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The dicationic digold(II) complexes [Au2{µ-(CH2)2PPh2}2(P)2](OTf)2, where P are the water-sol-
uble phosphine ligands 1,3,5-triaza-7-phosphaadamantane (TPA), 3,7-diacetyl-1,3,7-triaza-5-phosphabi-
cyclo[3.3.1]nonane (DAPTA), and mono-, di-, and trisulfonated triphenylphosphines (TPPMS, TPPDS,
TPPTS), were prepared by a metathesis reaction from [Au2Cl2{µ-(CH2)2PPh2}2] with the silver(I) salts
[Ag(OTf)(P)]. The complexes where fully characterized by spectroscopic methods and, in the case of
[Au2{µ-(CH2)2PPh2}2(TPA)2](OTf)2, by X-ray diffraction. The complexes containing sulfonated tri-
phenylphosphine ligands are very water soluble (up to 75 g/L) and also are stable in water. The catalytic
activity of [Au2{µ-(CH2)2PPh2}2(TPPDS)2](OTf)2 in the addition of MeOH to phenyl acetylene in an
aqueous medium was tested; however the complex was found to be a poor catalyst for this reaction
under these conditions.

Introduction

Classical coordination chemistry began by using water both
as solvent and as ligand for many compounds. As this discipline
of chemistry advanced, new ligands, complexes, and reactions
were discovered that required completely anhydrous reaction
conditions as well as special apparatus and techniques so as to
keep waterout of reactions.1 Today, the tide has turned and
water is experiencing a renaissance as a solvent in inorganic
and organometallic chemistry. This change, motivated largely
by the ever-increasing awareness of environmental concerns in
the design of industrially important chemical processes has been
the main driving force in the exploration of water-based
reactions and water-soluble catalysts.2-4 However, the vast
majority of homogeneous catalysts available today are either
insoluble or unstable in water; as a result, one key challenge
for the inorganic/organometallic chemistry community today is
the design and development of compounds that are both soluble
and stable in aqueous medium. Our group has studied the
addition of methanol to terminal alkynes catalyzed by various
water-insoluble gold(I) and gold(III) complexes in aqueous
medium,5 and more recently, we reported the first examples of
water-soluble and water-stable organometallic gold(I) and
gold(III) compounds.6 As a logical extension to this work, we
were interested in trying to obtain water-soluble gold(II)

derivatives and to study their catalytic activity in the addition
of methanol to terminal alkynes.

The chemistry of binuclear gold(II) complexes containing
gold-gold bonds has been studied in some detail by various
groups over the last 40 years with significant contributions
originating from the laboratories of Schmidbaur, Fackler, Jr.,
and Bennett7 and also from our group.8,9

One commonly used strategy to impart water-solubility to a
given metal complex involves the use of ligands possessing
solubilizing groups or use of water-soluble ligands. Typical
examples of such ligands are those selected for this study: TPA,
DAPTA, TPPMS, TPPDS, and TPPTS.10 All five phosphines
are soluble in water and have previously been used as lig-
ands in various metal complexes including some examples of
gold(I) and gold(III).11

Results and Discussion

Treatment of the digold(II) bis(ylide) complex [Au2Cl2-
{µ-(CH2)2PPh2}2] with the silver(I) phosphine compounds
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[Ag(OTf)(P)] (P ) TPA, DAPTA, TPPMS, TPPDS, TPPTS),
prepared from AgOTf and the phosphines, affords the orange
or yellow, dicationic gold(II) complexes [Au2{µ-(CH2)2PPh2}2-
(P)2](OTf)2 in high yields (Scheme 1).

