields of the end-product were about 65 % 4 1 . 

A general rule arises from these experiments; i.e. the yields of dialkylgold 
compounds are higher the more homogeneous the reaction mixture and the 
lower the reaction temperature. 

Attempts have been made to introduce dry tetrahydrofuran as solvent in the 
synthesis of dialkylgold derivatives'·2. A drawback of this solvent is, however, 
that it is miscible with water. In the methylene chloride reaction mixture the 
magnesium salts can be separated quantitatively by shaking the mixture with 
aqueous dilute hydrochloric acid in a separating funnel. This is not possible 
with tetrahydrofuran solutions. Therefore the use of this solvent was dis
continued. 

In a later stage it was found that gold (I) dithiocarbamates react with halogens 
forming dihalogold(III) dithiocarbamates: 

Au^SCNRz+Brz > BrzAu^SCNRz 

Also these products are excellent starting materials for the preparation of di
alkylgold (II I) dithiocarbamates by reaction with Grignard or dialkylcadmium 
compounds. Again methylene chloride was used as solvent. The lower homo
logues (R = СНз, C2H5 and C3H7) are only sparingly or even insoluble in 
methylene chloride but nevertheless give high yields of dialkylgold (III) dithio
carbamates. When dialkylcadmium compounds were used as alkylating agents 
the reaction temperature was kept at about 0°; at lower temperatures no 
reaction occurred. 
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CHAPTER III 

REACTIONS OF GOLD(I) DITHIOCARBAMATES 
WITH HALOGENS 

1. Preparation of di- and monohalogold dithiocarbamates 

When chlorine is passed into a colourless solution of gold (I) di-rc-butyldithio-
carbamate in chloroform at room temperature, a dark red colour appears 
immediately which changes gradually into orange or yellow. The colour does 
not fade entirely until the solution contains two atoms of chlorine per atom of 
gold. On addition of ether, yellow crystalline dichlorogold(III) di-n-butyl-
dithiocarbamate is precipitated in 80-90% yield. Other gold (I) dialkyldithio-
carbamates which have been described by Akerström73 react similarly: 

R S - A u S . R CL S x .R 
S N - C 4 c - i < + ci2 — • Aur / C - N ; 

R ' V - A U - S ' 4 R CK S^ 4 R 

R = alkyl 

Chlorination of the monovalent gold compounds can also be accomplished with 
thionyl chloride. 

Dichlorogold (III) dimethyldithiocarbamate can be prepared in 68% yield 
from pyridinotrichlorogold (AuCU • Py)5 in dimethylformamide by addition of 
an equivalent amount of sodium dimethyldithiocarbamate42. 

By addition of bromine dissolved in carbon tetrachloride to a solution of 
gold (I) di-/j-butyldithiocarbamate in chloroform the corresponding dibromo-
gold(III) dithiocarbamate is obtained. 

The transient colouring of the solution is dark violet in this case and vanishes 
more quickly. The product is red instead of yellow. The yield depends on the 
reaction temperature and has an optimum between 30° and 50°. At about 0° 
ihe initial dark colour does not fade any longer and a dark red precipitate of 
variable composition separates from the solution making the yield of dibromo-
gold(III) di-n-butyldithiocarbamate considerably lower (50-60%). 

The lower homologues (methyl, ethyl and η-propyl) which are insoluble or 
only sparingly soluble in chloroform have to be converted as suspensions. In these 
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cases the dibromogold(III) dialkyldithiocarbamates are precipitated immediate
ly and can be crystallized from solvents such as dimethylformamide or aceto-
nitrile. 

Bromination can also be accomplished at 30° with N-bromosuccinimide or 
N-bromophthalimide in practically quantitative yields but the isolation and 
purification of the product is more difficult. 

Iodine reacts differently with gold (I) di-M-butyldithiocarbamate. The tran
sient colour here is dark green. The end-product is dark violet and unstable; it 
decomposes when the precipitate is washed on the filter with ether leaving a 
yellow product and a dark brown filtrate. Elemental analysis of this product 
gives a result as for a monoiodogold derivative, lAuSSCNÍH-CtH^. Its 
preparation, structure and properties will be discussed in a subsequent part of 
this chapter. The compound reacts in chloroform with half the equimolecular 
amount of bromine with formation of bromoiodogold(III) di-/z-butyldithio-
carbamate, BrIAuSSCNCn-CtHg):. This product has been isolated as violet 
needles of melting point 94.5°. With excess of bromine orange dibromogold(ni) 
di-/i-butyldithiocarbamate is produced. 

Under similar conditions as for the halogens cyanogen bromide does not give 
bromocyanogold(III) di-H-butyldithiocarbamate. If an equimolecular amount 
or even an excess of cyanogen bromide is mixed with gold (I) di-n-butyldithio-
carbamate and ether is added slowly only one product can be isolated in the 
form of yellow needles of melting point 143.5-144°. From the results of micro
analysis the composition proved to be as for [AuSSCNin-C^^bBrCN. 

In the infrared spectrum of the compound a strong absorption band was 
found at 2141 cm - 1 (КВг-disc) belonging to a C=N group. According to li
terature4 5 the low value indicates that there is no coordinate bond between the 
nitrogen of the C=N group and any other atom (e.g. gold). It is assumed that 
the structure of the compound is similar to that of the monohalogold dithio-
carbamate to be discussed now. The compound was not investigated further. 

If 1 mole of gold (I) di-n-butyldithiocarbamate is treated with exactly 0.5 
mole of chlorine, bromine or iodine the corresponding monohalogold di-л-
butyldithiocarbamates are obtained in high yields. As will be proved in the next 
section these apparently bivalent gold derivatives are molecular compounds of 
a dihalogold(III) di-w-butyldithiocarbamate and gold (I) di-n-butyldithio
carbamate. 

Both the gold (III) and the gold (I) derivative are extremely soluble in carbon 
disulphide; the monohalogold compound however is almost insoluble in carbon 
disulphide. This solvent is therefore very useful for purification of the mono
halogold di-n-butyldithiocarbamates ; the reaction product is dissolved in as 
little chloroform as possible and then carbon disulphide is added; the mono-
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halogold di-«-butyldithiocarbamate separates in the form of yellow needles. 
In a second method of preparation, the monohalogold di-w-butyldithio-

carbamates are obtained in 75% yield by simply mixing equivalent amounts of 
gold(I) and a dihalogold(III) di-H-butyldithiocarbamate in chloroform. The 
pale yellow solutions of the two compounds give on mixing also a temporary 
dark colour. The monohalogold compound is then precipitated by addition of 
carbon disulphide. 

2. Properties of di- and monohalogold dithiocarbamates and preliminary results of 

the X-ray analysis of monobromogold di-n-butyldithiocarbamate 

Dichlorogold(III) dithiocarbamates are yellow, the dibromo derivatives red, 
crystalline compounds. The unstable diiodo compound is dark violet. In general 
their melting points are lower than those of the corresponding gold (I) dithio
carbamates. The melting points of the monohalogold dithiocarbamates are 
between those of the gold (I) and the dihalogold(III) derivatives. Both types of 
halogen derivatives are more soluble in organic solvents than the corresponding 
gold (I) dithiocarbamates. Solubility increases with the length of the alkyl chains 
in the dithiocarbamate residue. Thus in the dihalogold(III) series, the N,N-
dimethyl compounds are only soluble in warm dimethylformamide or dimethyl-
sulphoxide, whereas the dibutyl compounds dissolve satisfactorily in chlorinated 
hydrocarbons, acetone, tetrahydrofuran, pyridine and acetonitrile. All com
pounds are insoluble or nearly so in water, ligroin and ether. 

The mono- and dihalogold(III) dithiocarbamates decompose in basic re
agents; they are however stable in dilute solutions of strong acids and can even 
be crystallized from glacial acetic acid. The melting points of the various di-
и-butyldithiocarbamates are given in table 1. 

TABLE 1 Melting points of Χ„ΑΙΙ88€Ν(Η-ΟΗ<,)2 (°C) 

X 

X2AuSSCN(n-C4H,)2 
XAuSSCN(n-C4H,)2 

AuSSCNOt-CiHob 

CI 

120.5-122 
128.5-129 

Br 

109-109.5 
143-144 

160.5 

I 

106-108.5 
134.5-135.5 

The и-butyl derivatives have been studied more intensively than the other 
homologues because of their better solubility in various organic solvents. 
Moreover gold di-w-butyldithiocarbamates are easily purified. 
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It was established that dibromogoId(III) di-H-butyldithiocarbamate can 
occur in different modifications. When the compound is crystallized from 
solvents such as alcohol, acetic acid or carbon tetrachloride it appears in the 
form of orange-red needles (modification I). If this modification is heated 
suddenly at 105° it melts but a few minutes later it solidifies at the same tempera
ture. The infrared spectrum of the new modification (II) in sodium bromide 
differs from the spectrum of modification (I). In (II) a strong absorption band 
at 1148 cm - 1 has disappeared and a band at 737 cm - 1 has been split into a some
what less intense band at 732 and a shoulder at 745 cm^1. If modification (II) is 
dissolved in chloroform and reprecipitated with ether, the original modification 
(I) is re-obtained. If modification (I) is heated for a weekend at 105° no loss of 
weight occurs and modification (II) is formed without decomposition. 

Dibromogold(III) dithiocarbamates decompose slowly in alcohol. If 
Br2AuSSCN(«-C4H9)2 is left for a few weeks in ethyl alcohol, the red crystalline 
needles disappear and a precipitate of gold (I) dithiocarbamate, AUSSCN(H-

-CAHÇÎZ, separates out. The supernatant liquid smells of acetaldehyde. 
Cryoscopic molecular weight determinations in nitrobenzene have been 

carried out on the gold (I), the monobromo- and the dibromogold dibutyldithio-
carbamate. 

For gold (I) dithiocarbamates a dimeric structure (ebullioscopic in benzene) 
has already been found by Akerström73. Hesse48 also proved this structure by 
an X-ray analysis of gold (I) di-«-propyldithiocarbamate. 

Molecular weight determinations in nitrobenzene of the gold (I) di-H-butyl-
dithiocarbamate, carried out by us, were not always very conclusive and the 
solvent seems to influence the structure of the gold compound to some extent. 

Measurements of the dibromogold (III) di-n-butyldithiocarbamate in nitro
benzene, however, were highly reproducible and ascertained that the compound 
has a monomeric structure in this solvent. Solutions of dibromogold (III) di-и-
butyldithiocarbamate in nitrobenzene are non-conductive. Hence the structure 
has to be formulated as follows: 

Br. S ч И-С4Н9 

Br' ' s ' V c H , 

Most compounds of trivalent gold show this type of structure in which the gold 
atom has coordination number four. 

Monohalogold di-n-butyldithiocarbamates appeared to be monomeric in 
nitrobenzene, a feature which is not so easily explained. On account of the 
molecular composition and the absence of electrical conductivity it seemed 
possible that these compounds contain divalent gold. 
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As a consequence of the odd atomic number of gold, compounds containing 
this element in the divalent state must of necessity contain an odd number of 
electrons and hence be paramagnetic. This fact has been used in the past more 
than once with success to show the absence of a divalent gold atom in com
pounds such as CsAuCb4 3 and ВггАи—^(СНгСвН;):44 which in view of their 
empirical formula might contain divalent gold. It has also been used in this 
study to prove the absence of the hitherto unknown divalent gold in mono-
bromogold di-n-butyldithiocarbamate. 

A sample of 0.5 g was examined in the solid state in a very thin glass tube in a 
magnetic field of 15,000 Gauss according to the Gouy method and revealed 
absence of paramagnetic properties.* 

Also an electronspin resonance spectrum of the compound measured at room-
temperature and at —190°, both in the solid state as well as in a chloroform 
solution, gave no evidence for the presence of paramagnetism*. 

Similar behaviour (diamagnetic, monomeric, non-conductive) has been found 
by Brain and Gibson4 4 for dibromogold dibenzylsulphide which on X-ray 
analysis appeared to be a molecular compound formed from a monobromo-
gold(I) and a tribromogold(III) derivative and which dissociates in solution 
into its components. 

Therefore it was supposed that the monohalogold di-n-butyldithiocarbamates 
are composed of equimolecular amounts of gold (I) dithiocarbamate and dihalo-
gold(III) dithiocarbamate. An X-ray analysis of the monobromogold di-л-
butyldithiocarbamate still in execution in the Department of Inorganic Che
mistry of this university really proves the presence in the crystal of separate 
molecules of gold(I) and gold (III) species. Preliminary results of this analysis 
are reported at the end of this chapter. 

The presence of monovalent and trivalent gold atoms in monobromogold 
di-n-butyldithiocarbamate is also corroborated by a chemical argument; the 
monobromogold compound can be converted into a mixture of about equal 
amounts of gold (I) di-w-butyldithiocarbamate and dimethylgold(ni) di-и-
butyldithiocarbamate (35% and 39% respectively) by treatment with dimethyl-
cadmium in methylene chloride. 

When it is said that on account of cryoscopic measurements monobromogold 
di-M-butyldithiocarbamate appeared to be monomeric in nitrobenzene, properly 
speaking we mean that the measured molecular weight (484 as average value 
of 473 and 495) is the same as the formula weight of BrAuSSCN («-С^Н^г 
(M c a l c = 481). This value alone does not distinguish between a true mono-

* The author is greatly indebted to Drs. J. M. Trooster for magnetic susceptibility measure
ments and to Dr. J. D. W. van Voorst for recording the electrospin resonance spectrum. 
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bromogold compound and a substance which is composed of equimolecular 
amounts of gold (I) and dibromogold(III) dithiocarbamate. From the ab
sence of paramagnetic character and the X-ray analysis it was already concluded 
that separate particles of the gold (I) and gold (III) compound are present in 
nitrobenzene. 

Normally, however, the gold (I) dithiocarbamate would be present in dimeric 
form (M = 802), whereas the corresponding dibromogold(III) derivative is 
always monomeric (M = 561). This should yield an average molecular weight of 
641 for the monohalogold compound. This value exceeds the measured mole
cular weight of 484 very considerable. It is difficult to give a satisfactory ex
planation for this difference between found and expected values. Perhaps there 
is a relation between this anomaly and the sometimes strongly fluctuating values 
of molecular weight of the gold (I) di-/2-butyldithiocarbamate in nitrobenzene. 
It might be possible that the gold (I) compound is sometimes in nitrobenzene 
monomeric dependent upon circumstances such as concentration or presence 
of other compounds. 

In this connection it may be mentioned that neither the ultraviolet nor the 
infrared spectrum of the compound is a summation spectrum of the gold (I) 
and the gold (III) species as can be seen from the figures 1 and 12. 

ε-ιι-'· 

230 ко 250 m m m m loo зю m m ne m 
λ IB ntl 

FIG. 1 Ultraviolet spectra of gold (I), monobromo-and dibromogold di-n-butyldithiocarbamate. 

In a study of the ultraviolet spectra of a series of organic thion derivatives by Janssen46 

absorption bands at about 250 and 275 m\i were assigned to electron transitions in the 
S \ J^C—N group. These assignments cannot be made for the gold dithiocarbamates because 
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other gold compounds such as HAuCU which have no ^C—N moiety also absorb in this 

region. Therefore only experimental data are given here and no attempt is made to explain the 
spectra. 

In methylene chloride the monobromogold dithiocarbamate has absorption maxima at 
318 and at 277 ιημ which are absent in the spectra of the supposed constituents These two 
bands undergo a hypsochromic shift m concentrated sulphuric acid to 312 and 274 mp. The 
same effect is found with the two absorption maxima of the dibromogold dithiocarbamate; 
254 and 285 ιτιμ in methylene chloride, 246 and 280 ιημ in concentrated sulphuric acid. The 
288 Γημ band of the gold(l) dithiocarbamate in methylene chloride is replaced by a single band 
at 242 ιτιμ in concentrated sulphuric acid 

Monobromo, monoiodo and monochlorogold di-n-butyldithiocarbamate have identical 
spectra. Also by changes of the alkyl residues on the nitrogen atom the position of the ab
sorption bands is not perceptibly influenced. 

