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SUMMARY

The syntheses of new primary, secondary and tertiary alkyl(triphenylphos-
phine)gold(I) complexes are described. Isolation of the thermally stable tert-butyl,
isopropyl and sec-butylgold(I) complexes is unusual among organotransition metal
complexes. All of these alkyl(triphenylphosphine)gold(I) complexes are monomeric
in benzene solution. Methyl and primary alkyl derivatives undergo reductive cou-
pling in high yields on thermolysis of the solid orin solution. The more highly branched
isopropyl and tert-butyl analogs afford disproportionation products. The decompo-
sition of methyl(triphenylphosphine)gold(I) in decalin follows first-order kinetics
and is retarded by added triphenylphosphine. A mechanism for reductive coupling
to ethane is proposed, in which a rate-limiting loss of phosphine is followed by a rapid
association with an additional methyl(triphenylphosphine)gold(I).

INTRODUCTION

Organogold chemistry has been largely restricted to those compounds con-
taining aryl, alkenyl, alkynyl or other unsaturated hydrocarbon ligands!. Alkyl-gold
complexes are generally unstable thermally, but stabilization by nitrogen and phos-
phorus donors can be sufficiently effective to enable isolation of crystalline adducts.
Thus, among alkyl derivatives a variety of methylgold(L, III) complexes are known?~5,
and far outnumber those of any other group. The greater stability of methyl-gold
complexes compared to those containing other alkyl groups is consistent with the
general trend observed for other organometallics”. Organogold(I) complexes con-
taining more highly branched alkyl groups have not been reported, with the exception
of a very few examples of some primary alkyl analogs?-*.

We wish to report the synthesis of a variety of alkyl-gold complexes with
triphenylphosphine, including the tert-butyl, isopropyl and sec-butyl derivatives. The
latter contrasts with an earlier attempt by Gregory and Ingold*, who reported that
sec-butyl(triphenylphosphine)gold(I) was unstable at room temperature. Further-
more, the preparation of the homologous series of alkyl derivatives also allowed the
examination of the thermal decomposition of these alkylgold(I) compounds.

RESULTS

Synthesis of alkylgold(I) complexes
Methyl(triphenylphosphine)gold (I) was prepared from chloro(triphenyl-
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phosphine)gold(I) and methylmagnesium iodide according to the procedure similar
to that described by Gregory and Ingold®. It was isolated as a colorless crystalline

CH,;Mgl + CIAu'L — CH;Au'L +IMgCl (1)*

L=(CsH;);P
compound melting at 167—168° . The methyl groups appeared in the PMR spectrum
as a doublet [ 1.10 ppm, external TMS, J 8.0 Hz (CDCl;)] due to 'HCAu?*'P
coupling®. Molecular weight determinations in benzene by vapor pressure osmometry
(V PO) indicated that methyl(triphenylphosphine)gold(l) existed as monomeric spe-
cies.

Ethyl-, n-propyl-, n-butyl- and neopentyl-(triphenylphosphine)gold(l) com-
plexes were prepared from ethylmagnesium bromide, n-propylmagnesium bromide,
n-butyllithium and neopentylmagnesium chloride, respectively, by a procedure similar
to that used for the methyl analog. These primary alkylgold complexes were crystal-
line, with the exception of the n-butyl derivative which was a low melting solid. The
molecular weight of neopentyl(triphenylphosphine)gold(I) was also determined in
diethyl ether, using the isothermatl distillation method, and the compound was shown
to be monomeric.

tert-Butyl- and isopropyl- and sec-butyl(triphenylphosphine)gold(I) were
prepared from the appropriate Grignard reagent and ClAuPPh; in the presence of
excess triphenylphosphine and isolated as colorless crystalline compounds. The tert-
butyl derivative melted at 139-142° with decomposition, and VPO indicated it to be
monomeric in benzene. The PMR spectrum in dioxane showed a broad unresolved
methyl doublet (6 1.35 ppm) consisting of 9 protons relative to the phenyl multiplet
(6 7.48 ppm) taken as 15 protons, but the methyl resonances (5 1.97 ppm, J 6.5 Hz) ,
were well-resolved in benzene. The isopropyl analog melted at 150-151° (dec.) and
was also a monomeric species in benzene by VPO measurements. The PMR in
methylene chloride consisted of a broad unresolved singlet (6 1.54) with 6 protons re-
lative to those (15) of the phenyl groups. The sec-butylgold complex was isolated as a
colorless viscous oil which crystallized on cooling. The compound showed an appa-
rent molecular weight of 426 (calcd. 516.4) at 37° in benzene by VPO, probably due to
partial decomposition.