The structures of the complexes were deduced by1H and
31P{1H} NMR spectroscopy, mass spectrometry, and, in the case
of the TPA derivative, X-ray diffraction. The1H NMR spectra
display one doublet resonance due to the ylide methylene groups,
signals due to the bis(ylide) phenyl groups, and signals of the
coordinated P ligands, consistent with a symmetric structure.
The31P{1H} NMR spectra consist of two triplet resonances (3JPP

≈ 33 Hz) due to coupling between the phosphorus atoms of
the ylide and the coordinated P ligands, respectively. In case
of the DAPTA complex, the P resonance due to the DAPTA
phosphorus atoms appears as two overlapping triplets due to
the presence of a mixture ofsynandanti conformations of the
acyl groups in the DAPTA unit.12 The solid-state structure of
[Au2{µ-(CH2)2PPh2}2(TPA)2](OTf)2, isolated as a tetra-acetone
solvate, is shown in Figure 1; selected bond lengths and angles
are collected in Table 1. The complex consists of two gold atoms
with an Au-Au bond length of 2.6275(4) Å, which are bridged
by two bis(ylide) units, forming a twisted eight-membered ring.

Furthermore, two TPA ligands coordinate to the gold centers
through the P atom linearly along the Au-Au axis. The over-
all coordination about the gold(II) atoms is square planar. The
Au-Au bond is slightly longer than that of the starting dichloro
complex [2.600(1) Å]13 and also longer than that observed in
the PPh3 analogue [Au2{µ-(CH2)2PPh2}2(PPh3)2](ClO4)2 [2.579-
(3) Å].14 In general, the gold-gold bond length observed here
is longer than most reported Au-Au bond distances for
binuclear bis(ylide) complexes; only the CF3, CN, and C6F5

derivatives have longer metal-metal bonds of ca. 2.6 Å.15 The
Au-P distances of 2.3678(18) and 2.4019(19) Å are longer than
those in [Au(TPA)2][Au(CN)2] [2.302(5) Å]16 and but similar
to those in [Au2{µ-(CH2)2PPh2}2(PPh3)2](ClO4)2 [2.365(6) and
2.384(6) Å].14

Our aim of producing water-soluble and water-stable
gold(II) complexes was indeed realized. Of the five compounds
reported here, the DAPTA, TPPMS, TPPDS, and TPPTS
derivatives are all soluble and stable in water. Solubility in water
ranges from ca. 4 g/L for the DAPTA and TPPMS complexes
to ca. 75 g/L for the TPPTS complex! Aqueous solutions of
the compounds remain unchanged for at least 7 days with no
sign of decomposition. This last result is particularly significant
and perhaps surprising, given that other known digold(II)
complexes undergo various isomerization processes in non-
aqueous media or polar solvents, as shown in Figure 2.

For example, the digold(II)dichloro precursor used in this
work, [Au2Cl2{µ-(CH2)2PPh2}2], isomerizes to a mixed-valence
Au(I)/Au(III) complex in polar solvents such as nitromethane
and acetone.17 Similarly, binuclear gold(II) compounds contain-
ing ortho-metalated phosphine ligands undergo isomerization
reactions resulting in the formation of a new C-C bond.18 If
there are Me substituents on the cyclometalated phosphineortho
to the gold centers, the digold(II) complexes are stable in
solution only below-20 °C; upon warming, isomerization to
Au(I)/Au(III) complexes occurs.19

To test the catalytic activity of these gold(II) complexes, we
examined the addition of MeOH to phenyl acetylene in the
presence of 10 mol % H2SO4 and 1 mol % of [Au2{µ-(CH2)2-
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Scheme 1

Figure 1. Molecular structure of [Au2{µ-(CH2)2PPh2}2(TPA)2]-
(OTf)2. Acetone molecules of solvation, OTf anions, and hydrogen
atoms have been omitted for clarity. Ellipsoids show 50% prob-
ability levels.

