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The reaction of [O(AuPPhs);}*BF,~ with a Li,K derivative of o-cresol followed by the
interaction of the reaction product with CO, gave (triphenylphosphine)gold acetate. The
reaction of CIAuPPh; with 0-LiCgH,SLi afforded (triphenylphosphine)gold thiophenoxide.
According to the data of X-ray structural analysis, the latter occurs as a dimer formed
through an intermolecular secondary Au..Au bond. The reaction of this complex with
diazomethane was accompanied by insertion of carbene into the Au—S bond to form a new
gold complex, PhSCH,AuPPh;. The reactions with PPh;Au*BF,~ or HBF, yielded a new
tetranuclear gold thiocluster, {{PhS(AuPPh;),}2*(BF;)},, which involves Au...Au bonds
that differ in strength. The structures of the compounds obtained were established by X-ray
structural analysis, 'H and 3!P NMR spectroscopy, and FAB mass spectrometry.

Key words: synthesis, hypercoordinated organogold(l) compounds, (triphenyl-
phosphine)gold thiophenoxide, tetranuclear gold thiocluster, secondary bonds; X-ray diffrac-
tion study.

Phosphine-containing hypercoordinated gold(r)
o-complexes in which different types of secondary coor-
dination bonds involving Au atoms (for example, Au...Au,
Au..X (X is a heteroatom), Au..H—C (agostic bond),
or the Au...m system) occur, are of interest because of

* For Part 4, see Izv. Akad. Nauk, Ser. Khim., 1997. 2244
[Russ. Chem. Bull., 1997, 46, 2127 (Engl. Transl.)].

their unique structures and properties.1=8 However, these
compounds have not been adequately studied, which
hinders the formulation of unified concepts concerning
the formation and properties of these compounds.

As part of our continuing systematic studies of
the chemistry of hypercoordinated gold(f) com-
pounds,28—11 in this work we investigated synthetic
approaches to the preparation of a new class of gold
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compounds, namely, binuclear

organogold(1) derivatives of X‘-.‘A‘fppha

o-cresol and o-thiophenol (of

type A). (CH,), AuPPh,
These compounds were of A

interest to us as convenient
models for the experimental
determination (by means of 3P
NMR spectroscopy) of the energy of aurophilic Au...Au
interactions. Previously, this energy has been estimated
at 6 eV by ab initio quantum-chemical calculations.’? It
was suggested that conformational possibilities of bi-
nuclear model molecules of type A (due to free rotation
of substituents about single bonds) are favorable for the
formation of intramolecular secondary coordination
Au...Au bonds. The presence of these bonds, as in the
case of stable (due to the Au...Au bond) o,0-bis(tri-
phenylphosphinegold)pyrocatechol,’3 should favor sub-
stantial stabilization of presumably unstable phosphine-
containing gold complexes of o-cresol and thiophenol.

In this work, we studied for the first time the reac-
tions of complex salts of monovalent gold, namely,
chloride ClAuPPh; and tetrafluoroborate
[O(AuPPh;);]*BF,~, with Li,K derivatives of o-cresol
and thiophenol (the preparation of these derivatives in
high vields has been reported previously!415),

Thus, the reaction of tetrafluoroborate
[O(AuPPh;);]*BF 4~ with the Li,K derivative of o-cresol,
which has been prepared by successive metallation of
o-cresol first with the Bu"Li/TMEDA complex and then
with Bu'OK (see Ref. 14), gave a very unstable digold-
containing o-cresolate (Ph;PAuOC¢H,,CH,AuPPh;) of
type A as its adduct with a molecule of Li,K-dimetallated
tetramethylethylenediamine (TMEDA)
LiCH,N(Me)(CH}(CHK)NMe,. The formation of the
latter in the reaction agrees with the results of lithiation
of other derivatives of the o-cresol series with the Bu"Li/
TMEDA complex under analogous conditions.!® The
low-temperature purification of the adduct by repeated
reprecipitation from a solution in THF or toluene with
petroleum ether under an atmosphere of CO, (solutions
were cooled with solid carbon dioxide) led to gradual
conversion of the adduct into acetate MeCOOAuPPh;

X=0(n=1),S(n=0)
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Reageants and conditions: a. 1) Bu"Li/TMEDA, 2) Bu'OK,
=30 °C; & {O(AuPPh;);]BF,.