Thermal decomposition of alkyl(triphenylphosphine)gold(I) complexes-solid samples

Methyitriphenylphosphine)gold(I) was placed in a round bottom flask which
was scaled with a gas-tight rubber septum, flushed with helium and then placed in a
constant temperature bath (118”). The colorless solid darkened as the flask was
heated, and evolved ethane quantitatively according to eqn. (2).

2CH,AuL — CH,~CH, +2Au +2L @)

Only a trace of methane was detected by gas chromatography. When the thermolysis
was complete, the reduced gold appeared as a black solid admixed with triphenyl-
phosphine.

The rate of decomposition was followed by removing samples (< 0.01 %)
of the gas phase periodically and analyzing the ethane by gas chromatography

* Coordination around gold will not be included unless necessary for the discussion.
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using propane as an internal standard. Figure 1 shows the presence of a sizable induc-
tion period prior to the commencement of ethane evolution.

Ethyl{triphenylphosphine)gold(l) decomposed at slightly faster rates than the
methyl-gold(I) complex, but showed the same induction period. n-Butane was formed
in high yield (90 %) together with only small amounts of ethane (1.4 %) and ethylene
(0.7%).

2CH,CH,-Au(PPh,) — CH,CH,CH,CH,+2Au+2L G)-
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Fig. {. Thermal decomposition of alkyl(triphenylphosphine)gold(l) in the solid state. @ ethane from
methylgold(I}; @ n-butane and @ ethane plus ethylene from ethylgold(l) at 100°.

Isopropyl(triphenylphosphine)gold(I) was heated at 100°, and afforded main-
ly the disproportionation products, propane (28 %) and propylene (34 %) and only
traces of 2,3-dimethylbutane, if at all. The liquid products were examined further by

(CH,),CH-Au(PPh,) — [C,Hg, CyHg, CoH,,]+2Au+2L @)

heating a sample of the isopropylgold complex in a sealed capiilary tube. Gas chroma-
tographic analysis indicated (tentatively) the presence of 2,3-dimethylbuiane, 2-
methylpentane and at least three unidentified components. The 2-methylpentane may
have arisen by addition to propylene, since the decomposition of isopropyl(triphenyl-
phosphine)gold in the presence of isobutylene at 100° (sealed capillary) afforded 2,4~
dimethylpentane in addition to those products obtained in the absence added isobu-
tylene.

tert-Butyl(triphenylphosphine)gold(I) did not decompose during a 150 min
period at 70°, the flask was then placed in a bath at 118°. After an additional induction
period lasting 30 min, isobutylene (47 %) and isobutane (13 %) were rapidly liberated.
Qualitative tests using sealed capillary tubes indicated the presence of Cg-hydrocar-
bons, the gas chromatography of which showed components corresponding to 2,4,4-
trimethyipentane and 2,4, 4-trimethylpentene {1,-2) and at least two other components.
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However, no 2,2,3,3-tetramethylbutane could be found by comparison with an
authentic sample. ’

Decomposition of alkyl(triphenylphosphine)gold(I) complexes in solution

Methyl(triphenylphosphine)gold(I}) was decomposed in decalin solution
smoothly at 100°. The reaction mixture initially turned purple on heating, and as the
thermolysis progressed a shiny film of metallic gold was deposited on the sides of the
vessel. The reaction mixture of completion was colorless and a quantitative yield of
ethane was liberated [eqn. (1)]. We tentatively attribute the transient purple color to
the formation of colloidal gold, somewhat analogous to some gold clusters reported
recently®.

The products from the thermal decomposition of other alkyl(triphenylphos-
phine)gold(I) complexes in solution are also described in Table 1. In general, the
complexion of the products obtained in solution was similar to that obtained from
the thermolysis of the solid material (vide supra).