From a comparison of the ultraviolet spectra in methylene chloride it appears that in this 
solvent the monobromogold dithiocarbamate shows an absorption peak at 318 ιημ which is 
absent in the spectra of gold(I) and dibromogold (III) dithiocarbamates and may possibly be 
due to some interaction between these compounds in solution This supposition is consolidated 
by the spectrophotometnc data, obtained upon mixing the two compounds If very dilute 
solutions (10-5molar) of gold(I) and of dibromogold (III) dithiocarbamate both in methylene 
chloride are mixed with each other and the spectrum is measured between 240 en 340 ιημ, 
a curve identical to the summation spectrum of the two components is obtained. When 
however more concentrated methylene chloride solutions of about 0.1 molar are mixed (here 
only the temporary dark colour occurs) then the spectrum of the mixture has a new absorption 
band at 318 ητιμ No doubt in this case there is at least an interaction between the two com
pounds. 

If a 10-5molar methylene chloride solution of gold(I) di-n-butyldithiocarbamate is treated 
with a very dilute solution of bromine in methylene chloride and the reaction is followed in the 
spectrophotometer, the new absorption band at 318 Γημ appears also and at the same time the 
288 ιημ band moves to 277 ιημ The spectrum obtained is that of the monobromogold com
pound. On adding more bromine the band at 318 πιμ remains unchanged but the 277 ηιμ band 
shifts to 262 Γημ and becomes more intensive, but the spectrum of dibromogold(III) dithio
carbamate is never obtained in this way. 

The reaction of monobromogold di-n-butyldilhiocarbamate with bromine is studied spectro-
photometrically in the same way in methylene chloride solution By addition of bromine the 
spectrum of dibromogold(III) dithiocarbamate is not obtained either The band at 318 πιμ 
again remains unchanged and the 277 ιημ absorption shifts hypsochromically with an increase 
m intensity to 262 Γημ. 

X-ray analysis*. In view of a crystallographic investigation of BrAuSSCN(«-

-CtH^z several oscillation and Weissenberg photographs were taken about the 

needle axis which coincides with the length of the crystal, using CuKa radiation 

for the exposures. The cell dimensions and space group were determined from 

these photographs. The period in the needle direction is 16.38Â (c-axis); the 

other axes are: b = 16.08Á; a =• 22.24Λ. 

* This X-ray analysis was carried out by Dr J. A. Cras and Mr. W P. J H. Bosman of the 
Department of Inorganic Chemistry of this university The final results will be reported else
where. 
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The space group derived from the extinctions 

hkl h + k = 2n + l 

hoi l = 2n + l 

is C2/c—C|h. From Weissenberg photographs taken about the b-axis we found 

β = 94°. 

The density was determined in paraffin oil using a Pyknometer. The average 

value of two measurements was 2.178 gem - 3. From the volume of the cell and 

the density the number of formula units [BrAuSSCNin-CiHo^] per unit cell 

was found to be 16. The calculated density is 2.176 gcm~3. Patterson and 

Fourier [001]-projections were carried out and after several refinements the 

following information was obtained. 

The gold atoms are to be found in two not identical positions which are at 

least 6.9 Λ apart. In one position the gold is surrounded only by sulphur atoms; 

in the other also bromine atoms are in the neighbourhood of the metal atom. 

A projection of the heavy atoms in one eighth of the unit cell is given in figure 2. 

9—-9 9 - - " * 

< 

Г 

FIG. 2. Projection of the heavy atoms in monobromogold di-n-butyldithiocarbamate. 
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At the origin of the projection (and at г, г) four gold atoms (AuJ) are located 
at the positions 0,0,Zb 0,0,ζΊ; 0,0,72+21; ОД г-гі with eight sulphur atoms 
in their immediate surroundings. These four gold atoms belong to two dimeric 
gold (I) dithiocarbamate molecules. The stereometric positions of the atoms in 
such a dimeric configuration is represented in figure 3. 

FIG. 3 Stereometric arrangement of the gold and sulphur atoms in monobromogold di-n-butyl 
dithiocarbamate. 

As can be seen from this figure the gold and sulphur atoms are not in a planar 
configuration. Apparently the mutual attraction of the two gold atoms is so 
strong that the sulphur atoms - maintaining a linear arrangement with the gold 
atom - are turned out of the plane. 

The same arrangement of gold and sulphur atoms in a dimeric gold (I) dithio
carbamate has been found by Hesse 4 8 but the mutual positions of the molecules 
in the crystal of this compound are different. 

The trivalent gold atoms (Au"1) in the unit cell are to be found at the positions 
Vi, 11л, zi and ч, V·»*2*· The bromine atoms are near these gold atoms and 
probably also rather close to the nitrogen atom of a neighbouring gold (I) dithio
carbamate molecule. There is perhaps some kind of interaction between the 
nitrogen and bromine atoms but only a second projection can give exact in
formation about their relative positions. 

Further X-ray investigations are bound to reveal whether the gold (III) atoms 
are in plane with two bromine and two sulphur atoms. From the higher 
frequency of the stretching mode of the Au—Br vibration in the infrared 
spectrum relative to the corresponding Au—Br stretch in BrzAuSSCNfa-CtHc^ 
it might be postulated that the Au—Br distance in BrAuSSCN^-CtH^ is 
slightly shorter than in the square planar arrangement of bromine, gold and 
sulphur atoms in Br2AuSSCN(n-C4H9)2. Possibly this shortening might be ex
plained by the supposition that in the monobromogold compound bromine, 
gold(III) and sulphur atoms are in a distorted planar configuration in which 
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the Au—Br distance can become shorter than in a planar configuration. This 

supposition might explain also the small stability of the diiodogold(III) dithio-

carbamate relative to the corresponding monoiodo derivative. 

If in the compounds similar structural and crystallographic relations exist as 

in the bromo analogues, the bulky iodine atoms will find a more favourable 

situation in a kind of tetrahedral arrangement of the monohalo compound than 

in a planar structure of the dihalo derivative. 

3. Molecular compounds of dibromogold(III) di-n-butyldithiocarbamate with 

some aromatic hydrocarbons 

Dibromogold(III) di-/j-butyldithiocarbamate forms molecular compounds with 

a number of organic substances. This property was found accidentally when the 

reaction between the dibromogold(III) dithiocarbamate and tolan was in

vestigated as a posible method of preparation of a tetraphenyl cyclobutadiene 

gold π complex3 8 , 4 7. To this purpose the starting products were dissolved in a 

suitable solvent and mixed. On crystallization a product was obtained which was 

different from the compounds used in view of its higher melting point. On 

analysis it appeared to be a 2:1 molecular compound. 

It was found that also irawj-stilbene and dibenzyl but not diphenyl gave rise 

to the formation of such 2:1 molecular compounds. 

A simple method of preparation of these products is as follows: BriAuSSCNfa-OHsOi 
(1.12 g) is dissolved in methylene chloride (15 ml); //-ans-stilbene (0.36 g) in ethyl alcohol 
(15 ml). The two solutions are mixed and placed in the refrigerator. Orange-red needles of the 
molecular compound are formed which can be recrystallized from ethyl alcohol. 

The melting points of the various molecular compounds and their components 

are collected in table 2. 

TABLE 2 Melting points of some molecular compounds of 
dibromogold(in) di-w-butyldithiocarbamate and of their components (°Q 

Compound M.p. (0C) 

BriAuSSCNin-QH«)! 109-109.5 
[BnAuSSCNtn-CiHsbb С б Н 5 - С ^ С - С б Н 5 116 
[Br2AuSSCN(n-C4H,)2]2 Ггопі-С6Н5-СН = СН-СбН5 117.5 
[Br2AuSSCN(n-QH,)2]2 C e H j - O b - O b - C e H , 119 
С 6 Н 5 - С ^ С - С б Н 5 62.5 
/галі-СбН5-СН=СН-СбН5 124 
С б Ш - С Ш - С Ш - С о Н з 69-71 
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In solution the compounds dissociate into their components. A thin layer 
chromatogram of the molecular compounds on silica with pentane-benzene 
(95:5) as eluent shows clearly two spots, one from the hydrocarbon and the 
other from dibromogold(III) di-«-butyldithiocarbamate. 

The infrared spectra, measured in potassium bromide, show only a few 
differences from the summation spectra of the two components; in the mole
cular compound with trans-stilhene the C—H out of plane vibrations (962 and 
982 cm - 1) are shifted to higher frequencies (974 and 989 cm - 1 ) ; in the stilbene 
and tolan containing compounds the intense absorptions of dibromogold(III) 
di-/i-butyldithiocarbamate at 737, 1148 and 1116 cm - 1 have disappeared. 

The ultraviolet spectra measured between 200 and 500 m μ in the solid state 
(KBr-pellet) and in methylene chloride or in ethyl alcohol are for all molecular 
compounds pure summation spectra of their components. An interaction 
between the electron system of the hydrocarbons and the gold compound seems 
therefore unlikely. 

From all these informations it appears that there is no chemical bonding 
between the two compounds; the hydrocarbon should be merely enclosed by 
the dibromogold(IIl) dithiocarbamate. 

An X-ray analysis of the //w/i-stilbene derivative is under investigation in the 
Department of Inorganic Chemistry of this university. It was found already 
that crystals of the compound are triclinic with space group Ρ 1 — С ' , whereas 
crystalline dibromogold(III) di-w-butyldithiocarbamate itself is rhombic with 
possible space groups Abm2—C^ or Ama2—C^· The distance between the 
two gold atoms in the molecular compounds appears to be about 3.5Â which 
excludes the possibility of a stilbene molecule being present between them. 

On account of the symmetry it seems necessary to give the stilbene molecule 
a position between the two butyl groups of the dithiocarbamate residue. The 
complete X-ray analysis will be published elsewhere. 
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CHAPTER IV 

PREPARATION AND PROPERTIES OF 
DIALKYLGOLD(III) DITHIOCARBAMATES 

1. Methods of preparation 

Dialkylgold(III) compounds are obtained in two difTerent ways: 
a. Dibromogold(III) dithiocarbamates or dibromogold(III) dithiobenzoates 
(chapter V) are dissolved or suspended in dry methylene chloride and treated in 
a dry atmosphere with an alkylmagnesium halide in ether at —80°, or with a 
pure dialkylcadmium compound at about 0°: 

Br S RMgX R S. 
N A u ' . C - N R 2 (or Ar.) + or • NAu.' J, C - N R 2 (or Ar.) 

B r ' ' S ' ' R2Cd К ' ' S ^ 

The alkylmagnesium halides are prepared in absolute ether from an alkyl halide 
and magnesium5 8 , 7 2 and are added immediately to the gold compound. 

The dialkylcadmium compounds which have been prepared from alkylmag
nesium halides in absolute ether and cadmium chloride are first isolated from 
the reaction mixture by distillation or sublimation in vacuo, a procedure which 
has been described by Krause5 1. 

In both reactions the alkylation of the gold compounds is complete after the 
reaction mixture has been stirred for a few minutes. Then it is subjected to hy
drolysis with dilute acid. If only water is used, the solution becomes alkaline 
and the dialkylgold compounds decompose at this stage. 

Dialkylmercury compounds5 2 do not react with the bromo derivatives at low 
temperatures. At room temperature substantial amounts of gold separate out, 
leaving a solution which sometimes contains a small amount of the dialkyl
gold (III) dithiocarbamate. 

The methyl, ethyl, шьргоруі and benzyl group are successfully introduced into 
the gold (111) derivatives by the corresponding Grignard compounds. 
The methyl and ethyl group are introduced also by dimethyl- and diethyl-
cadmium. 

Attempts however to introduce phenyl, allyl or cyclopentadienyl residues with 
the aid of diphenylcadmium, phenylmagnesium bromide, allylmagnesium 
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bromide or cyclopentadienylsodium, respectively, failed. In all these cases only 
gold (I) dithiocarbamates were isolated. 
b. N-ethylpiperidinium tetrachloroaurate (NEPAuCU) is prepared according 
to Dennstedt4 0 from tetrachloroauric acid and a hydrochloric acid solution of 
N-ethylpiperidine. When dissolved in methylene chloride NEPAuCU reacts 
with an alkylmagnesium halide at —80°; at this temperature no metallic gold 
separates from the solution. The reaction mixture is then shaken with dilute 
hydrochloric acid at the lowest possible temperature. Magnesium halide and 
N-ethylpiperidinium hydrochloride are extracted into the aqueous layer and 
the dialkylgold(III) halide remains in the methylene chloride. The organic layer 
is kept as cold as possible, dried with anhydrous sodium sulphate and the di-
alkylgold(III) compound present in the solution immediately converted into the 
corresponding dialkylgold(III) dithiocarbamate by addition of an alcoholic 
solution of the appropriate sodium dialkyldithiocarbamate: 

• с н 2 - с н , H • 
СН/ ^N N 

СНг—GH2 С2Н.5 
АиСЦ + RMgX 

hydrolysis 

with HCl 

"R X. R" 
^ u . ' AuC 

R ' X ' 4 R 
not isolated 

NaSSCNR. R S v R' 
; Vu.' V_N^ 
' R ' S* 4 R ' 

R and R' = alkyl; X = halogen 

Yields of dialkylgold(III) dithiocarbamates vary for the various homologues 
(25-70 %) and are generally lower than those obtained by the previous method a. 

Dimethylcadmium can be used to introduce methyl groups into NEPAuCU 
by the same procedure, but with diethylcadmium no diethylgold (III) dithio
carbamate is obtained. 

Attempts to isolate the dialkylgold halide itself fail ; when the methylene 
chloride is evaporated before a sodium dithiocarbamate is added the reaction 
mixture decomposes and only metallic gold is isolated. Apparently the nature 
of the solvent plays an important part in the isolation of dialkylgold (III) 
halides. Gibson used ligroin as solvent to isolate the dialkylgold halides and no 
doubt in this solvent the compounds were present in the rather stable dimeric 
form (RzAuXJa. In methylene chloride however it is possible that the com
pounds are present in monomeric form, stabilized by the solvent: 
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R Χ 
ЧиГ' 

R'' С 1 - С Н 2 - С 1 

Upon elimination of the solvent these compounds should decompose before 

the more stable dimeric dialkylgold(III) halides are formed. 
The importance of the solvent can be demonstrated in another way. If the 

methylene chloride is evaporated at —25° in high vacuo and replaced by ligroin 
the decomposition does not occur to so great an extent. After slow evaporation 
of the latter solvent at 0° some dialkylgold(III) halide can be isolated. 

The alkylation of the dibromogold(III) compounds by Grignard or dialkyl-
cadmium compounds appears to be too fast for convenient kinetic measure
ments. Probably these reactions are bimolecular nucleophilic substitutions 
(SN2 reactions). 

It may be suggested that when square planar dibromogold(III) compounds 
react with a dialkylcadmium (or Grignard) compound a reaction intermediate 
is formed which contains one or two molecules of the alkylating agent (see 
fig. 4 and 5). The availability of a vacant p z orbital and the general stereometric 
accessibility of the central gold atom in a square planar configuration make such 
transition states rather plausible. 

According to the first possibility only one molecule (e.g. dimethylcadmium) 
enters the gold complex and a reaction intermediate is formed in which the gold 
is five-coordinated by attachment of one methyl group to the dibromogold (III) 
complex. One bromine atom is depressed below the original square plane and a 
trigonal bipyramide configuration is obtained : See fig. 4. 
New bonds between the methyl group and gold and between cadmium and 
bromine are formed. At the same time the methyl-cadmium and the bromine-
gold bonds are weakened. Methylcadmium bromide separates off and the origin
al planar structure is restored. In another step the second bromine atom is re
placed by a methyl group in an analogous manner. 

If the reaction does follow this mechanism it might be possible to isolate the 
intermediate. Several attempts, however, to synthesize methylbromogold(III) 
dithiocarbamates by reaction of half the equimolecular amount of dimethyl-
cadmium with dibromogold (III) compounds were unsuccessful. Cardwell "^ 5 0 

suggested this mechanism to explain the cis-trans effect for certain substitution 
reactions of platinum (II) complexes. 

In the second possible mechanism two dimethylcadmium molecules have to 
enter the gold compound at the same time and would produce a reaction inter
mediate in which the gold is six-coordinated : See fig. 5. 
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FIG. 4 The reaction mechanism with a five-coordinated intermediate. 

In the first step the methyl group approaches as negative part of dimethyl-
cadmium along the z-axis; the more positive cadmium atom approaches the 
gold complex from above (or below) the bromine atom. The cadmium-carbon 
bond is weakened now and also the gold-bromine bond. New bonds between 
gold and methyl group and between cadmium and bromine are formed. The 
old bonds are broken and methylcadmium bromide is lost. 