(1) accompanied by liberation of metallic gold. In the
absence of CO, at the stage of purification of the
adduct, gold acetate 1 was not formed (Scheme 1).

In the reaction under study, it is necessary to use a
fivefold excess of the Li,K derivative of o-cresol with
respect to the aurating agent.

According to the data of elemental analysis, the
adduct contains C, H, Au, P, N, Li, and K. The
structure of the compound obtained was confirmed by
mass spectrometry and IR and 'H NMR spectroscopy.

The FAB mass spectrum of the adduct has peaks of
ions [CH,C¢H,OCH,(AuPPh3), + 2H]* at m/z 1040,
[CH,C4H4,OCH,Au(PPh;),]* at m/z 841, and
[CH,C¢H,OCH,AuPPh;y]™ at m/z 579. The 'H NMR
spectrum of the adduct (in CgDg) shows a complex
multiplet of aromatic protons and broadened signals of
protons of the CH; and CH, groups at 3 2.07, 2.20,
2.26, and 2.42.

The structure of compound 1, which was prepared in
this work by a new procedure, was confirmed by X-ray
structural analysis. In the MeCOOAuPPh; molecule,
the Au! atom has a standard linear O—Au—P coordina-
tion. The Au—O and Au—P bond lengths are 2.02(2)
and 2.205(9) A, respectively. The angle at the Au atom
is 178.5(7)°. The geometric parameters of gold acetate 1
synthesized by us correspond to the values reported in
Ref. 17.

The formation of gold acetate 1 in this reaction
cannot be unambiguously rationalized. However, by anal-
ogy with the published data, it can be suggested that the
key step is the reaction of the adduct
[P PAUOCH CHAUPPh; - LICH,N(Me)(CH ) CHK)NMe,
with CO,.

It is known that CO, can react with various com-
pounds of metals (Ti, Zr, Rh, Co, Cu, Ag, and Zn) to
form both rather stable and unstable molecular com-
plexes. In addition, the CO; molecule can be inserted
into the C—M and M—H bonds!® to form carboxylates
of transition metals. For example, Me—Cu(PPh,), was
converted to MeCOQOCu(PPh;), at —40 °C under atmo-
spheric pressure.!® However, the analogous organogold
compound, Me—AuPPh;, does not react with small
molecules (CO, CO,, and CS,).28

Taking into account the facts that the O—Au bond in
gold phenoxides is labile?! and that the insertion of carbene
into S—Au bonds?2-23 as well as the insertion of small
molecules (including CO,) into C—M o¢-bonds18—28
proceed readily, the following scheme of formation of gold
acetate 1 seems to be the most probable (Scheme 2).

Under the reaction conditions, the methylene CH,
group of the LICH,N fragment of the adduct, which
exhibits the carbenoid character (according to the data
of X-ray structural analysis)!® and which can be inserted
into the O—Au bond of the adduct, can be the source of
the Me group in acetate 1.

Note that the similar Kolbe—Schmidt reaction,
namely, carboxylation of phenoxides of alkali metals
with carbon dioxide, proceeded under substantially more
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drastic conditions (upon heating and at high pressure of
CC%)}4

In this work, we studied the reaction of ClAuPPh,
with the dilithium derivative of thiophenol 0-LiCgH,4SLi
(the latter has been prepared in high yield by the reac-
tion of thiophenol with a Bu"Li/TMEDA complex in
cyclohexane according to a known procedure®). How-
ever, we failed to synthesize a compound of type A,
namely, the o-Ph;PAuCgH,;SAuPPh; complex (2), by
this method.

The reaction gave the mononuclear (in the crystal, it
occurs as a dimer) (triphenviphosphine)gold thio-
phenoxide (3) in high vield. The course of the reaction
remained unchanged as the reaction conditions and, in
particular, the ratio of the reagents, were changed.