Table 1. Selected Bond Lengths (Å) and Angles (deg) for
[Au2{µ-(CH2)2PPh2}2(TPA)2](OTf) 2

Au(1)-Au(2) 2.6275(4) Au(1)-P(3) 2.3678(18)
Au(2)-P(4) 2.4019(19) Au(1)-C(1) 2.120(8)
Au(1)-C(3) 2.137(9) Au(2)-C(2) 2.146(9)
Au(2)-C(4) 2.119(8) Au(2)-Au(1)-P(3) 178.18(5)
Au(2)-Au(1)-C(1) 91.0(2) Au(2)-Au(1)-C3 92.3(2)
Au(1)-Au(2)-P(4) 177.26(5) Au(1)-Au(2)-C(2) 87.8(2)
Au(1)-Au(2)-C(4) 87.4(2) P(3)-Au(1)-C(1) 89.3(2)
P(4)-Au(2)-C(2) 93.5(2) P(4)-Au(2)-C(4) 91.3(2)
P(4)-Au(2)-C(4) 91.3(2) C(2)-Au(2)-C(4) 175.2(3)
P(3)-Au(1)-C(3) 87.5(2) C(1)-Au(1)-C(3) 176.0(3)
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PPh2}2(TPPDS)2](OTf)2 in an aqueous medium as described in
ref 5. After 30 min reflux only a 1% conversion to acetophenone
was observed, which increased to 46% after 5 h of reflux. In
comparison, the gold(I) alkynyl complex [Au(CtCtBu)-
(TPPDS)] gives a quantitative yield of acetophenone in 30 min
under the same conditions.20 This catalytic inactivity may also
be ascribed to the rather high stability of the binuclear gold(II)
bis(ylide) system. We, and others, have shown that in order for
a gold species to be catalytically active in this reaction, a cationic
[PAu]+ unit needs to be generated.5,21 In case of gold alkynyl
or gold alkyl complexes such a species is easily formed by acid
cleavage of the gold-carbonσ-bond. However, our results of
the bis(ylide) system here suggest that acid cleavage of the gold
dimer is very slow under these conditions, thus explaining the
poor catalytic activity in this reaction. It is unfortunate that the
advantage gained by an increase in availability of the gold
species in solution (due to its greater solubility in the aqueous
reaction medium) is offset by the poor catalytic activity due to
the high stability of the system. Clearly what is needed are gold
species that are soluble in an aqueous medium but at the same
time are labile enough that the necessary “activation” process
to begin the catalytic cycle is still possible. Further work to
design such a complex is currently ongoing.

In summary we have show that by judicious choice of ligands,
even normally unstable organometallic species in labile oxida-
tion states can be solubilized and stabilized in water. The general
implications of these findings are that it can indeed be possible
to do chemistry with metal complexes in any attainable oxidation
state in water just as easily as in nonaqueous solvents. We hope
to illustrate here that by using water as solvent there are no
stability-imposed limitations to the type of complexes and metal
oxidation states that can be studied. It is hoped that these
findings will inspire further work in this field of aqueous
organometallic chemistry.

Experimental Section

General Procedures. 1H and 31P{1H} NMR spectra were
recorded on a 400 MHz Bruker Avance spectrometer. Chemical
shifts are quoted relative to external TMS (1H) and 85% H3PO4

(31P); coupling constants are reported in Hz. FAB mass spectra were
measured on a VG Autospec spectrometer in positive ion mode
using NBA as matrix. TPA,22 DAPTA,12 TPPMS,23 TPPDS,24 and
[Au2Cl2{µ-(CH2)2PPh2}]25 were prepared by published procedures.
A sample of TPPTS was kindly provided by European Oxo GmbH.
The silver(I) phosphine complexes were prepared by the reaction
of equimolar amounts of [AgOTf] with the respective phosphines
in MeOH. The catalytic experiments were carried out as described
in ref 5.

Preparation of [Au2(P)2{µ-(CH2)2PPh2}](OTf) 2 Complexes.
To a solution of [Au2Cl2{µ-(CH2)2PPh2}] (0.050 g, 0.056 mmol)
in MeOH (10 mL) was added the silver(I) phosphine complexes
(0.056 mmol). After stirring for ca. 18 h the mixture was filtered
through Celite and the orange solution was concentrated in a
vacuum. Addition of Et2O precipitated the complexes, which were
isolated by filtration and dried in a vacuum.