The two remaining methyl groups above and below the gold atom are im
mediately reverted to the original plane of the gold complex. 
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FIG. 5 The reaction mechanism with a six-coordinated intermediate. 

It could be argued that gold in its compounds has filled dz2, dx z and dyz 

orbitals, the electrons of which may hinder the approach of a group entering 

along the z-axis. There is, however, overlap of the d x z and dj,z orbitals with the 

π electron system of the dithiocarbamate group (see chapter VI-2) and with the 

empty d orbitals of the bromine atoms, giving rise to an extension of the electron 

cloud in directions away from the z-axis which makes the approach of a reagent 

along the z-axis easier. 
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2. Properties 

DialkylgoId(III) dithiocarbamates are colourless oil» or low melting crystalline 
compounds which can be distilled or sublimed in vacuo. The compounds are 
insoluble in water, but easily soluble in most organic solvents. They do not 
decompose in dilute acids or bases and are stable towards mild reducing and 
oxidizing agents. With bromine they react violently forming dibromogold(III) 
dithiocarbamates and, presumably, alkyl bromides. Of the homologues in
vestigated the di-z'io-propylgold compounds are light-sensitive; on exposure to 
light they gradually turn yellow and a gold (I) dithiocarbamate is formed. Di-
alkylgold(III) dithiocarbamates are monomeric in benzene like the dihalo-
gold(III) dithiocarbamates. 

The melting points and decomposition temperatures of a series of dialkyl-
gold(III) dithiocarbamates are collected in table 3. Of all dialkylgold(III) di
thiocarbamates the dimethylgold(III) dimethyldithiocarbamate has the highest 
melting point (168°) and the highest decomposition temperature (200°). 

It is notable that the diethylgold(III) dimethyldithiocarbamate and the iso
meric dimethylgold(III) diethyldithiocarbamate are the least stable and already 
decompose below 100°. 

TABLE 3 Melting and decomposition temperatures 
of dialkylgold(III) dialkyldithiocarbamates, RjAuSSCNR'j 

R 

СНз 
СНз 
СНз 
СНз 
СНз 
С2Н5 
CJHS 

¿го-СзН, 
G S H Í C H I 

R' 

СНз 
СзН, 
и-СзН, 
Л-С4Н, 

/ï-CgHiQ 
СНз 
л-СН, 
СНз 
СНз 

М.р. ГО 

168 
(decomp.) 
47.5 
41 
54-57 
59-62 
(oil) 
87.5-89 
109-110 

Decomp. temp. (0C) 

200 
90 

190 
180 
170 
90 

160 
130 
160 

These two isomers cannot be sublimed even in vacuo without strong decom
position. Sublimation of the di-iîo-propylgold(III) dimethyldithiocarbamate 
and the dibenzyl homologue [(і50-СзН7)2Аи88СМ(СНз)2 and (СбНіСНгЬ-
AuSSCNÍCHsb] is also difficult. The dimethylgold(III) and the diethyl-
gold(III) dwi-butyldithiocarbamate are easily sublimed or distilled. It is not 
possible to keep the latter compound crystalline at ordinary temperatures. The 
dimethyl compound however which was obtained in the first instance as an oily 
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product could be crystallized in the form of white plates of m.p. 41° by dis
solution in ligroin and cooling to —80°. 

It is known that several square planar alkyl derivatives of the heavier metals 
decompose readily on heating5 4 , 6 7. We have examined the effect of heating of 
dimethylgold(III) dimethyldithiocarbamate by decomposing this compound at 
about 225° in a system filled with carbon dioxide as a carrier gas. The liberated 
gases were collected in a gas burette over an aqueous sodium hydroxide solution. 
From 0.001 mol (0.35 g) (СНз)2Аи88СН(СНз)2 about 22 ml of gas was ob
tained which was identified gas chromatographically as ethane. 

Methane was not detected nor were any other alkanes or alkenes. No doubt 
the following reaction occurred : 

(СНз)2Аи88СМ(СНз)2 • СгНв + Аи88СМ(СНз)2 

As is pointed out in chapter VI metal-carbon bonds are likely to dissociate into 
radicals. When in the dimethylgold compound a methyl group has once dis
sociated as a radical, it will react with a neighbouring methyl group and ethane 
is formed. The complex itself is then irreversibly decomposed to a gold (I) dithio-
carbamate. 
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CHAPTER V 

PREPARATION AND PROPERTIES OF GOLD (I), DIBROMO-

GOLD(III) AND DIMETHYLGOLD(III) DITHIOCARBOXYLATES 

I. Methods of preparation 

After having established that the dithiocarbamate residue has a favourable 

stabilizing effect on the gold-carbon bonds in dialkylgold(III) compounds, it 

seemed logical to investigate the influence of other complexing agents having a 

S \ 
^C-group on the stability of organogold compounds. 

S ^ 
Aromatic dithiocarboxylic acids especially were expected to be suitable for 

studying the dependence of the stability of the gold-carbon bonds on changes in 

the complexing group. Therefore a number of dimethylgold(in) dithioben-

zoates with different substituent groups in the ^ara-position were synthesized. 

Also the corresponding dithioacetate was made. 

It was intended to correlate the termal stability of these compounds with the 

position of the gold-carbon stretch vibration between 18 and 19μ in the infra

red spectrum. 

In eqtns. (1), (2) and (3) a scheme for the preparation of the compounds is 

given. The sodium salt of an appropriate dithiocarboxylic acid is treated with a 

monovalent gold salt. From the gold (I) dithiocarboxylate obtained a dibromo-

gold(in) dithiocarboxylate is formed by treatment with bromine. Reaction of 

the latter compound with dimethylcadmium gives rise to the formation of the 

corresponding dimethylgold(III) dithiobenzoate: 

S4 S--AU-S 

AuCU + N a S - C H ^ V X • X-^ VC^ ^C-ÇX-X (1) 
j — AU."·· о 

л-ъ ,S A u - S 4 ¿-^ +Br 2 Br S *-. 
X-f сч ) c - / V х • Ai/ >C-f VX (2) 
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S 4 r-ъ +Cd(CH3)2 СНз S 4 ¿г-ъ 

Чи- :CHf>X i—U W )C-fyΧ (3) 

X = H, ОСНз or F 

Dithiocarboxylic acids can be prepared by several methods. They arise when 
aliphatic or aromatic Grignard compounds react with carbon disulphide 5 5 - 5 8: 

S H'*- S 
RMgX + CSz y R - C - S M g X • R - C - S H 

In this study dithiobenzoic acid and dithioacetic acid were synthesized by this 
method. 

Aromatic dithio acids are obtained as potassium salts when aryltrichloro-
methanes are heated with an alcoholic potassium sulphide solution 5 9 - 6 2 : 

RCCb + 2K 2S y 3KC1 + RCSSK 

Dithio acids are produced also by the reaction of hydrogen persulphide with 
aromatic aldehydes in the presence of a Lewis acid such as zinc chloride or 
hydrogen chloride6 3: 

RCHO + H2S2 • RCSSH + H 2 0 

Finally, aromatic aldehydes can also be treated with ammonium persulphide to 
yield dithio acids64. Bost6 5 prepared a series of aromatic dithio acids by a 
modification of this method. The /jora-substituted dithiobenzoates used in this 
study were synthesized by this last method. 

The aromatic aldehydes (/jara-methoxybenzaldehyde or /?ara-fluoroben-
zaldehyde) were dissolved in alcohol and heated with ammonium persulphide 
of approximate composition (ΝΗ^Βζ. The dark coloured liquid and the re

sinous material which arose were separated. The resinous material was digested 

with saturated alcoholic potassium hydroxide and the solution obtained mixed 

with the coloured liquid. The combined solutions were acidified and the violet 

dithio acid formed was extracted with ether. By washing the ether layer with 

water, extracting the dithio acid salt with dilute sodium hydroxide into the 

aqueous layer and repeating this process, most by-products were eliminated. 

The dithiobenzoic acid and dithioacetic acid prepared from phenylmagnesium 

31 



bromide and methylmagnesium iodide respectively were purified by the same 
method. In both preparation methods the end-products were not isolated and 
the alkaline extract was used in the next step of the preparation of the corre
sponding gold (I) dithio compound, although it possibly contained an excess of 
sodium hydroxide and the concentration of dithio acid salt was not exactly 
known. At this stage tetrachloroauric acid was dissolved in a saturated sodium 
chloride solution and reduced at 0° with sodium sulphite giving stable dichloro-
aurous acid. The solution of this compound was mixed at once with the solution 
of the sodium salt of the dithiocarboxylic acid in question and the precipitated 
dark brown amorphous gold (I) dithio compound was separated by filtration. 
It was washed with water, ethyl alcohol, chloroform and ether. Yields were 
about 80-90%. 

Owing to the very low solubility of the compounds in all organic solvents it 
was difficult to obtain crystalline samples. Small amounts could be dissolved, 
however, in boiling nitrobenzene (210°) or acetophenone (202°). On cooling, 
the gold (I) dithiobenzoates precipitated from these solutions in the form of 
violet plates. They decompose before melting (see table 4). The crystals were 
used only for analytical purposes (melting point, infrared spectrum, micro
analysis). 

For the preparation of the dibromogoId(III) compound the amorphous 
precipitate was washed and carefully dried and then without further purification 
treated with bromine in excess. The reaction proceeded quickly. The excess of 
bromine was evaporated in vacuo and the resulting dibromogold(III) dithio 
compound was washed with ether and chloroform. Yields were again between 
80 and 90%. 

The dibromogold(III) dithioacetate could not be isolated in a pure state; 
its melting point was not determined. The dibromogoId(III) /wra-methoxy-
dithiobenzoate is soluble in warm nitrobenzene and in toluene and could be 
crystallized from these solvents. Dibromogold(III) dithiobenzoate and the 
corresponding рага-пиото derivative were also recrystallized from nitrobenzene. 

To obtain the dimethylgold(III) dithiocarboxylates, the dibromo compounds 
were suspended in ether and treated with dimethylcadmium at room tempera
ture. The reaction mixture was hydrolysed with dilute hydrochloric acid and 
the alkylated gold compounds isolated from the ether layer by evaporating the 
solvent and recrystallizing the residue from ligroin at —30°. Sometimes it was 
necessary to purify the product chromatographically on silica with ligroin as 
solvent. The yields of the dimethylgoId(III) dithiobenzoates were about 60%; 
the yield of dimethylgold(III) dithioacetate was only 20%. 

Several attempts to synthesize a dithiobenzoate with the strong electron with
drawing nitro group in the para-position were unsuccessful. From the reaction 
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of />ara-nitrobenzaldehyde with ammonium persulphide no /?ara-nitrodithio-
benzoate could be isolated. On addition of ethyl alcohol to the reaction mixture 
white plates of ammonium dithiosulphate were obtained, clearly as a result of 
oxidation of the reagent : 

(ΝΗ4)282 + 3 0 (NH4)2S203 

The nitro group is reduced under the conditions of the reaction and the method 
seems unsuitable for the synthesis of/?ara-nitrodithiobenzoate65. An attempt to 
prepare this compound from /wa-nitrophenyl bromide failed since the latter 
does not react with magnesium to produce a Grignard compound6 6. Even 
/»ora-nitrophenyl iodide does not react with magnesium or lithium in diethyl 
ether nor in tetrahydrofuran. 

2. Properties 

Gold (I) dithiobenzoate, its para-fluoro and para-methoxy derivative are dark 
violet nearly black amorphous products. They can only be crystallized in small 
amounts from high boiling organic solvents such as nitrobenzene or aceto-
phenone. From these solvents the compounds crystallize in the form of dark 
violet plates. In boiling dimethylformamide, however, they decompose. The 
three compounds are also obtained in a pure form when nitrobenzene solutions 

TABLE 4 Melting and decomposition temperatures of gold dithiocarboxylates (°C) 

AuSSCX BrzAuSSCX (CHsMuSSCX 

-O 260 (aecomp.) 250-255 (decomp.) 

- ^ Л - О С Н з 265 (decomp.) 245-250 (decomp.) 

- / " ~ V F 274 (decomp.) 225-230 (m.p.) 

105-106 (m.p.) 
120 (decomp.) 

140 (decomp.) 

110 (decomp.) 

-СНз 170 (decomp.) 75-76.5 (m.p.) 
150 (decomp.) 
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of the dimethylgold(III) dithiobenzoates are slowly heated to 200°; decom
position occurs with formation of violet plates of gold (I) dithiobenzoates. 

Gold (I) dithioacetate is also a dark violet coloured compound. It cannot be 
crystallized from nitrobenzene without decomposition. A pure violet product 
is obtained by heating a glacial acetic acid solution of dimethylgold(III) dithio
acetate. The four gold(I) dithio acids decompose without melting as mentioned 
in table 4. 

Dibromogold(III) dithiobenzoates are somewhat more soluble than the gold (I) 
compounds in hot nitrobenzene; on cooling such solutions the dibromogold(III) 
dithiobenzoates crystallize in the form of yellow or brown needles. They show 
tendency towards sublimation in the neighbourhood of their melting points. 

The dibromogold (111) dithioacetate could not be crystallized without de
composition. Also on treatment of dimethylgold(III) dithioacetate in chloro
form solution with bromine, no pure dibromogold (111) dithioacetate could be 
isolated. 

Dimethylgold(III) dithiocarboxylates are yellow crystalline products, readily 
soluble in most organic solvents but insoluble in water. 

Dimethylgold(III) dithiobenzoate can be crystallized from ligroin by cooling 
the solution to —80°; it has a sharp melting point at 105-106° and decomposes 
at 120° with evolution of gas. 

Dimethylgold(III)/>ara-methoxydithiobenzoate was crystallized from ligroin. 
It has a slightly higher decomposition temperature than the foregoing com
pound. 

The/w/O-fluoro derivative, crystallized from diethylether, decomposes at 110°. 
Dimethylgold(in) dithioacetate is the most stable compound of the series. It 

can be crystallized from ligroin or from glacial acetic acid and sublimes readily 
at 70-80° in vacuo. 

The gas resulting from the decomposition of dimethy]gold(III) dithio
benzoate has been investigated by gas chromatography. When 0.001 mol of 
(CHs^AuSSCCeHs was decomposed at 150° in a system connected to a gas-
burette and filled with carbon dioxide, 21 ml of gas collected in the burette after 
passing through a sodium hydroxide solution. The gas chromatographic ana
lysis proved that this gas was only ethane. No methane or other gases could be de
tected and if they were present their concentration must have been less than 0.5 %. 

The decomposition of the dimethylgold(III) dithiobenzoate occurs in the 
same way as the decomposition of the dimethylgold(III) dithiocarbamates. 
Methyl radicals dissociate from the trivalent gold compound, leaving a mono
valent gold dithiobenzoate. The methyl radicals react with each other and 
ethane is formed: 
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^ u ' .C-CeHs ·> 2 -СНз + AuSSCCeHs 
СП/ S* 

1 "СНз • СгНв 

Regarding the relation between the stability of the dialkylgold(lll) compounds 
and the structure of the complexing agents, it must be stated that the rather 
small differences in the decomposition temperatures mentioned in table 4 are 
hardly a basis for thorough theoretical considerations. More quantitative 
thermodynamic data are necessary for a significant enunciation concerning the 
differences in stability. However, irrespective of the experimental data some 
general statements about the influence of the nature of the complexing agent on 
the stability can be made. 

In chapter VI it will be explained that stable gold-carbon linkages are 
achieved when the energy difference ΔΕ between the highest filled and the 
lowest empty molecular orbital exceeds a certain minimum ; a greater value of 
Δ E corresponds with a greater stability. In the dialkylgold(III) compounds 
described in this study ΔΕ is increased by combining the metal with dithio-
carbamate or dithiocarboxylate residues which are capable of forming strong 
dative π bonds. The stronger the π bonding is the greater ΔΕ and the greater 
the stability. When we talk here about π bonding we mean π overlap οι filled à 
orbitals of the gold with suitable π-type orbitals of the sulphur giving a de-
localization of the gold electrons in the direction of the sulphur atoms. No 
doubt this kind of π bonding is strengthened by electron withdrawing groups 
behind the sulphur. From this point of view the suitability of the dithioben-
zoates for forming stable complexes should decrease in the sequence/?-F>H> 
>/>-ОСНз. Our data suggest the reverse order. Of influence also are variations 
in the strength of the a bonds between gold and sulphur atoms. 