Previoulsy, gold thiophenoxide PhSAuPPhs was syn-
thesized by the reaction of PhSNa with CIAuPPh;25 or by
the reaction of thiophenol with MeAuPPh;.2¢ The mo-
lecular weight determination?S has shown that the com-
pound occurs as 2 monomer in a solution (CHCl;). The
crystal structure of thiophenoxide PhSAuPPh; has not
been studied previously. According to the data of X-ray
structural analysis,2” in the crystal, (triphenylphos-
phine)gold p-nitrothiophenoxide occurs as a monomer.

X-ray diffraction study of gold thiophenoxide 3,
which was synthesized in this work, demonstrated* that
in the crystal its dimeric molecule (Fig. 1) is formed
through an intermolecular aurophilic Au...Au interac-
tion at a distance of 3.14 A. Usually, the distances that

* The complete data of X-ray diffraction study of complexes 3
and 5 will be published elsewhere.

Scheme 3

SAuPPh,
- QL
SLi A
@( CIAUPPh, 5 AuPPhy
Li

“—=  {PhSAuPPh},
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correspond to these interactions vary in the range of
2.7—-3.4 A28 The observed mutually staggered arrange-
ment of the linear S—Au—PPh; fragments of the moi-
ecules of gold thiophenoxide 3 in the dimer corresponds
to the €, symmetry. The S{1)—Au(l)..Au(2)—S(2)
pseudotorsion angle is 96°. An analogous staggered ar-
rangement of two linear X—Au—PPh; fragments (where
X is a heteroatom or the C atom) was observed in all
dimeric derivatives of gold(i) formed through an
aurophilic interaction. Such arrangement was also pre-
dicted by ab initio quantum-chemical calculations.??
Apparently, it is a necessary condition for the existence
of both intra- and intermolecular secondary Au..Au
bonds.

It was found that two crystallographically indepen-
dent monomeric PhSAuPPh; molecules, which are linked
in dimer 3, differ in the orientation of the phenol rings
of the triphenylphosphine ligands. The lengths of the
Au-S (2.304 and 2.308 A) and Au—P (2.267 and 2.265
A) bonds in two independent molecules of complex 3
have close values and vary within narrow ranges most
typical of the corresponding bond lengths.

Fig. 1. Structure of the {PhSAuPPh;}, dimer (3) in the crystal.
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Scheme 4
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The FAB mass spectrum of complex 3 has the mo-
lecular ion peak of one PhSAuPPh; molecular unit at
m/z 568 and the peak of a substantially heavier jon
[Ph(SAuPPh;); + H]* at m/z 1486 as well as peaks of
ions of fragmentation products.

The reaction of compound 3 with diazomethane was
accompanied by insertion of carbene into the Au—S
bond to form a new organogold complex PhSCH,AuPPh;
(4) (Scheme 4).2! The insertion of carbene into the
Au—S bond was first exemplified by the reaction of
diazomethane with a cyclic complex, which contains
mercury and gold.

The reaction was slow and did not proceed to comple-
tion. Under the optimum conditions (monitoring by 3!P
NMR spectroscopy), the 3 : 4 ratio was 1:3.5. We
failed to separate these compounds because they are
almost equally soluble in organic solvents and are not
sufficiently stable in solutions. The presence of gold
thiophenoxide 3 did not hinder the identification of
complex 4 in the mixture by FAB mass spectrometry
and 'H and 3!'P NMR spectroscopy.

The mass spectrum of the product of the reaction of
complex 3 with diazomethane contains the molecular
ion peaks [PhSAuPPhs}* (m/z 568) and
{PhSCH,AuPPh;]*™ (m/z 582) as well as peaks of ions
corresponding to the products of their successive frag-
mentation.

The 'H NMR spectrum of the obtained mixture of
complexes 3 and 4 has a doublet signal of the CH,
group of compound 4 at 8 2.77 (3Jiy_np = 7.5 Hz) in
addition to a complex multiplet of aromatic protons.
The 3P NMR spectrum contains two signals corre-
sponding to complex 3 (3 37.99) and complex 4
(6 43.79). The ratio of integrated intensities of the
signals is 1 : 3.5.