TABLE 1

THERMAL DECOMPOSITION OF ALKYL(TRIPHENYLPHOSPHINE)GOLD(I) COMPLEXES
IN SOLUTION

Alkylgold(I) Conc. Solvent Temp. Products (mol %
complex (M) (W]
) RH R(—H) R-R* >R
CH,AuPPh; 0.043 Decalin 100 0 93 93
0.023 Decalin 100 0 >97 >97
(0,) 0.016" Decalin 100 0 95 95
0.012 Tetralin 100 0 99 99
0.040 Ethylbenzene 98 0 100 100
CH,;CH,AuPPh, 0.022 Tetralin 69 2 3 69 74
0.022 Tetralin 79 2 2 67 71
0020 } Tetralin 124 7 s 73 85
(PPh;) 0.040 -
CH;CH,CH,AuPPh; 0.021 Toluene 69 4 10 70 84
(CH,).CHAuPPh, 0.021 Tetralin 100 28 16 <
(CH,);CAuPPh; 0017 Tetralin 99 23 19 20¢

« Multiplied by 2. ® Run in air. ¢ Liquid products not analyzed. ¢ Tentatively identified as 2,4.4-trimethyl-
pentane, not 2,2,3,3-tetramethylbutane.

The kinetics of the decomposition of methyl(triphenylphosphine)gold(I) was
followed in decalin solution by the procedure described earlier. Unlike the thermolysis
carried out on the solid, methyl(triphenylphosphine)gold(I) in solution evolved
ethane at 100° without any apparent induction period as shown in Fig. 2. The forma-
tion of ethane followed first-order kinetics for approximately two half-lives, and the
first-order rate constant k=3.7 x 10~ % sec™ ! was independent of the concentration of
methyl(triphenylphosphine)gold(I) in the range, 0.01-0.04 M. On the other hand, a
second-order plot was linear only up to about 50 &, decomposition and curved upward
thereafter, clearly indicating a reaction of lower kinetic order. Further, the second-
order rate constant obtained from the linear portion, decreased at lower initial
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Fig. 2. Decomposition of 0.033 M methyl(triphenylphosphine)gold(I) in decalin at 100°. Evolution of
ethane @ on linear scale (left). O Disappearance of methylgold(I) on log scale (right).

concentrations of methyl(triphenylphosphine)gold(I). The first-order rate constant
was the same whether the reaction was carried out in air or under an helium atmos-
phere. The decomposition was retarded by the addition of triphenylphosphine, but
proceeded approximately 5 times faster in tetralin solutions.

The kinetics of the decomposition of ethyl(triphenylphosphine)gold(I) at
69° were much more difficult to reproduce than that of the methyl analog examined
at a higher temperature. The evolution of butane appeared to show an induction pe-
riod, and the rate of decomposition was strongly retarded by triphenylphosphine.

DISCUSSION

Alkyl derivatives of (triphenylphosphine)gold(I) are among the most stable
organo-transition metal complexes, since even the rather highly branched tertiary and
secondary alkyl analogs can be readily isolated. For example, there are as yet, only a
limited number of examples of readily isolable tert-alkylmetal derivatives®.

The decomposition of these alkyl(triphenylphosphine)gold(I) complexes
proceeds by at least two routes: reductive coupling and disproportionation which we
formulate in the following manner:

_ RH-+R(—H)+2Au+2L ()
2R-AuL —CR—R-l—ZAu—l—ZL (6)

These paths are not fundamentally altered whether the thermolysis is carried out on
the solid or in solution.
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Disproportionation [eqn. (5)] is the dominant reaction with secondary and
tertiary alkylgold(I) complexes, since no significant amounts of coupled alkyl dimers
were derived from the decomposition of the tert-butyl or isopropyl complexes. In
contrast, primary alkyl derivatives such as those containing ethyl and n-propyl groups
gave good yields of alkyl dimers [eqn. (6)] and only very small yields of disproportio-
nation products.

The latter observations rule out alkyl radicals as transient intermediates in
significant amounts, since hydrogen abstraction from the solvent and disproportiona-
tion/combination ratios are known for alkyl radicals. Thus, little ethane was observed
even when the decomposition of ethyl(triphenylphosphine)gold(I) was carried out in
such good donor solvents as decalin, ethylbenzene and tetralin'®. Furthermore, if
ethyl radicals were formed during the thermolysis of ethyl(triphenylphosphine)gold(I),
ethylene (and ethane) would have been formed in 15 9/ yield each relative to n-butane;
since the bimolecular rate constant k. for combination is about 5 times larger than
that (kg) for disproportionation.