It should be noted that there is a correlation between the observed decom
position temperatures of the dimethylgold dithiocarboxylates and the acid 
strength of the corresponding carboxylic acids. An increasing value of the acid 
constant corresponds with an increase in the stability of the corresponding di
methylgold dithiocarboxylate. 
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CHAPTER VI 

THEORETICAL ASPECTS 

In this chapter an attempt is made to explain, with the aid of the different 
bonding theories, some of the properties of the gold compounds synthesized 
in this study. 

1. The valence bond or electron pair theory of bonding 

1.1. The Lewis theory 

This theory starts with the assumption that the outer electrons of the different 
atoms are carriers of the chemical bonds. Each two bonded atoms are held 
together by an electron pair or sometimes several electron pairs. These electron 
pairs are localized between the nuclei of the atoms and belong to both. 

It was recognized that the most stable structures are obtained if each atom 
in a molecule is surrounded by eight electrons (an octet) in its outer shell either 
by sharing or by sole Ownership'. This octet rule appeared especially suited to 
explain the bonding in compounds of the non-metals in the first two (eight-
membered) periods. Elements in the other periods, as is seen in the case of 
compounds of gold do not always obey the octet rule. 

The gold atom has 2, 8, 18, 32, 18 and 1 electrons in its successive electron 
shells. Consequently the monovalent gold ion (Au+) has a pseudo inert gas 
configuration with 18 electrons in its outer (O) shell. In the trivalent gold ion 
(Au+ + +) the О shell contains only 16 electrons. Actually these cations do not 
exist in aqueous solutions except perhaps in very small concentrations. The 
tendency of gold in ionic compounds is to be present in the form of complex 
anions, such as AuClj and AUCI4 with coordination numbers 2 and 4. The 
structure of these compounds might be formulated according to the Lewis 
notation in which the valence electrons are represented by dots: 

CI : Au1 : Cl and 

: C 1 : 

CI : Аи ш :СІ 

:ci: 
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but then some comment is necessary on the use made here of the Lewis notation 
for the gold. Drawn are three electrons (two from the О and one from the Ρ 

shell). In monovalent gold compounds just one of these three electrons takes 

part in bonding. 

The other two electrons are only used when the monovalent gold is oxidized. 

The symbol Au1 indicates that only one electron is involved in bonding. In tri

valent gold (Au111) all three electrons are used in the bonding. 

The formation of a monovalent gold compound may now be described as 

follows: 

Au· + -Cl Au1 : Cl 

In this compound the monovalent gold atom tends to take another electron pair 

into its shell. In the solid state this electron pair is derived from a second 

molecule of AuCl: 

η Au1 : Cl Au1: Cl : Au1: C l : Au 1 : etc. 

In aqueous solutions an anion can act as donor of an electron pair: 

Au1: Cl : + Cl: Cl : Au1 : Cl 

In trivalent gold compounds the two other electrons of the gold take part in the 

formation of covalent bonds. Also in this case the gold tends to take another 

electron pair into its shell. The formation of these trivalent compounds may be 

represented according to Lewis as follows : 

A u - + 3-C1 

:ci: 
Au^11 : СІ 

: Cl : " 

In the absence of water: 

: ci : 
2 Au»1:ci: 

:ci: 

:ci: :ci; :ci: 
' Au»1 ' ' Au»1 ' 

:"cí: :'cí: :'cí: 
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However in an aqueous phase in the presence of chloride ions: 

:СІ: 
AÜ"I:ci: + 
: C Ì : 

From the last equation it may seen that trivalent gold compounds with co
ordination number 4 follow the octet rule, but it should be realized that the 
eight bonding electrons do not give the gold an inert gas or even a pseudo inert 
gas configuration. 

If monovalent gold (e.g. AuCl 2) reacts with a sodium dithiocarbamate, gold (I) 
dithiocarbamates are formed. One Au—S linkage arises by pairing of a gold 
electron with a sulphur electron and is therefore a covalent bond. The free 
electron pair of the second sulphur shares with the gold; because both electrons 
of this bond are furnished by the sulphur the bond is called a coordinate bond. 
The Lewis theory thus distinguishes between these two gold-sulphur linkages; 
one is covalent, the other coordinate. Consequently, the sulphur-carbon bond 
adjacent to the covalent gold-sulphur bond will remain a single bond, whereas 
the other one will maintain its double character exactly as in the parent dithio
carbamate. Experimentally however no differences in the character of the two 
bonds are found. To represent the precise bonding situation the concept of 
resonance is introduced here. It is said that there is resonance between the two 
mesomeric structures a and b 

, 4 -/R 

V 4R 
b 

(For simplicity, each electron pair in these formulae is replaced by a valence 
line, the coordinate bond with a broken line; it should also be realised that the 
compound is properly speaking dimeric). The actual structure (or resonance 
hybrid) is similar to each of the structures but identical to neither; it is inter
mediate in character. This phenomenon of resonance which is often called 
mesomerism explains why two sulphur-carbon linkages are both mixtures of a 
double and a single sulphur-carbon bond; both bonds are identical. 

It is well-known that several salts of dialkyl dithiocarbamic acids (notably 
sodium salts) can be oxidized e.g. with halogens forming thiuramdisulphides70: 

38 

:ci: 
" :ci: 
: СІ; Au1": СІ: 

:ci: 

S 4 R 
Auy_ C - N ' 

S ' 4 R 



- ^ . - / R R N - ^ S ^ — / R 

_ G - N ' +Br 2 ^ N N - C C - N ( 
NaSe i s^ NR R'' 4 S - S ' R 

The linkage of the sodium atom is clearly ionic and there is no pronounced 
coordinate bond in these dithiocarbamates. 

However, by treatment of a gold (I) dithiocarbamate with a halogen a dihalo-
gold(III) dithiocarbamate is obtained and no thiuramdisulphide is formed in 
this reaction. Evidently, the chemical properties of dithiocarbamates are also 
determined by the nature of the bond or bonds between metal and dithio
carbamate residue. 

The reaction between a gold (I) dithiocarbamate and bromine can be de
scribed in terms of the Lewis theory. Two bromine atoms each with an unpaired 
electron share with the two 'free' electrons of the gold and two covalent gold-
bromine bonds result : 

:'s'- R Br .'s'· R 
2 :Br· + Au1 ' : C : N : R — • ' A u n i . ' ' .C :Ñ:R 

' S"' " Br*' ' S - ' 

The dialkylgold(III) dithiocarbamates have analogous electron structures. 
In Br2AuSSCNR2 the electronegativity of the bromine causes a strong drift 

of electrons from the gold in the gold-bromine bonds and so increases the 
attraction of the gold atom for the electrons in the gold-sulphur bonds. This 
inductive effect will be transmitted to the more remote bonds of the molecule 
and will cause there a change in the polarity of the carbon-nitrogen bond. It 
enhances the positive mesomeric effect of the NRz-group which leads to partial 
sharing of the nitrogen lone pair with the carbon atom and shortening of the 
carbon-nitrogen linkage. This charge induction is expressed in the following 
formula in which the mesomeric effects are omitted : 

Br\ A 5+/R 

B r ' X S ^ R 

The following structure gives the stage which arises after combining the two 
effects : 

B r \ / S 4 0
/

R 

Θ A u ' С = Ы( 
Br' V X R 
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The Lewis theory, amplified by newer concepts about mesomeric and inductive 
effects, gives a rather good qualitative impression of the electron distribution 
in the gold compounds described in this study. It clarifies some of the experi
mental data regarding the position of the C—N infrared vibration as stated in 
chapter VII. 

The theory gives no insight into the stereometric positions of the atoms with 
respect to one another nor about the influence of the dithiocarbamate group on 
the stability of the Au—С bond in the alkylated gold compounds. 

1.2. The approximation of Pauling 

This method of approximation can be considered as an attempt to combine 
some of the qualitative concepts of the Lewis theory with some principles of 
wave mechanics71. The theory was applied especially in the years following the 
formulation of wave mechanics. The approximation is notably useful in quali
tative explanations of stereometric and magnetic properties of complex com
pounds. 

Applied to square planar complexes such as trivalent gold compounds the 
theory takes the following form. Each of the four ligands is considered as the 
donor of an electron pair to the trivalent gold ion. These electrons are placed 
in the various subsequent orbitals of the gold ion which are empty. The ground 
state of the gold atom is Is2 2s2 2p6 3s2 3p6 3d1 0 4s2 4p6 4d 1 0 4fu 5s2 5p6 5d10 6s l. 
A diagram is drawn in which the electrons are represented by dots ; here only 
the 5d, 6s and 6p electrons are considered : 

Sò ti tp 

FIG. 6 The ground and valence states for the gold atom. 

In order to accept the four ligand electron pairs, the trivalent gold ion has avail
able one d, one s and two ρ orbitals. By mixing or combination of these gold 
atomic orbitals a new set of orbitals called hybrid orbitals is obtained. The 
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wave functions of these hybrid orbitals arise from a linear combination of the 
wave functions of the four atomic orbitals (LCAO-method). From wave 
mechanical calculations it is found that each of the hybrid orbitals points more 
strongly in a certain direction than the original orbitals did. The charge cloud 
of a ligand orbital can so penetrate more deeply into the hybrid orbital, thereby 
forming a stronger bond. 

The four atomic orbitals the wave functions of which are combined are : 

Si,!-,! 6p. tp, 

no. 7 

The hybrid orbitals from this combination may be represented schematically by 
the following figure and are called dsp2 hybride orbitals: 

dip1 hybrldi orbitili 

F I G . 8 

They are directed to the corners of a square and can each accept two electrons 
from a ligand. 

From these considerations the following conclusions may be drawn : 
1. Trivalent gold in a square planar compound is dsp2 hybridized and its 
orbitals are occupied by electron pairs donated by the four ligands. 
2. It appears that the 6pz orbital remains empty; the radon configuration is not 
attained. 
3. Trivalent gold compounds are diamagnetic because all electrons are paired. 

With the knowledge of this theory and the infrared data concerning the 
partial double bond character of the C—N bond, it can be predicted that in 
dibromogold(III) dimethyldithiocarbamate all atoms except the six hydrogens 
lie in one plane. The nitrogen is sp2 (trigonal) hybridized which means that the 
atom and its three attached carbon atoms lie in a plane, the bond axes forming 
angles of 120°. This postulation is in agreement with crystallographic studies of 
some metal dithiocarbamates (e.g. copper, silver) where indeed a planar struc
ture has been found87. 
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By a similar consideration as given for Au (III) compounds it can be derived 

that monovalent gold compounds with coordination number two will have 

linear structures attributed to a sp hybridization. It is not possible to draw a 

structural formula for a monomeric gold (I) dithiocarbamate in which the two 

sulphur ligands and the gold atom are in linear arrangement. Such a state can 

be achieved, however, with a dimeric structure: 

R 4 S - A u - S ^ , / R 
N - C ; ,C-N, 

R' V - A u - S ' NR 

X-ray analyses have proved this structure for gold (I) dwi-propyldithiocarba-

mate 4 8 . 

2. The molecular orbital theory 

In the VB theory a new set of hybrid orbitals is obtained from the 5dx2_y2, 6s, 

6px and 6py gold orbitals. These hybrid orbitals overlap with ligand orbitals. In 

the MO theory no hybrid orbitals are constructed, but from each of a number 

of gold orbitals (nine in total) the possibilities of overlap with ligand orbitals is 

checked. The occurence of overlap of orbitals and the extent of this overlap 

are dependent upon the symmetry of the orbitals. The amount of overlap can 

be evaluated only by an exact mathematical treatment. The explanations given 

here are only qualitative considerations without mathematical details. Never

theless this representation gives an idea of the bonding situation in the gold 

compounds investigated in this study. 

An MO treatment of the gold compounds starts by finding out which orbitals 

of gold and of ligands overlap and which do not. Before starting such a treat

ment it is necessary to make a few assumptions : 

1. In the Cartesian coordinate system used, the χ and y-axes form the plane of 

the square planar molecule and have the following orientation in space : 

2. The numbering of the four ligands in the square planar gold compounds is as 
follows : 
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ζ 

(This means that e.g. in Br2AuSSCN(CH3)2 a and b are bromine and с and d 
are sulphur). 
3. Concerning the ligand orbitals it is assumed that for bonding treatments 
each ligand has a lobe with its extension along its bonding axis with the gold 
atom: 

; > < ^ v 

For the square planar gold(ni) compounds nine valence shell orbitals are taken 
into consideration. Three of these, the 5dx2_y2, 6px and 6py have lobes lying 
along the gold-ligand bond directions and are therefore suitable for a bonding. 
The spherically symmetrical 6s orbital and to a lesser extent the small lobe of 
the 5dz2 orbital are also able to give a overlap with the ligand orbitals. Four 
other orbitals viz. Sd^, 5dH, 5dyz and 6pz are so oriented as to be suitable for 
π bonding. 

In the first approach this π bonding is neglected and only the possible σ over
lap with the first five orbitals is discussed. In the second part of this paragraph 
the very important contribution of π bonding in dialkylgold(in) complexes 
will be discussed. 

a Bonding. If the individual wave functions of the ligands are represented by 
Va' Vb' Ус a n d fd' the rnost important combinations can be noted as follows : 
9;a+ Vb+ Vc+^d c a n combine with the 6s and 5dz2 gold orbitals, 
ψα— <pc can combine with the 6px orbital, 
φΛ— ifb can combine with the 6py orbital, 
φΛ— y b + yc— y d can combine with the 5dx2_y2 orbital. 

The four normalized ligand orbital wave functions constructed by a suitable 
mixing of the individual ligand σ orbitals are : 

Фьі= г ( + φΛ- <fb+ Ус- Vd) 

O L 2 = 72 ( + <рл+ ÍPb+ <fc+ η) 

ФЬз= lhV2{+ «Pa" Ус) 
Φ ^ = 7ι^2 ( - Уь+ 9>d) 
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The combinations of gold orbitals with ligand orbitals can be drawn schematic

ally as in the next figure. The molecular orbitals are obtained from a linear 

combination of the atomic orbitals of gold and ligands. Each gold orbital over

laps with its matching symmetry orbital of the ligand system. The gold orbitals 

are drawn on the left-hand side of the figure, beside them the ligand orbitals. 

Each lobe of an orbital has the correct sign to give a bonding molecular orbital 

which is of lower energy than either of the two atomic orbitals from which it 

arose 

gold orbitali 

54,1.,: 

ligind orbilill 

ϋ,ι.,ι/ 

¿ . Ι - , Ι Ι - Φ Ι , Ι 

\ « L . 

•ι, ».>-,• I 

»Κι'. *ί,ί 

V 
Φι, Ι «Αι I 

jr 

»P. 

-p& 
"*, 

(Φι,ΙΡιΙΦ^ΙΡι 

•li-îit. 

Φι,ΙΡ.ΙΦι,ΙΡ,Ι 

ne. 9 Gold and ligand orbitals suitable for σ bonding. 
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By substracting the atomic orbitals an antibonding molecular orbital is obtained 
with a greater energy than the original atomic orbitals. In the bonding molecular 
orbital the matching atomic orbitals have united with maximum positive over
lap, in the antibonding combination maximum negative overlap occurs. Always 
when two orbitals combine to form more extensive delocalized molecular 
orbitals, two new orbitals are obtained, one of a greater energy and the other 
of lower energy than either of the original orbitals. 

To illustrate this explanation the system of combinations of the 5dx2_y2 gold 
orbital with suitable ligand orbitals is shown in the figure together with the 
MO energy level diagram derived from it : 

ligind ortutils noltculir orbitils 

|Ы4 erftiUl 

anlibondini' 

+ 
' gold / 
i.i.,'/ 

-4 \ 
\ \ \ 

intibonding 

<.і-|!ІФцІ 

/ \ / \ \ \ 
\ 

/ / / 
\ bonding / 

U^á 

^ 
/ 

Φι,ΙΊ'-ίΗ 

banding 

FIG. 10 Overlap of the dX2-y2 gold orbital with ligand orbitals. 