[Au2{µ-(CH2)2PPh2}2(TPA)2](OTf) 2: orange solid, 84% yield;
1H NMR (CDCl3) δ 1.88 (dt,J ) 12.2, 4.4 Hz, 8 H, CH2), 4.10 (s,
12 H, NCH2P), 4.40 (s, 12 H, NCH2N), 7.55-7.83 (m, 20 H, PPh2);
31P{1H} NMR (CDCl3) δ -47.52 (t,J ) 37.2 Hz, TPA-P), 45.08
(t, J ) 37.2 Hz, Ph2P); FAB-MS 1134 [M]+, 977 [M - TPA]+,
820 [M - 2 TPA]+. Anal. Calcd for C42H52N6O6P4S2Au2F6

(1432.9): C 35.21, H 3.66, N 5.87. Found: C 35.27, H 3.44,
N 5.55. Crystals suitable for X-ray diffraction were grown by
slow diffusion of pentane into an acetone solution of the com-
pound.

[Au2{µ-(CH2)2PPh2}2(DAPTA)2](OTf) 2: orange solid, 85%
yield; 1H NMR (CDCl3) δ 1.92-2.20 (m, 20 H, Me, CH2), 3.51
(d, J ) 12.1 Hz, 2 H, DAPTA), 3.67 (d,J ) 12.1 Hz, 2 H,
DAPTA), 3.79-4.00 (m, 6 H, DAPTA), 4.33 (br s, 2 H, DAPTA),
4.54 (d,J ) 14.4 Hz, 2 H, DAPTA), 4.84 (d,J ) 13.4 Hz, 2 H,
DAPTA), 5.34 (d,J ) 14.7 Hz, 2 H, DAPTA), 5.67 (d,J ) 13.4
Hz, 2 H, DAPTA6), 7.55-7.86 (m, 20 H, PPh2); 31P{1H} NMR
(CDCl3) δ -31.26 (t,J ) 35.2 Hz, DAPTA-P), -31.12 (t,J )
35.2 Hz, DAPTA-P), 45.86 (t,J ) 35.4 Hz, Ph2P); FAB-MS 820
[M - 2 DAPTA]+. Anal. Calcd for C48H60N6O10P4S2Au2F6

(1576.9): C 36.56, H 3.83, N 5.33. Found: C 36.64, H 3.53, N
5.19.

[Au2{µ-(CH2)2PPh2}2(TPPMS)2](OTf) 2: yellow solid, 84%
yield; 1H NMR (CD3OD) δ 1.72 (d, J ) 11.8 Hz, 8 H, CH2),
7.14-7.62 (m, 44 H, PPh2, TPPMS), 8.07 (d,J ) 7.8 Hz, 2 H,
o-C6H4SO3Na), 8.15 (t,J ) 5.8 Hz, 2 H,p-C6H4SO3Na); 31P{1H}
NMR (CD3OD) δ 28.81 (t,J ) 33.5 Hz, TPPMS-P), 45.78 (t,J )
33.5 Hz, Ph2P); FAB-MS 1534 [M- 2 Na]+, 1161 [M - Na -
TPPMS]+, 820 [M - 2 TPPMS]+.

[Au2{µ-(CH2)2PPh2}2(TPPDS)2](OTf) 2: orange solid, 81% yield;
1H NMR (D2O) δ 1.60 (br s, 8 H, CH2), 6.92-7.96 (m, 46 H,
PPh2, TPPDS);31P{1H} NMR (D2O) δ 28.29 (t, J ) 31.6 Hz,
TPPDS-P), 44.23 (t,J ) 31.6 Hz, Ph2P); FAB-MS 1707 [M- 2
Na]+, 1263 [M - Na - TPPDS]+, 820 [M - 2 TPPDS]+.