We have studied for the first time reactions of com-
pound 3 with a coordinatively unsaturated gold complex,
namely. tetrafluoroborate [Ph;PAu]*BF,~, which was
prepared in situ from ClAuPPh; and AgBF,™, and with
HBF,. Both reactions afforded a new tetranuclear
hypercoordinated gold complex of the sulfonium type,
which has a cluster structure, [PhS(AuPPh;),],2*(BF;7),

Fig. 2. Structure of the dication of the tetranuclear cluster
{PhS(AuPPhs),}; (5).

(5). When HBF, was used, the synthesis of complex 5
occurred with the cleavage of the S—Au bond in the
initial compound 3. In this case, the second reaction
product was diphenyl disulfide. Complex 5 is a colorless
crystalline compound, which is moderately stable at room
temperature and is soluble in CHCl;, THF, and CgHs.
The complex was characterized by IR and 3P NMR
spectroscopy and FAB mass spectrometry. The structure
of 5 was established by X-ray diffraction analysis.

According to X-ray diffraction study, there are four
crystallographically independent molecules of the
tetranuclear S-containing gold cluster 5, which differ
in the angles of rotation of the Ph rings of both the
Ph—S-—Au fragments and of the PPhj; ligands.

One crystallographically independent structural unit
iS a centrosymmetrical tetranuclear gold cluster 5 in
which two PhS(AuPPh;), monomeric units are linked to
each other through two aurophilic interactions (Fig. 2).
In the electron-deficient triangular SAu, fragment, the
angles at the suifur atom (Au—S—Au) are 79.4, 80.7,
81.1, and 85.4° in four independent molecules, respec-
tively. The Au...Au distances are 2.685, 2.676, 2.766,
and 2.775 A, respectively. The Au...Au distances be-
tween the SAu, monomeric units in cluster 5 are some-
what larger (3.148, 3.140, 3.150, and 3.118 A, respec-
tively).

Experimental

The 'H NMR spectra were recorded on a Bruker WP-200
SY spectrometer (200 MHz, Me,Si as the internal standard).
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The 3P NMR spectrum was obtained on a Bruker CXP 200
instrument (81 MHz, H;PO; as the external standard). The
mass spectrum was measured on a Kratos Concept instrument;
the energy of bombarding atoms (Cs) was 8 keV; 3-nitrobenzyl
alcohol was used as the matrix.

Reaction of an o-cresol Li,K derivative with
[O(AuPPh3)3] *BF,~ and synthesis of MeCOOAuPPh; (1). A
cooled suspension of LiOCgH4CH,K-0 in hexane (the organo-
metallic compound was prepared from TMEDA [3.1 mL. 5.70
mmol), o-cresol (0.31 g, 2.85 mmol), and Bu'OK (0.60 g, 5.70
mumol) in anhydrous hexane (10 mL} according 10 a procedure
reported in Ref, 14] was added portionwise with intense
stirring to a suspension of [O(AuPPh;s);]*BF,~ (0.70 g, 0.47
mmotl) (see Ref. 30) in anhydrous THF (30 mL) at =60 °C
under an atmosphere of argon. The reaction mixture was
stirred at —30 °C for 4 h. The resulting solution was decom-
posed with water (~5 mL) (liberation of metallic gold was
observed). The organic layer was separated, dried with two
portions of calcined K,CO; for 10 min, and concentrated to
dryness in vacuo. The residue was treated with cold ether
(3x10 mL) at —60 °C and twice reprecipitated with pentane
from a solution in tetrahydrofuran at —60 °C. The powdered
sand-colored product thus obtained was dried in vacuo over
P,0Os. Found (%): C, 48.33; H, 3.66; K, 2.08; Li, 0.36; N,
1.58; P, 5.45. [Ph;PAUOC6H4CH2AUPPh3X
*xLiCH,N(Me)(CH)(CHK)NMe,) [(CagHspAu; KLIN,OP;).
Calculated (%): C, 49.67; H, 4.25; K, 3.30; Li, 0.59: N, 2.36;
P, 5.23. The compound melted above 85 °C (with decomp.).
Hydrolysis of the compound afforded TMEDA. MS, m/;
(et (%)): 1498 [CeHZO(CH,)(AuPPhy)s]* (10), 1038
[CcH4O(CH4)1(AuPPh3), ™" (40), 841
[CsH4O(CH,)2Au(PPh3),1T (70), 721 [Au(PPhs),}* (80), 459
[AuPPh;]* (40). 'H NMR (acetone-dg), 5: 2.01 (br.s); 2.10
(br.s, substituted TMEDA); 2.86 (s, 2 H, CH,); 6.50—~7.50
(m, aromatic protons).