In the trivalent gold ion this dx2_y2 orbital is empty but the ligand has two 

electrons in its atomic orbital which are now both placed in the more stable 

molecular orbital of lower energy. These bonding electrons are mainly 'ligand 

electrons', which is indicated on the level by Ф и ^ г . у г ) . 
The energy level diagrams for the other four combinations are given on the 

right-hand side of figure 9. These diagrams of bonding and antibonding energies 
can be brought together; if the relative positions of the three nonbonding dxy, 
dJ[Z and d y z orbitals and the empty p z orbital are also included, the energy level 
diagram for square planar metal complexes is obtained. The diagram which is 
shown roughly in figure 11 is partly based on molecular orbital calculations 
according to Gray and Ballhausen74 but is should be regarded only as a quali
tative approximation of the reality. It is however a starting point for the ex
planation of the stability of the dialkylgold(III) dithio compounds. 

The four ligand orbitals are considered as having the same energy level. Actually 
there will be differences in energy between the ligand orbitals of sulphur, 
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halogen and carbon but these are neglected for the present. The level of the 

ligand orbitals is taken lower than the level of the lowest gold orbital. Con

sequently the lowest molecular orbitals have the character more of ligand or

bitals than of gold orbitals. The electrons occupying these molecular orbitals 

will therefore be mainly 'ligand electrons' rather than 'gold electrons' although 

s l d z 2 ^ L 2 l 

FIG. 11 Energy level diagram for square planar complexes in which π bonding is neglected. 

they will partake of gold ion character to some significant extent. The sixteen 

available electrons for σ bonding are placed in the eight lowest energy levels 

resulting in eight (-·-·-) more 'ligand electrons' and eight (-0-0-) more 'gold 

electrons'. 

In the diagram the position and the sequence of the four lowest energy levels 

(of the bonding molecular orbitals) is arbitrary. These orbitals cause a relatively 

high electron density in the xy plane in the neighbourhood of the four gold 

ligands bonds. The relative energies of the next nonbonding d orbitals depend 

on their positions relative to these areas of high electron density. The dXJ, orbital 

lies in the xy plane and the electrons in this orbital therefore undergo a stronger 
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electrostatic repulsion than the electrons in the other nonbonding d x z and dyz 

orbitals. Hence the dx z orbital will have the highest energy level of the four non-

bonding orbitals. 

The 5dz2 orbital, though having some bonding character, has its level situated 

between those of the dx y and the equivalent dx z and dy z orbitals respectively, 

owing to the great extention of the orbital away from the xy plane and also in 

accordance with the work of Gray and Ballhausen74. Of the remaining anti-

bonding orbitals which are empty in the ground state the dx2..y2 orbital has the 

lowest energy. 

The energy transition (ΔΕ) between the highest filled nonbonding (dXJ,) or

bital and the lowest empty antibonding (ах2_уг) orbital should be noted. Chatt 
and Shaw 6 7 - 6 9 pointed out that to achieve stable organometallic compounds it 
is essential to make this energy gap ΔΕ as large as possible. When ΔΕ is small 

electrons can easily promote from the dxy nonbonding into the dx2_y2 anti-

bonding orbital which weakens the carbon-metal bond. 

In square planar alkylmetal compounds the best way to increase ΔΕ appears 

to be the lowering of the energy of the nonbonding d orbitals by combining 

them with one or more ligands capable of forming strong dative π bonds with 

the metal. 

π Bonding. As mentioned already the 5dxy, 5dyx, 5dxz and 6pz orbitals of the 

gold are so oriented as to be suitable for π bonding. In the dialkylgold(III) 

dithiocarbamates these π-type orbitals of the gold atom can overlap with suitable 

ρ and d orbitals of the sulphur atoms. The most likely combinations are: 

gold orbitals 

5 < 3 Х У 

5dxz 

5dyz 

6PZ 

5d,y 

sulphur orbitals 

3dxy 

3d« 
3dyz 

Зрг 

Зр*, Зру 

The other two 6p orbitals of the gold are already required for σ bonding and 

seem to have no (qualitative) importance in π bonding. The effect of π bonding 

upon the energy levels must now be considered. In the case where the filled 

d orbitals of the gold overlap with the empty d orbitals of the sulphur the energy 

of the gold orbitals is reduced. From the energy level diagram it can be seen that 

ΔΕ increases by such an interaction which enhances the stability of the dialkyl-

gold compound. 

Not only the dithiocarbamates and the dithiocarboxylates with sulphur as 

π bonding atom but also other ligands with donor atoms of the π bonding type 
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e.g. phosphines or arsines can be used to stabilize the gold-carbon bond. The 

tertiary phosphines especially have a pronounced π bonding tendency and have 

been used more than once in the past to stabilize alkyl- and arylmetal com

pounds of nickel, palladium and platinum61'68,69'15·16. 

In the dithiocarbamate group with its flat structure there is π interaction 

between suitable ligands of two sulphur, one carbon and one nitrogen atom 

which gives this structure a complete π cloud above and below its plane. We 

would say that there is interaction between suitable π-type orbitals of the gold 

and the π electron system of the dithiocarbamate residue and the amount of 

overlap of these two determines to a high degree the stability of the gold 

complexes. 



CHAPTER VII 

INFRARED SPECTRA 

/. Spectra measured in the region 5000-650 cm~l (2-15μ) 

The spectra in this region were measured with a Beekman IR4 double-beam 

spectrophotometer. Unless stated otherwise, specimens were examined in 

potassium bromide. A number of recorded spectra are shown at the end of this 

chapter. 

1.1. Absorptions of the dithiocarbamate residue 

Infrared spectra of dithiocarbamates in the region 2000-700 cm - 1 have been 

studied by Chatt 7 8 . He observed four strong bands in all spectra of a series of 

Ν,Ν-dimethyldithiocarbamates but only the band near 1500 cm - 1 was assigned, 

namely as a stretching mode of the polar C—N bond. This strong absorption 

appeared in the spectra of a rather large selection of N,N-dialkyldithiocarba-

mates including esters and metal complexes, in the region 1542-1480 cm - 1 . We 

have studied the spectra of gold dithiocarbamates in about the same region as 

investigated by Chatt. In gold Ν,Ν-dimethyldithiocarbamates we found a 

similar set of four characteristic absorption bands. Higher N,N-dialkyldithio-

carbamates have many more absorption bands mainly due to vibrations of the 

alkyl chains. 

We will confine the discussion in this section to the C—N partial double 

bond vibration near 1500 cm - 1 . Several canonical forms of metal dithiocarba

mates may be used to describe the structure of these compounds : 

, S . R θ S. © R S 4 R 
M' . С - К Г ' < • M' C - N ' « • M · ' C - N f 

^ ' N R 4 S ' S R S ' 4 R 

I II Hl 

From the С—N frequency in the infrared spectra Chatt 7 8 concluded that 
form II contributes largely to the state or structure of complex metal dithio
carbamates. The extent of the contribution will depend on the electron with
drawing properties of the metal M with its other ligands and on the structure 
and composition of R. On ascending the series R = СНз, C2H5, C3H7 etc. Chatt 
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found a decrease in the C—N frequency in accordance with the expected de
crease in the contribution of II. We found a similar shift in several series of 
gold dithiocarbamates up to R ^ d H ? ; however, on passing from butyl to 
nonyl derivatives a slight increase in the C—N frequency was apparent. 

The C—N frequencies in the spectra of the gold (I) dithiocarbamates arc 
found in the same region as that found by Chatt for other metal dithiocarba
mates (1506-1487 cm - 1 ). The C—N bond frequencies of the trivalent gold 
dithiocarbamates however are higher than those of most metal dithiocarba
mates. No doubt this feature is due to the stronger electron attracting power of 
the trivalent gold ion relative to other metal ions which will make the con
tribution of II more pronounced. 

The C—N vibrations of dimethylgold(IIl) dithiocarbamates lie in a region 
between 1533 and 1522 c m - 1 ; the corresponding frequencies of the dibromo-
gold(III) derivatives are even higher (1592-1565 cm - 1 ). 

By comparing the spectra of the dimethylgold(III) with those of the diethyl-
gold(III) dithiocarbamates a lowering of the C—N frequency is found. A 
further small decrease may be observed on going to the di-Zjo-propyl derivative. 
The differences may be ascribed to an increasing + 1 effect which should lead 
to a diminution of the contribution II in this series. 

TABLE 5 C —N stretching frequencies of gold dithiocarbamates (cm-1) 

AuSSCN(CH3)2 
AuSSCN(C 2 H 5 ) 2 

Аи85СМ(и-СзН7Ь 
AuSSCNCn-CiH,)* 
AuSSCS(n-C9H19)i 

(CHjbAuSSCNCCHab 
(CH3)2AuSSCN(C2H5)2 
(СНз)2Аи55СМ(л-СзН,)2 

( C H j ^ A u S S C N M ^ H ^ i 
(CHibAuSSCNHn-CHisb 

C I A U S S C N ( Í I - C 4 H , ) 2 

BrAuSSCN(/!-C4H,)2 
IAuSSCN(n-C4H,)2 

1506 
1496 
1490 
1488 
1487 

1553 
1538 
1527 
1522 
1534 

1550 
1550 
1550 

Br2AuSSCN(CH3)2 
Br2AuSSCN(C2H5)2 
BrzAuSSCNOi-CaHib 
Br2AuSSCN(n-CUH,)2 
Br2AuSSCN(n-C,H„)2 

Cl2AuSSCN(n-C4H!,)2 
Br2AuSSCN(/!-C4H,)2 
l2AuSSCN(n-C4H,)2 

(C2H5)2AUSSCN(CH3)2 
(C2H5)2AuSSCN (л-С4Н,)2 
(йо-СзНтЬАиЗЗСМ (СНзЪ 

1592 
1577 
1567 
1565 
1572 

1570 
1565 
1561 

1538 
1513 
1536 

On similar grounds the shift in the position of the C—N absorption in the series 
of dihalogold(III) dithiocarbamates might be related to an increasing —I effect 
in the sequence I < B r < C l . 

In the monohalogold compounds the C—N frequency is constant and some
what lower than those of all corresponding dihalogold derivatives. No corre-
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lation could be established between the position of the C—N stretching mode 
and the thermal stability of the compounds as judged by their decomposition 
temperatures. 

1.2. Deformation frequencies of the methyl ligand 

Absorptions in the spectra of dimethylgold(III) dithio compounds due to sym
metrical deformations of the methyl groups bound to the gold have been 
identified in the range 1230-1170 cm - 1 . A few other methylgold compounds2 2 

and a series of methylplatinum(II) complexes76 absorb in the same region. 
In most cases these vibration peaks are easily detected by comparing the 

spectrum of a dialkylgold(III) compound with the spectra of the corresponding 
gold(l) and dihalogold(III) compound. The relative values are collected in 
table 6. The bands which are mainly of medium intensity may be obscured by 
bands due to other vibrations in this region. In that case the value in the table 
is accompanied by a question mark. 

TABLE 6 Frequencies of symmetrical 
deformation vibrations of methyl groups attached to gold (cm-1) 

(СНз)2Аи55ССбН5 

( С Ш М и З З С С б Н ^ О С Ш 
(CH.,)2AuSSCC«H4p-F 
(СНзЪАиЗЗССНз 
(CH3bAuSSCN(CH3)j 
(CH3)2AuSSCN(C2H5)2 
«:Нз)2Аи58СМ(л-СзН,)2 
(CHíhAuSSCN (л-ОШЬ 
(CHjbAuSSCN (л-СНіЖ 

1212 
1212 
1235? 
1225 
1210 
1205 
1217 
1229? 
1229? 

1185? 

1195 
1192 
1184 
1183 
1186 

1190? 

1.3. Spectra of the gold dithiobenzoates 

C—H Stretching vibrations. The C—H stretching modes of the gold complexes 
of the dithiocarboxylic acids have to be looked for near 3000 cm - 1 . The ab
sorptions are of very weak intensity, however. Therefore measurements were 
performed on samples of about 1 mg per 300 mg of KBr at a high resolution of 
the spectrophotometer. 

The four dimethylgold(III) dithiocarboxylates synthesized have two ad
ditional absorptions in this region; one peak at 2900 cm - 1 , the other of weaker 
intensity at about 2965 c m - 1 with small shifts of the order of 10-15 cm - 1 . 
C= С Stretching vibrations. In aromatic compounds the characteristic skeletal 
stretching modes of the ring carbon-carbon bonds usually lead to the appearance 
of a group of four bonds between 1650 and 1450 cm - 1 . A tentative scheme of 
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the positions of these bands in the gold dithiobenzoates and three other metal 
dithiobenzoates is given in table 7. 

The first band is found in all compounds although with variable intensity in 
the range 1605-1585 cm -1. The position of this band is not much influenced by 
changes in the gold valency. Under the influence of para-substitution, however, 
there is a small shift towards higher frequencies. 

The second band, found between 1582 and 1570 cm - 1 is often difficult to 
detect. Mostly it appears only as a weak shoulder adjoining the first band. 

The third band near 1500 cm -1 should undergo a small but clear shift towards 
higher frequencies in para-substituted compounds79. This is indeed found in 
most of the compounds in the table. 

The fourth band found between 1453 and 1443 cm - 1 is only present in the 
dithiobenzoates which are not para-substituted. 

TABLE 7 Frequencies of absorptions in the region 1650-1450 cm - 1 * 

AuSSCCeH, 
BnAuSSCCHü 
(CHjbAuSSCCaHs 

AuSSCC«H4p-OCH3 
ВггАи85СС6Н4р-ОСНз 
(СНзЪАиЗЗССбШр-ОСНз 

1587 m, 
1587s, 
1587m, 

1603 s, 
1603VS, 
1597VS, 

1575sh, 
1575sh, 
1570sh, 

1580sh, 
1579sh, 
1580sh, 

1488vw, 
1493 m, 

1508 s, 
1541sh, 
1541sh, 1511s, 

1443m 
1451m 
1453 s 

1462w, 
1462w, 
1477W, 

1447w 
1447W 
1462w, 1447w 

AuSSCC6H4/7-F 1600VS, ISSZsh, 1508vs 
BnAuSSCCeHip-F 1595VS, 1580sh, 1558sh 
(СНз)2Аи58ССбН4р-Р 1595VS, ISSOsh, 1529s 

PbCSSCCsHsb 1590m, 1484vw, 1445s 
РЬ(88СС6Н4і7-ОСНз)г 1600vs, 1575sh, 1558sh, 1506s, 1465-1445 br.w 
Си(58ССбН4р-ОСНз)2 1600VS, 1575sh, 1543sh, 1511m, 1465-1445 br.w 

Vibrations in the region 1000-650 cm-1. Strong bands in this area are probably 
due to C—H out-of-plane deformation vibrations of the hydrogen atoms of the 
benzene ring. A survey of the absorptions in this region is given in table 8. 

In the four compounds which have a monosubstituted ring there is a very 
strong band in the region 770-750 cm - 1 . Its position is in line with the experi
ences of several investigators80. 

Another strong band occurs in these monosubstituted compounds at a 
slightly lower frequency in the range 688-671 cm - 1 . This band is regarded as 

* m=moderate, s=strong, v=very sh=shoulder, br. = broad, w=weak. 
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being specific for monosubstituted phenyl groups. Randall81 gives the region 
710-690 cm - 1 for this absorption. The eight compounds in the table which have 
a disubstituted benzene ring absorb intensely in the region 844-818 cm -1. Ac
cording to literature/7-substituted aromatics absorb between 860-800cm_1 e2'83. 

TABLE 8 Frequencies of absorptions in the region 1000-650 cm-1 

AuSSCC6H5 

BrîAuSSCCeHj 
(СНзЪАиЗЗССбШ 

Аи85ССбН477-ОСН3 

BnAuSSCCíHíp-OCHj 
(СНзЬАиЗЗССеШр-ОСНз 

A U S S C C S H Í P - F 

ВгіАи58ССбН«р-Р 
(CHabAuSSCCH^-F 

PbíSSCGsH,), 
РЬ(58ССбН4/ ОСНз)2 
Си(58ССбН4р-ОСНз)2 

909s, 
997 m, 
992 s, 

935 w, 
1002VS, 

992s, 

950 w, 
973 m, 
952 w, 

980br.s, 
987 vs, 
900m, 

964 m, 
943 m, 

909 w, 
958 s, 
940s, 

911m, 
952s, 
939 w. 

913vs, 
917VS, 
895sh. 

949 s, 
925 m, 

830m, 
948sh, 

752vs, 
769 vs, 
761 vs. 

818vs, 
844 vs, 
829 vs. 