. ka
2 CHLCH: _’—> CH,CH,+CH,=CH, (7)
L CH,CH,CH,CH, (8)

ke
The ratio ky/k_ is largely independent of whether the reaction is carried out in the gas
phase or in solution!!. However, the data at hand are insufficient to exclude com-
pletely the participation of any homolytic processes.

The formation of ethane in very high yields as the sole hydrocarbon product
derived from methyl(triphenylphosphine)gold(I) even in the presence of hydrogen
donor solvents and molecular oxygen also strongly indicates that methyl coupling
involves a molecular process. The monomeric nature of alkyl(triphenylphosphine)-
gold(1) in solution, the first-order thermolysis and the retardation by added triphenyl-
phosphine suggest a rate-limiting loss of ligand [eqn. (9)].

SCHEME 1
ky
CH,AuL == CH,Au+L )
CH,Au+CH,AuL — CH,CH,+2Au+L (10)

Rapid reaction of the coordinatively unsaturated alkylgold(I) species with an addi-
tional alkyl(triphenylphosphine)gold in a subsequent step (10) would then account
for all the known facts about this coupling.

The rate-limiting loss of the phosphine ligand in eqn. (9) contrasts with the
rapid associative exchange [eqn. (11)] observed in a NMR study of the related methyl-

(trimethylphosphine)gold(I) complex'>.
CH,AuP(CH,), + P(CH,), = CH,Au[P(CH,);], (11)

An association of this type (depending on the equilibrium constant) could be responsi-
ble for the fall-off in the rate of decomposition of methyl(triphenylphosphine)gold(I)
observed at high conversions (see Fig. 2). It may also contribute to the retardation in

the rate by added triphenylphosphine.
The present studies do not allow a further description of the coupling process
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formulated in eqn. (10). It is likely that one or several intermediates are formed, in
contrast to a bimolecular extrusion of ethane. We suggest speculatively that a dial-
kylaurate(I) species, such as (CH;),Au~AuL.*, may be one such possibility.

The applicability of the mechanism presented in Scheme 1 to other alkyl deri-
vatives is not yet clear. For example, the observation of induction periods during the
decomposition of ethyl(triphenylphosphine)gold(I), is not readily accommodated.
Induction periods have been observed previously in the reductive disproportionation
of alkylcopper(l) and dialkylmanganese(II) species and attributed to autocatalytic
processes'3- Whether similar mechanisms are operative in the decomposition of al-
kylgold(I) complexes is unknown, and the resolution of this question is made difficult
by the quasi-heterogeneous nature of the reaction due to the deposition of gold during
the course of the decomposition. Finally, several mechanisms!3>'* are available to
account for the reductive disproportionation feqn. (5)] observed with the higher alkyl-
gold(I) derivatives, but the variety of products obtained from the thermolysis and the
poor material balances, discourage further discussion until more information is
available.

EXPERIMENTAL

Materials .

Hydrogen tetrachloroaurate(I111).[HAuCl, - 3H, 0] was prepared from 99.95 %,
gold by dissolution in aqua regia' and converted in 96 %, yield to chlorotriphenyl-
phosphinegold(I) according to the procedure described by Gregory and Ingold* m.p.
242-243°C (lit.* 248-249°C). _

Methyl(triphenylphosphine)gold(I). A Grignard reagent prepared from methyl
iodide (2.5 ml, 40 mmol) and magnesium (1.0 g, 43 mmol) in 15 ml ether was added
dropwise to a suspension of ClIAuPPh, (3.00 g, 6.06 mmol) in 25 ml ether under ni-
trogen at —5° during 15 min. The mixture was refluxed for an hour, and then added
to 150 ml ice-cold 0.5%, H,SO,. Ether 20 ml was added and the mixture filtered. The
solid was washed three times with benzene (100 ml each). The ether layer and the
benzene washings were combined, washed with water, dried with Na,SO, and evapo-
rated to about 80 mi. Pentane (200 mi) was then added and the mixture chilled at
—20°. Colorless find crystals were obtained, 2.23 g (78 9 yield). A crystallized sample
had a melting point 167-168° (lit. 175°)%*, 173-175° %, 172-174° >*. Mol. wt. (VPO),
475: theor., 474. (Found : Ay, 40.9, 40.5, 40.8. Calcd.: Ay, 41.5%,.) NMR (in CDCl,):
0 1.10 ppm, J 8.0 Hz (room temp.) [lit. 6 0.67 ppm, 8.0 Hz (35°)>"].