The compound obtained was purified by repeated
reprecipitations under an atmosphere of CO, first with hexane
from a solution in tetrahydrofuran, then with pentane from a
solution in toluene, and, finally, with pentane from a solution
in CH,Cl, (the solutions were cooled externally with solid
CO,). MeCOOAuPPh; was obtained as a colorless crystailine
compound in a yield of 0.39 g (33% calculated with respect to
Au). m.p. 175—~177 °C (¢f the published data: m.p. >170 °C
(with decomp.)3%; m.p. 185186 °C 3%). Found (%): C, 46.51;
H. 3.57; P, 5.38. CoH 3AuO,P. Calculated (%): C, 46.34; H,
3.50: P, 5.98. The IR spectrum of acetate 1 agrees with that
reported previously. 32 1H NMR (C¢Dg), 8: 2.47 (s, 3 H, CH3);
6.90—7.40 (m, 15 H, aromatic protons). MS, m/z (L (%))
518 (MeCOOAuPPh;3]* (10).

Reaction of o-LiCgH SLi with ClAuPPh; (synthesis of
{PhSAuPPh3}, (3)). A suspension of o-LiCgH,SLi {prepared
from thiophenol (0.17 mL, 1.6 mmol), a 2.86 M Bu"Li
solution in hexane (1.26 mL, 3.6 mmol), and TMEDA (0.52
mlL, 3.6 mmol) in cyclohexane (4 mL) according to a known
procedure”] was added portionwise to a suspension of
CIAuPPh; (1 g, 2.0 mmol) in THF (8 mL) cooled to 0 °C. The
reaction mixture was stirred at 0 °C for 2 h (the course of the
reaction was monitored by TLC on Silufol plates in benzene;
Ry CIAUPPh; = 0.4). Then the solution was added dropwise
with intense stirring to ice water (200 mL). The precipitate
that formed was filtered off, washed with ice water (3% 10 mL),
and dried. After reprecipitation with petroleum ether from a
benzene solution, compound 3 was obtained as a yellow
powder in a yield of 1.08 g (85%), m.p. 152—154 °C (with
decomp.) (¢f. the published data: m.p. 161—162 °C (with
decomp., from CHCI3)25; m.p. 154—156 °C (with decomp.,

from CH,Cl,~—isopentane}?$). Found (%): C, 50.71; H. 3.47;
P, 5.74; §, 5.55. C4gH40Au,P,S,. Calculated (%): C, 50.71; H,
3.54; P, 5.453; S, 5.64. IR (Nujol mulls), v/em™!: 330 (Au—S).
'H NMR (Cg¢Dg), 8: 6.75—8.18 (m, aromatic protons).
HP NMR (Cg¢Dyg), 5: 38.20 (s). MS. m/z (I (%)): 1486 [M* +
2AuPPh;]* (10), 1377 {(AuPPh3)3]™ (3), 1334 [2M + Au +
HI* (40), 1224 [M + AuPPh; + Auj™ (5), 1028 [M + AuPPh,
+ HJ* (100), 1027 (M + AuPPh;]™ (90), 765 [M + Au] (10)_
721 [Au(PPhy),)* (70), 569 (M + H]* (20), 368 {M]* (30),
459 [AuPPh,]* (80).