840 m, 829 vs, 
843 vs, 

917w, 885m, 829vs, 

758 vs, 
831 vs, 
826 vs. 

688 vs, 656 w 
667-660 (br.s) 
671 vs, 661m 

782 w 
803 w, 
797 vw, 

807 m 
810w 
806 m 

675 vs, 
799 w, 
707 w 

791 w 
725 vw 

655 m 
788sh 

2. Spectra of the gold compounds in the region 650-220 cm~l (15-45μ) 

Spectra measured in this region were recorded mainly on a DM4 Grubb-
Parsons spectrophotometer in Nujol mulls. Some of the spectra have been re
corded in KBr on a Beekman model 1R9 spectrophotometer but no differences 
in frequencies of the peaks were found*. 

The infrared spectra between 15 and 45 μ of the gold compounds synthesized 
in this study were investigated since the gold-chlorine, gold-bromine, gold-
carbon and gold-sulphur stretching modes are to be expected in this region. The 
gold-halogen vibration bands were easily assigned as they are clearly separated 
from other bands in this region. The gold-sulphur band is convincingly identi
fied only in the spectra of dialkylgold(III) dithiocarbamates. The gold-carbon 
vibration bands were difficult to recognise since they are to be expected in a 
region in which many other bands occur. 

Gold-carbon stretching vibrations. From the point of vue of symmetry square 
planar dialkylmetal compounds must have two infrared-active metal-carbon 

* The author wishes to express his gratitude to Dr. J. C. Duynker for measuring the spectra on 
the Beekman and to Drs. J. H. van der Maas and Miss M. Suyling for recording spectra on 
the Grubb-Parsons spectrophotometer. 
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vibrations which roughly correspond to the symmetrical and unsymmetrical 
stretching modes of the C—M—С group. Adams 8 4 , 8 5 identified these two 
stretching modes in square planar dialkylplatinum complexes in the range 
600-490 cm - 1 . Because platinum and gold are heavy metals with only a slight 
difference in atomic weight it is to be expected that the gold-carbon stretch 
vibrations of (square planar) dialkylgold(III) compounds will occur in about 
the same region. 

Coates2 2 investigated three trimethylgold(III) complexes and assigned two 
bands found in the narrow range 540-475 to symmetrical and unsymmetrical 
gold-carbon stretching vibrations. 

The spectra of the gold dithio compounds however show a great number of 
peaks in the region 600-400 cm - 1 . Hence it is difficult to assign the gold-carbon 
stretching vibrations of the dialkylgold dithio compounds with certainty. From 
a comparison of the spectra of gold(I), dibromogold(III) and dialkylgold (III) 
dithio compounds we selected bands which may possible belong to these stretch
ing modes. They are collected in table 9 together with the other absorptions of 
the dialkylgold compounds. 

On account of the disputable assignments of the bands, no attempts were 
made to correlate the frequencies of the gold-carbon vibrations with the stability 
of the gold-carbon bond. 

TABLE 9 Infrared frequencies of diakylgold compounds (cm-1)* 

(СНз)2Аи85СМ(СНз)2 
(СНз)2Аи58СМ(л-СзН,)2 

(CHjbAuSSCNCn-CíH^ 
(CH3)2AuSSCN(n-C,H15,)2 

(CjHshAuSSCNiCHjh 
(ш>-СзН-,)2Аи58СЫ (СНзЪ 
(CoHjCHibAuSSCN (СНз)2 

(CHjbAuSSCCeHj 
(CHjbAuSSCCoHíp-OCHj 
(CH3)2AuSSCC6H4p-F 
(СНзМиЗЗССНз 

Au-C stretching? 

555 m, 
545 m 
555s, 
545 m, 
565 m, 
580m, 
585m, 
580m, 
575 ms, 
550m, 

550w 

530w 
490br.w 
540 w 
525 w 
555m 
540m 
545 mw 
525 s 

550w, 535m, 515w 

660s, 
595 η· 
590 ir 
600w 

Other bands 

570w, 440m, 375s 
600m, 375br.s 
600 s, 375 s 
600 w, 370 s 
700s, 445 w, 375 s 
730 w, 445 m, 370 s 
445 m, 375 s 

450s, 400br.w, 370br.m 
i, 480s, 430ms, 380br.w 
ι, 485 m, 395 m, 300br.m 
, 445 s, 390 vs 

Gold-halogen stretching vibrations. Absorptions due to gold-chlorine and gold-

bromine stretchings were identified in twelve halogen containing compounds. 

There is little doubt about the assignments of these vibrations; they generally 

give rise to an intense absorption band which is absent in the spectra of the 

* See note on page 52. 
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corresponding dialkylgold compounds and which is found in a region where no 
other bands occur. 

In our spectra the gold-bromine stretching occurs in the region 255-230 cm - 1 , 
the gold-chlorine in the region 360-320 cm - 1 in accordance with data given by 
Coates2 2. The vibration frequencies of the halogold compounds in the region 
650-220 cm - 1 are summarized in table 10 together with the vibration frequencies 
of some gold (I) dithio derivatives. Values due to the gold-halogen stretching are 
in italics. 

Notable are the differences in frequency between the mono- and dihalogold 
dithiocarbamates; a feature which was discussed in chapter Ш-2. 
Gold-sulphur stretching vibrations. A strong absorption band in dialkylgold (III) 
dithiocarbamates at 375 cm - 1 which occurs in the monohalogold dithiocarba
mates at 380 c m - 1 is due to a gold-sulphur stretching mode, according to a de
tailed normal coordinate analysis of the dithiocarbamate complexes carried out 
by Nakamoto 8 6. In other gold dithiocarbamates the band was weak or variable 
in frequency and therefore not so specific. 

TABLE 10 Infrared frequencies of some gold compounds (cm-1)* 

Br2AuSSCN(CH3)2 
Br2AuSSCN(C2H5)j 
Вг2Аи88СМ(л-СзН7)2 

BríAuSSCNCu-QH,)! 
Cl2AuSSCN(n-C4H,)2 

BrAuSSCN(«-C4H,)2 
ClAuSSCN(/i-C4H9)2 
ВггАиЗЗССбШр-Р 
BrzAuSSCCeHip-OCH, 
BrAu-S(CH2C 6 H 5 )2* 
BnAu'-SCCHjCiHsV 
BnAu ••S(CH2C6Hs)2* 

AuSSCN(CH3)2 
AuSSCN(C2H5)2 
Аи38СМ(и-СзН,)2 
AuSSCN(n-C4H,)2 
AuSSCNCn-CHiüb 
AuSSCCsHs 
AuSSCCsHip-F 
AuSSCC6H4p-OCH3 
AuSSCCHj 

560 ms, 
610m, 
640m, 

605 s, 
635 m, 
615 w. 
615w, 
590m, 

, 590s, 
665 m, 
665 m, 
665 m, 

570 m, 
610w, 
620w, 
615 w, 
635 m, 
560m, 
590s, 
590 m, 
600w, 

540 m, 
545 m, 
595 m, 

515w, 
570 m, 
590s, 
590s, 
570 w, 
565 m, 
570m, 
575 w, 
570w, 

460 m, 
560s, 
590 s, 
590s, 
605 m, 

435 w, 420 ms, 
385-375 br.w, 
555m, 

470 w. 
505 m, 
505w, 
505w, 
480w, 
495 m, 
560m, 
560m, 
475 m, 

390m 
505 m, 
545 m, 
545 m, 

505 w, 

425 s, 
425 s, 
450w, 
450w, 
440s, 
480s, 
485 s, 
480 s, 
465 s, 

450 s, 
450m, 
450m, 

5 7 5 - 5 6 5 1 ^ , 
495br.w 
560w, 
560m, 
450 w. 

500 br.w 
520w 
435 m 

380 ms, 
240m 
440m, 

360w, 

355 ms 

410m, 

240 br.ι 
335-320br.s 
410m, 
410m, 
230 br.s 
430s, 
475 m, 
470 m, 
350W, 

420w, 
405 w. 
400m, 

380s, 
380s, 

335 br. 
345 w, 
350 w, 
255s, 

400w, 
370 w 
375 w. 

45<W45br.s 

245 m 

380 m, 
245-240br.m 

m 

255 s 
360-345 br.s 

w, 235 br. m 
240br.w 
230br.m 
230 br.s 

370 w 

350w 

** See note on page 52. 
* See p. 16 and ref. 44. 
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FIG. 12 Some infrared spectra of gold complexes. 
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FIG. 12 Some infrared spectra of gold complexes. 
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FIG. 12 Some infrared spectra of gold complexes. 
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CHAPTER Vili 

EXPERIMENTAL PART 

In this chapter details of the experimental work concerning starting materials 

and solvents used are given. The preparation and purification of the compounds 

mentioned in chapters II, III, IV and V are described more fully. 

Technical assistance was given by Miss J. G. A. van Eck. 

Microanalyses were performed mainly by Mr. J. Diersmann. 

Reported melting points were measured with the Leitz Mikroskopheiztisch 

350 and are uncorrected. Absorption spectra in ultraviolet regions were re

corded with a Beekman Spectrophotometer model DK-2A. 

STARTING MATERIALS AND SOLVENTS (chapter II) 

Tetrachloroaunc acid was obtained in solution by reaction of gold (fa H. Drijfhout en Zn., 
Amsterdam) with aqua regia. The excess of nitric acid was removed by evaporating the solution 
several times with concentrated hydrochloric acid on a water bath. 

N-Ethylpipendimum tetrachloroaurate was prepared according to Dennstedt40 from freshly 
distilled N-ethylpipendine (b p. 130°) dissolved in concentrated hydrochloric acid and a con
centrated solution of tetrachloroaunc acid After cooling the reaction mixture at 0°, the yellow 
N-ethylpiperidinium tetrachloroaurate was collected on a filter, dried m vacuo over sodium 
hydroxide and recrystallized by dissolving in methylene chloride and slow addition of ether. 
(M.p. 108-109°; lit.40: 106-107°). 

Sodium dialkyldithiocarbamates were obtained from the corresponding dialkylammes, carbon 
disulphide and sodium hydroxide according to Klopping". For the preparation of gold (I) 
dithiocarbamates they were not isolated but used in solution. 

Gngnard compounds were prepared in a dry atmosphere under nitrogen from freshly distilled 
alkyl halides and Gngnard-Magnesium in absolute ether as described comprehensively in 
literature (see e g réf.54· 5β· η1· 7 7 ) . 

Dimethyl- and diethylcadmium were prepared from methylmagnesium iodide and ethyl-
magnesium bromide, respectively, by reaction with dry cadmium chloride in ether. The com
pounds were purified by distillation in vacuo under nitrogen according to Krause". They were 
stored in sealed glass ampoules in the refrigerator. 
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Gold (I) dialkyldithiocarbamates 

Gold([) dialkyldithiocarbamates were prepared as described by Akerström " . Tetrachloroauric 
acid was dissolved in a saturated sodium chloride solution, cooled to 0° and reduced with 
sodium sulphite. Addition of a sodium dialkyldithiocarbamate afforded the required product. 

The lower homologues (methyl, ethyl and propyl) were isolated by nitration of the yellow 
precipitate followed by several washings with water, alcohol and ether and dried in vacuo. 
They were not further purified. The higher homologues were extracted from the reaction 
mixture with chloroform. The organic layer was dried over sodium sulphate, the solvent 
evaporated in vacuo and the residue crystallized from a suitable solvent, after treatment with 
activated carbon when necessary. 

Gold(I) di-n-butyldithiocarbamate, AuSSCNÇn-CJiub, yellow to orange needles 
from 1,2-dichloroethane; yield 95%, m.p. 160.5°. Molecular weight determination in nitro
benzene (cryoscopic) 456, 600, 846. Reported": m.p. 154.5-157.5; yield 60%; M (ebullio-
scopic in benzene) 885. (Found: Au, 49.3; S, 15.8; Ν, 3.45. СвН.вАиНЗг caled: Au, 49.01 ; 
S, 15.98; Ν, 3.49%; M =401.35). 

Gold(I) di-n-nonyldithiocarbamate, AuSSCNfa-CoHisb, white plates from ace
tone after treatment with activated carbon; m.p. 136.5-138°. (Found: S, 11.9; N, 2.7. 
CHseAuNSi caled.: S, 11.84; Ν, 2.59%). 

Gold (I) di-n-lauryldithiocarbamate*, AuSSCN(n-Ci2H25)2, white crystalline pro
duct after chromatography of benzene solutions on AhOj and recrystallization from acetone 
at low temperature; m.p.44-45°. (Found: S, 10.4; N, 2.7; Au, 31.2. CzjHsoAuNSj caled.: 
S, 10.25; Ν, 2.24; Au, 31.48%). 

Gold (I) diphenyldithiocarbamate*, Аи55СМ(С»Нз)2, yellow needles from nitro
benzene; m.p. 235-240° with slow decomposition. Very sparingly soluble in most organic 
solvents. (Found: C, 35.3; H, 3.3; Au, 44.3; Ν, 3.3; S, 14.4. C13H,oAuNS2 caled.: С, 35.38; 
H, 2.28; Au, 44.63; Ν, 3.17; S, 14.53%). 

Solvents. Ether and methylene chloride used in the alkylation reactions were purified and 
dried. To this purpose ether was shaken with a ferro sulphate solution to remove peroxides, 
dried over calcium chloride, distilled and stored over sodium wire. Methylene chloride was 
refluxed with calcium hydride and then distilled. 

PREPARATION OF HALOGOLD DERIVATIVES (chapter III) 

Dichlorogold(Ill) di-n-butyldithiocarbamate, ChAuSSCNtn-CiHsib, was prepared by passing 
chlorine gas into a solution of gold (I) di-n-butyldithiocarbamate (2 g) in warm chloroform 
(150 ml) until the temporary red colouration changed to dark yellow. The solution was con
centrated by evaporation to a small volume (50 ml) in vacuo and ether was added until no 
more precipitate was formed. The product, dichlorogold(III) di-n-butyldithiocarbamate, was 
crystallized quickly from ethyl alcohol. Yellow needles of m.p. 120.5-122°, yield 85 %. (Found: 
Au, 41.7; Ν, 3.0; S, 13.7. CHeAuChNSj caled.: Au, 41.71; Ν, 2.97; S, 13.58%). 

Dichlorogold(III) dimethyldithiocarbamate, ChAuSSCNÍCbbb. A solution of sodium 
dimethyldithiocarbamate " (0.01 mole) in methyl alcohol (15 ml) was added slowly with 
stirring to a solution containing exactly 0.01 mole of pyridinotrichlorogold (AuCh · Py)5 in 
20 ml of dimethylformamide. A yellow precipitate was formed which could be crystallized 
from dimethylformamide. Orange needles, decomposing at about 250° without melting, yield 
68%. (Found: Au, 50.4; Ν, 3.7; S, 16.4. CjH<AuCl2NS2 caled.: Au, 50.75; Ν, 3.61; S, 
16.52%). Rather low yields were obtained when the di-n-butyl derivative was prepared 
according to this method42. 

* This compound was prepared by Dr. I. M. Keen in London. 
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Dibromogold ( Ш) dialkyldithiocarbamales. 

General procedure. The gold(I) dialkyldithiocarbamate (0.01 mole) was suspended or dissolved 
in about 50 ml of chloroform at 30°. Bromine (0.01 mole) dissolved in 15 ml of carbon 
tetrachloride was added with stirring over a period of 10 minutes. The solvent was evaporated 
in vacuo and the residue crystallized from a suitable solvent. 

Dibromogold (II) dimethyldithiocarbamate, BrzAuSSCNHCHab; red orange 
needles from dimethylformamide. The compound could be sublimed in high vacuo at about 
250°. The same product was obtained from the reaction of dimethylgold(III) dimethyldithio
carbamate and bromine. M.p.331-333° (aftersublimation). (Found: N, 3.1 ; S, 13.5. СзШАи 
BriNSi caled.: Ν, 2.94; S, 13.44%). 

Dibromogold (III) diethyldithiocarbamate, BnAuSSCN^Hsb, was obtained 
as red needles when crystallized from acetonitrile. Yield about 50%. M.p.270-277.5° with 
decomposition. (Found: N, 2.9; S, 12.7. CsHioAuBrjNSi caled.: Ν, 2.77; S, 12.70%). 