C,H,AuPPh;. A Grignard reagent prepared from 3.0 ml ethyl bromide (40
mmol) and 1.15 g Mg (47 mmol) in 50 ml ether was added dropwise to a suspension
of CIAuPPh, (2.66 g, 5.4 mmol) in 20 ml ether under nitrogen at — 10°. The mixture
was stirred for two hours at room temperature, and then added to 800 ml 0.59]
aqueous H,SO, at 0°. The ether layer was separated and the aqueous layer extracted
with 200 ml ether. The combined ether solution was dried with Na,SQO,, treated with
active carbon, concentrated to about 150 ml, added to 100 ml pentane and chilled
to —20°. Crystals separated, which were filtered and dried in vacuum, 1.30 g (49%
yield). M.p., 134.5-135.5% (dec.) [lit. 150-152" (dec.)J*. Ca. 130° (dec.)*. (Analysis:
Found., C.493: H. 42. C,,H,,PAu caled.: C.49.2: H. 4.1°})

n-CsH,AuPPh;. A Grignard reagent prepared from 4.0 ml n-propyl bromide
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(44 mmol) and 1.12 g Mg (46 mmol) in 30 mol ether was added to a suspension of
ClAuPPh; (3.02 g, 6.1 mmol) in 20 ml ether between —11 and —5° during 20 min.
The mixture was stirred at room temperature for an hour and added to 400 ml 0.5 %;
H,SO0, at 0°. Ether 100 ml was added and the ether layer was separated. It was washed
with water, dried with Na,SO,, treated with active carbon and evaporated until al-
most dry. The residue was recrystallized with a 1/1 mixture of ether and pentane, and
afforded almost colorless crystals, 1.91 g (62%). M.p. 77.5-79.0° (dec.).

neo-CyH,  AuPPh;. A Grignard reagent prepared from neopentyl chloride
and Mg 1.2 g(49mmol)in 50 mlether was added dropwise to a suspension of CIAuPPh;,
(3.00 g, 6.1 mmol) at — 10° during 25 min. The mixture was stirred at room tempera-
ture for 95 min and added to 400 m1 59, H,SO,, at 0°. The ether layer was separated,
dried with Na,SO,, treated with active carbon, concentrated to about 30 mland cooled
to —20°. Colorless crystals were obtained: 1.93 g (59 %). M.p. 129-133° (dec.). The
molecular weight was determined in diethyl ether solution with a benzophenone
reference by the Signer method!®. Mol. wt.: found, 529, calcd.: 530.4. (Analysis:
Found, C, 52.3: H, 49. C,;H,,PAu caled.: C, 52.1; H, 5.0%.)

s-C,HyAuPPh;. A Grignard reagent prepared from sec-butyl bromide (4.0 ml.,
36 mmol) and magnesium (1.0 g, 43 mmol) in 50 ml ether was added dropwise to a
suspension of CIAuPPh; “3.02 g, 6.11 mmol) in 50 mol ether at — 10° under nitrogen
during 20 min. Triphenyl»hosphine (1.61 g, 6.12 mmol) was then added and the mix-
ture was warmed to roor temperature, and poured into a solution prepared from
2.2 ml H,SO, and 400 ml water at 0°. The ether layer was dried over Na,SO, and
concentrated to a viscous liquid, which was cooled to —20°. Colorless solid (2.67 g)
was obtained in 849, yield.