[Au2{µ-(CH2)2PPh2}2(TPPTS)2](OTf) 2: yellow solid, 90% yield;
1H NMR (D2O) δ 1.70 (d,J ) 11.6 Hz, 8 H, CH2), 7.15-7.89 (m,
44 H, PPh2, TPPTS);31P{1H} NMR (D2O) δ 28.24 (t,J ) 33.5
Hz, TPPTS-P), 44.19 (t,J ) 33.5 Hz, Ph2P); FAB-MS 1903 [Μ -
Ph + Na]+, 1811 [Μ - 3 Na - Ph]+, 820 [Μ - 2 TPPTS]+.

Samples of the sulfonated triphenylphosphine derivatives con-
sistently gave bad elemental analyses perhaps due to incomplete
combustion or absorption of moisture.

X-ray Crystallography. A yellow needle was mounted in oil
on a glass fiber, and data were collected on an Oxford Diffraction
XCalibur 2 CCD diffractometer at 100 K. Data were reduced and
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Figure 2. Isomerization reactions of various gold(II) complexes.
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absorption corrections applied using CrysalisRED26 and SADABS.27

The structure was solved by heavy-atom methods28 and refined29

on F2 with non-hydrogen atoms modeled with anisotropic displace-

ment parameters, with hydrogen atoms in the riding model
approximation and using a weighting scheme of the formw )
1/[σ2(Fo

2) + (0.085P)2 + 9.437P] where P ) (Fo
2 + 2Fc

2)/3).
Disorder was detected and modeled in the refinement. Signifi-
cant satellite peaks were observed for both the Au1 and Au2
atoms, i.e., labeled Au1′ and Au2′, and from fractional refinement,
these had site occupancy values of 0.05 and were refined isotro-
pically; the maximum residual electron density peak in the final
difference map of 3.29 e Å-3 was located 0.68 Å from the Au1
atom. The anions and solvent acetone molecules were refined with
soft constraints so that S-C was 1.81, S-O 1.44, C-F 1.32, C-O
1.21, and C-C 1.45 Å. The atoms comprising these groups were
refined isotropically. High thermal motion for the N and C atoms
of the P2-phosphine could not be resolved into two positions,
however. Crystallographic and refinement details are summarized
in Table 2.
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Table 2. Details of Crystal Data and Structure Refinement
for [Au 2{µ-(CH2)2PPh2}2(TPA)2](OTf) 2‚(Me2CO)4

empirical formula C54H76Au2F6N6O10P4S2

fw 1665.14
temp/K 100
wavelength/Å 0.71073
cryst syst triclinic
space group P1h
a/Å 11.6241(3)
b/Å 13.5892(4)
c/Å 21.9393(4)
R/deg 82.340(2)
â/deg 81.252(2)
γ/deg 67.190(3)
V/Å3 3146.87(14)
Z 2
density(calcd)/(Mg/m3) 1.757
abs coeff/mm-1 4.902
F(000) 1652
cryst habit yellow needle
cryst size/mm 0.06× 0.07× 0.16
θ range for data collecn/deg 3.70-31.80
index ranges -16 e h e 15,

-19 e k e 19,
-30 e l e 31

no. of reflns collected 16 414
no. of indep reflns 11 060 (R(int) ) 0.057)
no. of data/restraints/params 16 414/617/42
R1 (I > 2σ(I))a 0.057
wR2 (all data)b 0.166
S(all data)c 1.07
largest diff peak, hole/(e Å-3) 3.29,-2.94

a R1(F) ) ∑||Fo| - |Fc||/∑|Fo|. b wR2(F2) ) [∑[w(Fo
2 - Fc

2)2]/
∑[w(Fo

2)2]1/2, w-1 ) [σ2(Fo
2) + (aP)2 + bP], whereP ) [max(Fo

2, 0) +
2Fc

2)]/3. c S ) [∑[w(Fo
2 - Fc

2)2]/(n - p)]1/2, wheren is the number of
reflections andp the number of refined parameters.
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