Dibromogold (III) di-n-propyldithiocarbamate, BrjAuSSCNfa-CaH?)!, was ob
tained as red-orange needles when ether was added to a methylene chloride solution of the 
impure product. Yield 78%. M.p. 183.5-185°. (Found: N, 2.7; S, 12.2. CHuAuBrjNSj 
caled.: N,2.63; S, 12.03%). 

Dibromogold (III) di-n-butyldithiocarbamate, BriAuSSCNKn-Cibbb, recrystall-
ized from carbon tetrachloride or glacial acetic acid was obtained in the form of orange-red 
needles of m.p. 109-109.5°. Yield 90%. Cryoscopic molecular weight determinations: 503 (in 
benzene); 600 (in naphtalene); 553 and 560 (in nitrobenzene). (Found: C, 19.6; H, 3.3; 
Au, 35.2; Ν, 2.7; S, 11.3. CgH.eAuBriNS* caled.: С, 19.25; H, 3.23; Au, 35.11; Ν, 2.50; 
S, 11.43%; M = 561.17). 

When the bromination was carried out at 0° a dark red precipitate which appeared to be 
insoluble in chloroform separated from the reaction mixture. After drying, a sulphur analysis 
of the product was carried out giving the fluctuating values : 7.58,6.95 and 6.84 %. The product 
was not further investigated. 

Dibromogold (III) di-n-nonyldithiocarbamate, B^AuSSCNin-CsHiob, was ob
tained as yellow-orange needles by addition of ether to a chloroform solution of the compound. 
M.p.ll4°. (Found: N, 2.0; S, 9.5. CisHaeAuB^NSi caled.: Ν, 2.00; S, 9.14%). 

Diiodogold(III) ài-n-butyldithiocarbamate, ЬАиЗЗСМ^-СдНоК was obtained from gold (I) 
di-n-butyldithiocarbamate (0.01 mole) in chloroform (50 ml) and iodine (0.01 mole) in carbon 
tetrachloride (10 ml). On careful evaporation of a part of the solvent dark violet needles 
precipitated which were collected on a filter, not washed but immediately dried over CaCh 
and analysed: M.p. 106-108.5°. (Found: S, 10.5 (duplo). C,H,eAul2NS2 caled.: S, 9.79%). 

lodobromogold(lll) àì-n-butyldithiocarbamate, BrIAuSSCN(n-C4Hç)2, was prepared from 
monoiodogold di-n-butyldithiocarbamate (0.01 mole) in chloroform (50 ml) and bromine 
(0.005 mole) in carbon tetrachloride (15 ml). The residue was crystallized (4x) from ethyl 
alcohol giving violet needles of m.p.94.5°. (Found: S, 10.7 and 10.8. CsHieAuBrlNSj caled.: 
S. 10.53%). With excess of bromine BriAuSSCNfa-OH!,)* was obtained. 

Monohalogolddi-n-butyldithiocarbamates. 

General procedure. Gold(I) di-n-butyldithiocarbamate (0.01 mole) was dissolved in 50 ml 
of chloroform. The halogen (0.005 mole) was dissolved in 15 ml of carbon tetrachloride and 
added at about 30° with stirring. The solvent was evaporated to a small volume and the residue 
treated with carbon disulphide. The insoluble product was separated by filtration and crystal
lized from acetonitrile or glacial acetic acid giving yellow needles of the monohalogold com
pound in 80-90% yield. 

61 



The bromo compound was also obtained in 75 % yield by mixing equimolecular amounts of 
BriAuSSCNOî-CiHîOî and AuSSCNCn-CiHiOz in chloroform, evaporation of the solvent and 
recrystallization of the residue. 

M o n o c h l o r o g o l d d i - H - b u t y l d i t h i o c a r b a m a t e , ClAuSSCNCn-OHo)!, had m.p. 
128.5-129° when recrystallized from acetonitrile but m.p. 129-130° when recrystallized from 
benzene. The compound appeared to be slightly more soluble in organic solvents than the 
corresponding monobromo compound. (Found: CI, 8.1; N, 3.2; S, 14.7. C9H18AUCINS2 
caled.: Cl, 8.13; Ν, 3.21; S, 14.68%). 

M o n o b r o m o g o l d d i - n - b u t y l d i t h i o c a r b a m a t e , BrAuSSCN(n-C4H9)2, had m.p. 143-
144°. Cryoscopic molecular weight determination in nitrobenzene 473 and 495. (Found: 
N, 2.9; S, 13.3. C,>HlaAuBrNS2 caled.: Ν, 2.91 ; S, 13.33%; M = 481.26). 

M o n o i o d o g o l d d i - n - b u t y l d i t h i o c a r b a m a t e , l A u S S C N f a ^ F b b , was obtained as 
yellow needles of m.p. 134.5-135.5°. Cryoscopic molecular weight determinations: 515 (in 
naphtalene), 492 (in nitrobenzene). (Found: C, 20.6; H, 3.4; Au, 37.3; Ν, 2.6; S, 12.7. 
CsHisAuINSi caled.: С, 20.47; H, 3.43; Au, 37.29; Ν, 2.65; S, 12.14%; M = 528.25). 

A b r o m o c y a n o c o m p o u n d , B r C N t A u S S C N t n - O H ^ ] ! , was obtained from gold(I) 
di-n-butyldithiocarbamate (0.01 mole) in methylene chloride (50 ml) and cyanogen bromide 
(0.01 mole) in the same solvent (15 ml). After a dark colouring had disappeared, the product 
was precipitated with ether in the form of yellow needles of m.p. 143.5-144°. After recrystalliz
ation from ethyl alcohol the melting point was lower; 141-142°. The product with the highest 
melting point was analysed. (Found: C, 25.1; H, 4.0; Au, 43.2; Ν, 4.7; S, 14.1; Br, 8.9. 
СНзаАшВгМзЗд caled.: С, 25.12; H, 3.99; Au, 43.36; N, 4.62; S, 14.12; Br, 8.79%). When 
excess of cyanogen bromide (0.03 mole) was used, the same product was obtained. 

PREPARATION OF DIALKYLGOLD(III) D I T H I O C A R B AM ATES (chapter iv) 

In all reactions involving organomagnesium or organocadmium compounds a nitrogen 
atmosphere and dry reagents were used. 

General procedures: 

a. A solution or suspension of 0.005 mole of a dibromogold(III) dithiocarbamate in 75 ml of 
methylene chloride was cooled to —80°. A solution of 0.01 mole of the appropriate alkyl-
magnesium halide in ether or a corresponding pure dialkylcadmium compound was added with 
stirring over a ten-minute period. When a dialkylcadmium compound was used, the reaction 
temperature was raised to 0°. After a few minutes the reaction mixture was poured into 150 ml 
of dilute hydrochloric acid and shaken. The methylene chloride layer was separated and dried 
over sodium sulphate. The solvent was evaporated in vacuo and the residue eluted through a 
silica column with ethyl alcohol and/or crystallized from a suitable solvent. 

b. An appropriate alkylmagnesium halide (0.01 mole) in about 20 ml of ether was added with 
stirring to a solution of 0.005 mole of NEPAuCU in 100 ml of methylene chloride at —80° 
over a ten-minute period. The reaction mixture was stirred for ten minutes and then poured 
into 150 ml of cold dilute hydrochloric acid. After shaking, the methylene chloride layer was 
separated, filtered, cooled and quickly treated with an alcoholic solution of about 0.008 mole 
of a sodium dithiocarbamate. The solvent was evaporated in vacuo and the product purified by 
chromatography on silica with ethyl alcohol and/or crystallized from a suitable solvent. 

Dimethylgold(in) dimethyldithiocarbamate, (CHsbAuSSCNÍCbbb; method of preparation 
according to b with CHjMgl, yield 60%; according to b with (CbhbCd, yield 65%. Re-
crystallization from cyclohexane gives white plates of m.p. 168° which can be sublimed in 
vacuo at 150°. Cryoscopic molecular weight determination : 330 (in benzene). (Found : C, 17.5 ; 
H, 3.5; Au, 57.0; Ν, 4.2; S, 18.3. CsH.jAuNSi caled.: С, 17.29; H, 3.48; Au, 56.73; Ν, 4.03; 
S, 18.47%; M = 347.26). 
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Dimethylgotd(in) diethyldilhiocarbamate, (CHj^AuSSCNiCiHsb, was prepared according 
lo method b with (CHjhCd in 5 5 % yield. Light yellow needles from cyclohexane or ether 
decomposed at 90°. (Found: N, 3.8; S, 17.0. C1H ) ( SAuNS2 caled.: Ν, 3.73; S, 17.09%). 

Dimethylgold(Ill) di-n-propyldithiocarbamate, (СНлЭгАиЗЗС^л-СзН^г, was prepared ac
cording to method a with (CFb^Cd in 8 5 % yield. Crystallized from methyl alcohol at —40° 
in white plates of m.p.47.5°. The product could be distilled in vacuo at 100°. (Found: N, 3.5; 
S, 15.9. C9H2oAuNS2 caled.: Ν, 3.47; S, 15.88%). 

Dimethylgold(III) di-n-butyìdithiocarbamate, (CHabAuSSCNfa-CfHçOi, was obtained ac
cording to method a with (Cbb^Cd in 80% yield and from method b also with {CYii)iCa in 
60% yield. White plates of т . р . 4 Г after destination at 100° in vacuo. The compound could be 
crystallized from ethyl alcohol or ligroin at -80° . (Found: C, 30.9; H, 5.4; N, 3.3; S, 14.9. 
Ci,H24AuNS2 caled.: С, 30.62; H, 5.61; Ν, 3.25; S, 14.86%). 

Dimethylgold(III) di-n-nonyldithiocarbamate, (CHabAuSSCNfa-CsHioh, was prepared ac
cording to method a with ( C i b ^ C d in 80% yield. The compound was purified by distillation 
in vacuo at 150°. M.p. of the white needles: 54-57°. (Found: N, 2.4; S, 11.4. C21H44AUNS2 
caled.: N, 2.45:8, 11.21%). 

Diethylgold(III) dimethyldithiocarbamate, (СгНаЬАиЗЗСМССНзЬ, obtained from method b 
with CiHjMgBr in 30% yield. White plates from ligroin (b.p.60-80°) at -80° . M.p.59-62°. 
The crystals are light-sensitive. (Found: C, 22.5; H, 4.3; N, 3.4; S, 17.2. C7Hi6AuNS2 caled.: 
С, 22.40; H, 4.30; Ν, 3.73; S, 17.09%). 

Diethyìgold(lll) di-n-butyldithiocarbamate, (C2Hs)2AuSSCN(n-C4H9)2, was a colourless oil 
after distillation in vacuo. It was obtained according to method a with C2H5MgBr in 55% 
yield or with (CjHsbCd in 70% yield. (Found: C, 33.6; H, 6.6; N, 3.0; S, 14.3 С з Н з в А и І ^ 
caled.: С, 33.98; H, 6.14; Ν, 3.05; S, 13.96%). 

Di-iso-propylgold(Ш) dimethyldithiocarbamate, (мо-СзН7)2Аи55СН(СНз)2, was obtained 
from ¿jo-CsI-bMgBr in 2 5 % yield according to method b. White needles when crystallized 
from methyl alcohol. The compound has m.p. 87.5-89° and is light-sensitive. (Found: C, 26.7; 
H, 5.0; N, 3.6; S, 15.9. С Н г о А и ^ caled.: С, 26.80; H, 5.00; Ν, 3.47; S, 15.90%). 

Dibenzylgold(lll) dimethyldithiocarbamate, (CsHsCHzbAuSSCNtCFbb, was prepared ac
cording to method b with CeHsCFhMgCl in 20% yield. Light yellow plates were obtained 
when crystallized from methylene chloride and ether. M.p. 109-110°. (Found: C, 41.1 ; H, 4.2; 
N, 2.8; S, 13.2. C t b o A u N S z caled.: С, 40.88; H, 4.04; Ν, 2.80; S, 12.84%). 

PREPARATION OF GOLD DITHIOCARBOXYLATES (chapter v) 

Most of the experimental work concerning the preparation of sodium and gold dithio-
carboxylates has been included in chapter V. The reactions were carried out with quantities of 
about 0.01 mole. 

Gold(I) dithiobenzoate, AuSSCCsHs, was obtained from sodium dithiobenzoate and dichloro-
aurous acid (0.01 mole). A dark brown amorphous product was formed which could be 
crystallized in small quantities from boiling nitrobenzene, giving violet plates of the compound. 
The product decomposed at 260° without melting. (Found : Au, 56.0; S, 18.3. O H s A u S i caled. : 
Au, 56.24; S, 18.32%). 

Gold(l) para-methoxydithiobenzoate, AuSSCQbUp-OCH.!, dark violet plates which de
compose at 265°. (Found: Au, 51.7; S, 17.0. С Ш А и О З г caled.: Au, 51.80; S, 16.87%). 
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Gold(l) para-fluorodithiobenzoate, AuSSCCeH^-F, dark violet plates of decomposition 
temperature 274°. For the elemental analysis a sample was obtained by heating the corre
sponding dimethylgold(III) compound in nitrobenzene. (Found: Au, 53.1 ; S, 17.1. C7H4AUFS2 
caled.: Au, 53.49; S, 17.42%). 

Gold(I) dithioacetate, AuSSCCHj, was obtained by heating a glacial acetic acid solution of 
dimethylgold(III) dithioacetate. It decomposed at 170°. (Found: Au, 69.0; S, 22.4. C2H3AUS2 
caled.: Au, 68.36; S, 22.25%). 

Dibromogold(III) dithiobenzoate, BnAuSSCCóHs, brown needles from nitrobenzene. The 
compound showed tendency towards sublimation in the neighbourhood of 245° but de
composed between 250 and 255° without melting. (Found: Au, 38.7; S, 12.65. СтШАиВпЗ* 
caled.: Au, 38.62; S, 12.57%). 

Dibromogold(lll) para-methoxydithiobenzoate, ВггАиЗЗССвШр-ОСНэ, was obtained from 
toluene as yellow needles of decomposition temperature 245-250°. It can also be crystallized 
from nitrobenzene. (Found: Au, 36.8; S, 12.2. СвЬЬАиВгіОЗг caled.: Au, 36.47; S, 11.87%). 

Dibromogold(III) para-fluorodithiobenzoate, B^AuSSCCebbp-F, yellow plates from nitro
benzene. When heated at 215° some sublimation occurs ; between 225 and 230° the compound 
melts with strong decomposition. (Found: Au, 37.8; S, 12.3. СтШАиВ^ГЗг caled.: Au, 37.30; 
S, 12.14%). 

Dibromogold(IIl) dithioacetate, ВггАиЗЗССНэ, was not obtained in a pure form; no melting 
point was determined nor was an analysis carried out; the impure product, however, reacted 
with (CHj^Cd giving rise to the formation of (CHiMuSSCCHj in a yield of about 20%. 

Dimethylgold(III) dithiobenzoate, (СНзЪАиЗЗССбШ, was obtained from a suspension of the 
dibromogold(III) compound in ether by reaction with (CHsbCd at room-temperature ac
cording to method a described at p. 62. After crystallization from ligroin at —80° yellow 
plates were obtained, m.p. 105-106°. (Found: Au, 51.8; S, 17.4. С^НиАиЗг caled.: Au, 51.79; 
S, 16.86%). 

Dimethylgold(IIl) para-methoxydithiobenzoate, (СНі)2Аи55ССбН«р-ОСНэ, was prepared in 
the same way. (Found: Au, 47.9; S, 15.7. СоН^АиОЗг caled.: Au, 48.01 ; S, 15.63%). 

Dimethylgold(III) para-fluorodithiobenzoate, (СНэ^АиЗЗССвШут-Р, was crystallized from 
diethylether. (Found: Au, 50.0; S, 16.0. СдНюАиРЗг caled.: Au, 49.46; S, 16.10%). 

Dimethylgold(III) dithioacetate, (CbbbAuSSCCbh, was obtained in the form of yellow 
crystals after crystallization from ligroin or glacial acetic acid. (Found: Au, 62.0; S, 20.0. 
C4H,AuS2 caled.: Au, 61.90; S, 20.15%). 



SUMMARY 

The investigations the results of which are reported in this thesis aim to con

tribute to the present knowledge of organogold compounds. A historical review 

of the development of organogold chemistry is given in chapter I. Special 

attention is paid to Gibson's investigations in the years 1930-1949 on dialkyl-

gold compounds. The work of Kharasch, Gilman and Coates is also described. 