Reaction of {PhSAuPPh;}, (3) with diazometbane. A solu-
tion of diazomethane [prepared from nitrosomethylurea (3.0 g,
29 mmol) and a 40% aqueous solution of KOH (14.4 mL)
according to a known procedure33] in ether (100 mL) was
added with stirring to a solution of compound 3 (0.60 g. 1.03
mmol) in anhydrous benzene (15 mL) at 0 to =35 °C. The
reaction mixture was stirred at ~0 °C for 3 days. The course of
the reaction was monitored daily by 3!P NMR spectroscopy [a
sample of the reaction mixture (~10 mL) was concentrated o
dryness, the residue was dissolved in chloroform. and the
31p NMR spectrum was recorded; then the solvent was dis-
tilled off and the compound was dissolved ina 1 : 1 benzene—
ether mixture (10 mL) and added to the reaction mixture]. The
reaction mixture was concentrated to dryness in vacuo. The
residue was washed with a ! : 1 ether—pentane mixture (3x4
mL), twice reprecipitated with petroleum ether from a benzene
solution, and dried. A powder-like beige compound was ob-
tained in a yield of 0.37 g. Found (%): C, 50.98; H, 3.61. P,
5.62. 1H NMR (CDCly), &: 2.77 (d, CH,, Wp_y = 7.5 Haz);
7.00—~7.75 {m, Ph). 3P NMR (CDCl;), 8: 37.99 (s), 43.79 (s},
the ratio of integrated intensities of the signals is | : 3.5.

Reaction of {PhSAuPPhy}, (3) with (triphenyl-
phosphine)gold tetraflzoroborate [AuPPh;}*BF,™ (synthesis of
[PhS(AuPPh3);1,2* (BF47), (5)). A solution of [AuPPh;]*BF,~
(prepared from ClAuPPh; (0.15 g, 0.3 mmol) and AgBF, (0.07
g, 0.35 mmol)) in THF (5 mL) was added with stirring to a
solution of compound 3 (0.17 g, 0.3 mmol) in benzene (3 mL)
at 10 °C. The resulting solution was added dropwise with
intense stirring to ether (100 mL) cooled to —40 °C. The solid
precipitate that formed was filtered off, washed with cold ether
and pentane, and dried. After precipitation with an ether—
pentane mixture from a solution in a 1:1 benzene—THF
mixture, [PhS(AUPPh3)2]22+(BF4_)2 was obtained in a vield of
0.17 g (97%), m.p. 136—137 °C (with decomp.). Found (%):
C, 45.21; H, 3.17; P, 5.48; S, 3.20. C4pH35Au,BF,P,S. Calcu-
lated (%): C, 45.26: H, 3.17: P, 5.56; §, 2.83. IR (Nujot
mulls), v/em™!: 1064 (BF,). 3'P NMR (CH,Cl,). &: 35.51 (s).
MS, m/z (Iq (%)): 1485 [C** + AuPPh; — HI* (10), 1377
{C — PhS + AuPPhy]™ (5), 1334 [C + PhS +Au + H]* (40),
1224 [C + Au}™ (13), 1028 [C + HI* (90), 1027 [C]* (100),
917 [C — PhS ~ HJ* (10), 721 [C — PhS — Aul™ (50), 569
[C — AuPPh; + HJ}* (25), 568 [C — AuPPhi}* (30), 459
[AuPPh;]* (17).

Complex 5 is a colorless crystaliine compound. which is
moderately stable in solutions, soluble in benzene, THF. and
chloroform, and insoluble in ether, petroleum ether. and
water.

Reaction of {PhSAuPPh;}, (3) with HBF,. A | M ethereal
solution of HBF, was added with intense stirring to a solution
of compound 3 (0.12 g, 0.2 mmol) at =70 °C until liberation of
a precipitate ceased. The precipitate was separated, washed
with cold ether (2x10 ml), and dried. Compound 5 was
obtained in a yield of 0.10 g (99%), m.p. 136—137 °C (with

* M is the molecuiar ion [PhSAuPPh;].
** C is the molecular cation {PhS(AuPPh;);}*.
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decomp.) (after reprecipitation with petroleum ether from a
solution in CH,Cl,). The mother liquor was concentrated to
dryness. Dipheny! disulfide was obtained in a yield of 0.02 g
(99%), m.p. 3960 °C (from CH;Cl,~hexane) (cf. the litera-
ture data:® m.p. 59.5—60.5 °C).

We thank D. V. Zagorevskii for recording the FAB
mass spectra.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 95-03-
08616a). '
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