i-CyH, AuPPh,. A Grignard reagent, prepared from isopropyl bromide (3.5
ml) and Mg (1.0 g) in 30 ml ether in an atmosphere of He, was added dropwise to a
suspension of CIAuPPh; (3.013 g. 6.09 mmol) in 100 ml ether at —10° during 15 min.
Triphenylphosphine (1.610 g, 5.91 mmol) was then added. The mixture was added to
400 m1 0.59% H,SO, at 0°. The ether layer was separated. The aqueous layer was twice
extracted with 150 ml ether each time. The combined ether extracts were then dried
over Na,SO,, treated with a active carbon, filtered and concentrated to about 5 ml.
Pentane (5 ml) was added and the solution was chilled to —26°, whereupon 2.623 g
slightly brown crystals were obtained. Crude yield : 86 %{. Molecular weight in benzene
solution (VPO):487,493;calcd.:502. M.p.: 150-151° (dec.). NMR (in CH,Cl,):5 1.54.
broad singlet, 6 H (taking the phenyl signal as 15 H).(Analysis: Found, C, 49.9: H.
4.0: Au, 373. C,H,,PAu caled.: C, 503; H, 4.4; Au,39.9%,.)

t-C HoAuPPh,. A Grignard reagent prepared from tert-butyl chloride (4.0 ml)
and Mg 1.0 g in 30 ml ether was added dropwise to a suspension of ClIAuPPh;
(2.005 g, 4.05 mmol) in 50 ml ether at —20° during 25 min. Triphenylphosphine (1.070
Hg) was then added, and the mixture stirred for 1.5 hat —10° and 1.5 h at room tem-
perature. The mixture was added to 400 ml 0.5 H,SO, at 0°. The ether layer was
separated and the aqueous layer was extracted with 150 ml ether. The combined ether
solution was dried, treated with active carbon and concentrated at reduced pressure
to about 20 ml. It was then chilled to — 26° overnight. Colorless crystals (618 mg) were
obtained (30%;) which melted at 139-142° (dec.). Molecular weight (VPO): 494,
516; calcd., 516. The NMR spectrum in dioxane solution showed a broad doublet at
d 1.35 ppm which had 9 protons, taking phenyl signal (6 7.48 ppm) as 15 protons. In
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benzene solution, it showed a sharp doublet (§ 1.97 ppm, J 6.5 Hz). (Analysis: Found,
C,516; H, 5.1; Au, 39.2. C,,H,,PAu calcd.: C, 51.2; H, 4.7; Ay, 38.1).

Thermolysis of alkyl(triphenylphosphine)gold(I)

Solid samples. A 100 ml round bottom flask containing 0.05-0.20 g of the alkyl-
gold(I) complex was swept with helium and capped with a gas-tight rubber septum
cap. It was placed in a thermostatted oil bath controlled to +0.5°. In those runs in
which the course of decomposition was followed, a known amount of marker gas was
quantitatively added with a hypodermic syringe before the vessel was placed in the
bath. A small amount (10 pl) of the gas phase was removed periodically and analyzed
by gas chromatography.

In solution. A two-neck round bottom flask was equipped with a rubber sep-
tum cap and a glass spoon which could be rotated in the ground glass joint without
exposing the constants to air. Solvent (5 ml) was added and a weighed amount of
alkylgold complex placed on the spoon. The sealed vessel was swept with helium and
a known amount of marker gas added via a hypodermic syringe. The vessel was placed
in the bath and the reaction started by rotating the spocn in the ground glass joint
so that the contents dropped into the magnetically stirred solvent. When it was de-
termined that air had no large effect on the decomposition of methyl(triphenyl-
phosphine)gold(l), the procedure was simplified. The one-neck vessel containing
solvent was swept with helium and the sample quickly added to the preequilibrated
solvent as the rubber septum was put in place.

Analysis. The gold content was determined gravimetrically by digesting the
sample in concentrated sulfuric acid!”. Other methods involving iodometry or com-
plete thermolysis followed by gravimetry did not afford accurate analyses.

The hydrocarbon gases were analyzed by gas chromatography (hydrogen
flame. Aerograph 500, 50 em Porapak Q column at 90° or a 20 ft ODPN column).
Quantitative analysis was effected by the internal standard method after calibration
under reaction conditions. The latter was especially important when solvent was pre-
sent due to differential solubility of gases. The analyses were reproducible to +2 9.
The liquid hydrocarbons were also analyzed by gas chromatography and were only
identified (tentatively) by comparison of the retention times with authentic samples. -
More extensive analyses to prove structure were not carried out.

The molecular weights in benzene solutions were usually carried out with a
Mechrochrom 301A vapor pressure osmometer at 37° using benzil or ferrocene as
calibrant. The PMR spectra were obtained on a Varian HA 100 spectrometer.
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