The increasing interest in recent years in the chemistry of organometallics 

has almost completely bypassed the metal gold. The factors which play a pro

minent part in this are probably on the one hand the lack of suitable methods 

for synthesis of alkyl- and arylgold compounds and on the other hand the in

stability of these compounds. Numerous applications of organic gold com

pounds 8 ' however entirely justify a continuation of Gibson's work. Gold films 

on glass, plastics and ceramics are used for an increasing number of different 

purposes. The descriptions of the preparation of such gold films have often an 

alchemistic character and require further investigations. Also pharmacological 

applications of organic gold compounds should promote a continuation of the 

study of the chemistry of these compounds. 

In chapter II Gibson's experimental work has been analysed in detail and the 

causes of his low yields in the synthesis of dialkylgold compounds are traced. 

It appeared that a higher yield was obtained when the alkylation of a gold 

compound was carried out in a homogeneous solution at low temperature 

(—80°). It was established that substantially more stable products could be 

obtained by complexing the dialkylgold compounds with N,N-dialkyIdithio-

carbamates. For this purpose a solution of N-ethylpiperidinium tetrachloro-

aurate in methylene chloride was treated at —80° with a Grignard reagent or 

with dimethylcadmium. After hydrolysis of the reaction mixture a sodium 

Ν,Ν-dialkyldithiocarbamate was added and the stable dialkylgold(III) N,N-

-dialkyldithiocarbamate could be isolated in yields of between 25 and 70 %. 

Still higher yields were obtained by starting with gold compounds already 

having a dithiocarbamate residue. Thus dibromogold(III) dithiocarbamates, 

prepared from gold (I) dithiocarbamates and bromine were dissolved or sus

pended in methylene chloride and treated at —80° with Grignard reagents or 

at 0° with dialkylcadmium compounds. In this method dialkylgold (III) dithio

carbamates were obtained in yields of 55-85 %. 

Halogenation of gold (I) dithiocarbamates with one equivalent of halogen 

produced, mainly in high yields, stable dihalogold(III) dithiocarbamates. 
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Halogenation of a gold (I) dithiocarbamate with iodine however did not result 

in a stable diiodo compound ; from the reaction mixture only a stable monoiodo 

derivative, lAuSSCNRa, could be isolated. The corresponding monobromo and 

monochloro compounds were obtained by treating half an equivalent of halogen 

with the gold (I) dithiocarbamate; with cyanogen bromide only one product of 

composition BrCN(AuSSCN 1*2)2 was obtained. The elemental composition 

made the presence of a divalent gold atom likely. The absence of paramagnetic 

properties however excluded this. Moreover alkylation of monobromogold 

dithiocarbamate gave equal amounts of gold (1) dithiocarbamate and dialkyl-

gold(III) dithiocarbamate and from this reaction it was concluded that mono-

halogold dithiocarbamates are composed of dihalogold(III) and gold(l) de

rivatives. An X-ray analysis of monobromogold di-fl-butyldithiocarbamate 

proved that the gold atoms occupy two non-identical positions in the crystal 

lattice. A further investigation will show whether the trivalent gold atom has a 

distort square planar configuration in which especially the larger halogen atoms 

like iodine can find more spacious positions as is the case in the planar dihalo-

gold(III) dithiocarbamates. 

An attempt to synthesize a cyclobutadiene gold π complex from tolan and 

dibromogold(III) di-n-butyldithiocarbamate failed. A molecular compound 

was formed however in which the starting products were present in the ratio 

2:1. Analogous molecular compounds arose with fraws-stilbene and dibenzyl. 

In the description of the properties of the different gold compounds, special 

attention was paid to their stability. The influence of the composition of the 

dithio residue on the thermal stability of the dialkylgold compounds was traced 

by the synthesis of some /Jara-substituted dialkylgold (III) dithiobenzoates. It 

appeared that the stability of these compounds decreased with decreasing value 

of the acid constant of the corresponding carboxylic acid. 

Theoretical considerations in connection with the structure, electron distri

bution and stability of the investigated gold dithio compounds are enunciated 

in chapter VI. The favourable influence of a dithio group on the stability of 

gold-alkyl compounds was elucidated with the aid of the molecular orbital 

theory. 

The results of an infrared study of the different compounds are collected in 

chapter VII. The following conclusions were drawn: 

a. The position of the C—N stretching vibration of the dithiocarbamates shifts 

to a higher frequency with increasing double-bond character of the C—N bond 

under the influence of positive groups attached to the nitrogen or negative 

groups attached to the gold. 

b. The Au—Br stretching vibration is found in the far-infrared between 255-

230 c m - 1 ; the corresponding Au—CI absorption is between 360 and 320 cm - 1 . 
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c. The Au—S stretching vibration is assigned in the region 375-380 cm - 1 . 
d. The Au—С stretching vibration is difficult to localize because other absorp
tions occur in the same region. 

However most spectra of the dialkylgold compounds have two bands in the 
region 580-520 cm - 1 which are in most cases absent in the spectra of the corre
sponding gold (I), monohalogold and dihalogold(III) dithio compounds and 
which probably belong to the symmetrical and unsymmetrical gold-carbon 
stretching mode. 
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SAMENVATTING 

Het in dit proefschrift beschreven onderzoek beoogt een bijdrage te leveren tot 

de chemie der organogoudverbindingen. In hoofdstuk I wordt een historisch 

overzicht gegeven van de ontwikkeling der organogoudchemie. Met name de 

onderzoekingen van Gibson over dialkylgoudverbindingen in de jaren 1930-

1949 worden uitvoerig beschreven. Het werk van Kharasch, Gilman en Coates 

wordt eveneens vermeld. 

De stijgende belangstelling, waarin de organometaalchemie zich de laatste 

jaren mag verheugen, is aan het metaal goud nagenoeg voorbijgegaan. Tot de 

factoren, die hierbij een rol hebben gespeeld, behoren waarschijnlijk, enerzijds 

het ontbreken van geschikte methoden voor de bereiding van alkyl- en aryl-

goudverbindingen, anderzijds de geringe stabiliteit van deze verbindingen. Tal

rijke toepassingen van organische goudverbindingen89 rechtvaardigen echter 

een voortzetting van het werk van Gibson ten volle. Voor het appliqueren van 

goudlaagjes op glas, kunststoffen en keramisch materiaal kunnen oplossingen 

van goud-terpeen verbindingen gebruikt worden, die meestal volgens een em

pirische methode bereid worden. De receptuur ervan heeft nog vaak een alche

mistisch karakter en een nader onderzoek is dan ook gewenst. Ook pharmaco-

logische toepassingen van organische goudverbindingen zouden een argument 

kunnen geven om de chemie van deze verbindingen beter te bestuderen. 

In hoofdstuk II is het experimentele werk van Gibson aan een nauwkeurige 

analyse onderworpen, waardoor de oorzaken van zijn lage opbrengsten bij de 

synthese van dialkylgoudverbindingen konden worden vastgesteld. Het bleek, 

dat een hoger rendement werd verkregen, indien de alkylering van een geschikt 

gekozen goudverbinding in een homogeen milieu bij lage temperatuur (—80°) 

werd uitgevoerd. 

Ook werd vastgesteld, dat aanzienlijk stabielere producten konden worden 

verkregen door de dialkylgoudverbindingen met N,N-dialkyldithiocarbamina-

ten te complexeren. Uitgegaan werd van een oplossing van N-ethylpiperidinium 

tetrachloroauraat in methyleenchloride, die bij —80° werd omgezet met een 

Grignard reagens of met dimethylcadmium. Na hydrolyse van het reactie

mengsel werd een natrium Ν,Ν-dialkyldithiocarbaminaat toegevoegd en kon 

het stabiele dialkylgoud(III) Ν,Ν-dialkyldithiocarbaminaat geïsoleerd worden 
in opbrengsten variërend van 25-70 %. 

Nog hogere opbrengsten werden verkregen, indien werd uitgegaan van goud
verbindingen, waarin de dithiocarbaminaatrest reeds aanwezig was. Zo konden 

68 



dibromogoud(III)dithiocarbaminaten - bereid uit goud(I)dithiocarbaminaten 
en broom - opgelost of gesuspendeerd worden in methyleenchloride en bij 
—80° worden omgezet met Grignard reagentia of bij 0° met dialkylcadmium-
verbindingen. De opbrengsten aan dialkylgouddithiocarbaminaten bedroegen 
bij deze tweede methode 55-85 %. 

De halogenering van goud(I)dithiocarbaminaten met één equivalent broom 
of chloor leverde, in hoge opbrengsten, stabiele dihalogouddithiocarbaminaten 
op. 

Halogenering van goud(I)dithiocarbaminaten met jodium gaf echter geen 
stabiele dijodoverbinding; uit het reactiemengsel kon wel een stabiel mono-
jododerivaat, lAuSSCNRa, geïsoleerd worden. De overeenkomstige broom- en 
chloorverbinding ontstonden indien een half equivalent van het desbetreffende 
halogeen werd toegevoegd aan de goud(I)verbinding. Met broomcyaan ont
stond een product met de samenstelling BrCN(AuSSCNR2)2. De elementair-
analyse van deze monohalogoudverbindingen zou op de aanwezigheid van een 
tweewaardig goudatoom kunnen wijzen. Op grond van afwezigheid van para-
magnetisme moest dit echter worden uitgesloten. Alkylering van monobromo-
gouddithiocarbaminaten gaf steeds gelijke hoeveelheden van een goud(I)dithio-
carbaminaat en dialkylgoud(III)dithiocarbaminaat, zodat werd aangenomen 
dat monohalogouddithiocarbaminaten zijn samengesteld uit equivalente hoe
veelheden van een dihalogoud(III) en een goud(I) derivaat. Een Röntgen-
analyse van monobromogouddi-H-butyldithiocarbaminaat bevestigde, dat in 
deze verbinding de goudatomen inderdaad onderling niet gelijkwaardige posities 
in het kristalrooster innemen. Een verder onderzoek zal moeten uitwijzen of hier 
bij het driewaardige goudatoom de normale vlakke vieromringing verstoord is, 
waardoor vooral grote halogeenatomen zoals jodium meer ruimte kunnen vin
den dan in de vlakke dihalogoud(III)dithiocarbaminaten. 

Een poging om uit dibromogoud(III)-di-«-butyldithiocarbaminaat en tolaan 
een cyclobutadiëen derivaat te synthetiseren mislukte. Wel werd bij deze reactie 
een molecuulverbinding gevormd waarin de uitgangsstoffen in de verhouding 
2:1 voorkomen. Analoge molecuulverbindingen ontstaan met trans-sü\been en 
dibenzyl. 

Bij de beschrijving van de eigenschappen der verschillende goudverbindingen 
werd bijzondere aandacht besteed aan hun stabiliteit. De invloed van de samen
stelling van de dithiorest op de thermische stabiliteit der dialkylgoudverbin-
dingen werd nagegaan door enkele/>ara-gesubstitueerde dialkylgoud(III)dithio-
benzoaten te synthetiseren. Het bleek dat de stabiliteit van deze verbindingen 
afnam met afnemende dissociatie constante van het overeenkomstige carbonzuur. 

In hoofdstuk VI worden aan de hand van verschillende bindingstheorieën 
enkele theoretische beschouwingen gewijd aan de structuur, electronenverdeling 
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en stabiliteit der onderzochte goudverbindingen. De gunstige invloed van een 
dithiogroepering op de stabiliteit van de goud-alkylverbindingen wordt begrij
pelijk gemaakt met behulp van de 'molecular orbital' theorie. 

De resultaten van een studie der infrarood spectra van de verschillende ver
bindingen zijn in hoofdstuk VII vermeld. Hierbij werden de volgende conclusies 
getrokken : 

a. De positie van de C—N rekvibratie bij dithiocarbaminaten verschuift naar 
hogere frequentie naarmate het dubbelbindingskarakter van de C—N band 
o.i.v. positieve groepen aan de stikstof of negatieve groepen aan het goud 
toeneemt. 

b. De Au—Br rekvibratie ligt in het verre infrarood tussen 255 en 230 c m - 1 ; 
de overeenkomstige Au—Cl absorptie tussen 360 en 320 cm - 1 . 

c. De Au—S vibratie ligt bij 375-380 cm-1. 
d. De Au—С vibraties zijn moeilijker te localiseren, omdat ze bij de onder
zochte verbindingen min of meer samenvallen met andere trillingen. In de 
spectra der dialkylgoudverbindingen komen tussen 580 en 520 cm-1 echter een 
tweetal banden voor, die meestal in de spectra der goud (I)-, monohalogoud- en 
dihalogoud(III)dithioverbindingen afwezig zijn. 
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S T E L L I N G E N 

I 

De veronderstelling van Longuet-Higgins en Orgel dat door het inleiden 
van acetyleen in een waterige oplossing van goudtrichloride een cyclobuta-
diëen-goud-it-complex zou ontstaan is onjuist. 

H. C. Longuet-Higins en L. E. Orgel, 
J. Chem. Soc, 1956 1972. 

II 

Voor de synthese van nieuwe complexe goudverbindingen biedt het tetra-
perchloratoauraat (Ill)-ion als uitgangsmateriaal waarschijnlijk meer kans 
op succes dan het conventionele tetrachloroauraat (Ill)-ion. 

III 

Aan de uitkomsten van de door Duc-Nguyen en Weed verrichte metingen 
van de optische draaiing kan weinig betekenis worden toegekend voor de 
aanwezigheid van D-omithine in celwand hydrolysaat. 

H. Duc-Nguyen en L. L. Weed, 
J. Biol. Chem., 239 3372 (1964). 

IV 

De nieuwe regels voor de nomenclatuur in de anorganische chemie zijn voor 
een aantal zwavelzuurderivaten inconsequent. 

Chem. Weekblad, 59 149 (1963). 

V 
De absolute configuratie van de l-carboxyethylgroep in 2-desoxy-2-aceeta-
mido-3-0-( l-carboxyethyl)-D-glucopyranose (N-acetylmuraminezuur) kan 
vastgesteld worden door deze verbinding met alkali aan /î-eliminatie te onder
werpen en het daarbij vrijkomende melkzuur nader te onderzoeken. 

A. Gottschalk, The chemistry and biology of sialic acids and 
related substances, Cambridge, (1960), p. 111. 

VI 

De conclusies die Kay, Green en Oikawa trekken uit optische rotatiedispersie 
metingen aan myosine zijn voorbarig. 

С M. Kay, W. Α. Green en К. Oikawa, 
Arch. Biochem. Biophys., 108 89 (1964). 





VII 

De benzylgroep is ondanks de goede resultaten van Patchomik en de aan
bevelingen van Greenstein geen algemeen bruikbare beschermgroep voor de 
imidazolfunctie van histidine. 

A. Patchornik, A. Berger en E. Katchalski, 
J. Am. Chem. Soc, 79 5227 (1957). 
J. P. Greenstein en M. Winitz, 
Chemistry of the amino acids. New York, (1961), p. 1067. 

Vili 

De veronderstelling dat goud uit zeewater gewonnen kan worden met behulp 
van selectieve ionenwisselaars berust op een verkeerde premisse. 

E. Bayer, Ionenaustauscher Einzeldarstell., 1 305 (1961). 
Gmelins Handbuch der anorganischen Chemie, B62, p. 332. 

IX 

Het lijkt gewenst dat de uitdrukking π orbital beperkt blijft tot de definiëring 
van een „moleculair orbital" en niet gebruikt wordt voor het aangeven van 
een orbital die een π binding kan aangaan. 

F. A. Cotton en G. Wilkinson, 
Advanced Inorganic Chemistry, London, (1963), p. 602. 

Χ 

De geografische ligging van de Akense Technische Hogeschool ten opzichte 
van Zuid-Limburg rechtvaardigt financiële steun van onze overheid aan 
aldaar studerenden uit Zuid-Limburg, op gelijke basis als aan studenten van 
Nederlandse instituten voor hoger onderwijs. 

XI 

Oplossing van structurele moeilijkheden in bepaalde overwegend agrarische 
gebieden in Nederland bereikt men eerder door het tot stand brengen van 
een goede infra-structuur en het scheppen van voldoende aantrekkelijke niet-
agrarische werkgelegenheid in die gebieden, dan door maatregelen in het 
kader van de landbouw zoals ruilverkaveling en instelling van een ontwik-
kelings- en saneringsfonds. 
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