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The dicationic digold(ll) complexes [Afiu-(CH,).PPh} o(P)](OTf),, 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]Jnonane (DAPTA), and mono-, di-, and trisulfonated triphenylphosphines (TPPMS, TPPDS,
TPPTS), were prepared by a metathesis reaction fromQA{u-(CH,).PPh} ] with the silver(l) salts
[Ag(OTH)(P)]. The complexes where fully characterized by spectroscopic methods and, in the case of
[Aux{ u-(CH,)2PPh} (TPA),J(OTf),, 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 [Aux{u-(CH,).PPh}(TPPDS)](OTf), 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 derivatives and to study their catalytic activity in the addition
of methanol to terminal alkynes.

Classical coordination chemistry began by using water both  The chemistry of binuclear gold(ll) complexes containing
as solvent and as ligand for many compounds. As this discipline gold—gold bonds has been studied in some detail by various
of chemistry advanced, new ligands, complexes, and reactionsgroups over the last 40 years with significant contributions
were discovered that required completely anhydrous reaction originating from the laboratories of Schmidbaur, Fackler, Jr.,
conditions as well as special apparatus and techniques so as tand Benneftand also from our group?
keep waterout of reactions. Today, the tide has turned and ~ One commonly used strategy to impart water-solubility to a
water is experiencing a renaissance as a solvent in inorganicgiven metal complex involves the use of ligands possessing
and organometallic chemistry. This change, motivated largely solubilizing groups or use of water-soluble ligands. Typical
by the ever-increasing awareness of environmental concerns inexamples of such ligands are those selected for this study: TPA,
the design of industrially important chemical processes has beenDAPTA, TPPMS, TPPDS, and TPPTSAIl five phosphines
the main driving force in the exploration of water-based are soluble in water and have previously been used as lig-
reactions and water-soluble cataly$ts.However, the vast  ands in various metal complexes including some examples of
majority of homogeneous catalysts available today are either gold(l) and gold(l1l)1*
insoluble or unstable in water; as a result, one key challenge
for the inorganic/organometallic chemistry community today is Results and Discussion
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(l) and gold(lll) complexes in agqueous  (7) See for example: (a) Schmidbaur, H.; Grohmann, A.; Olmos, M. E.

medium? and more recently, we reported the first examples of ?rgﬁnogo'd SChhem_ingy- 'n;’_io'dEngrehSS\j\r/‘_IChZLmSiStfy’ Bci:%c_hﬁmitstrylagé%
. echnology schmiabaur, H., ., Jonn liey ons: IcChester, )
water-soluble and water-stable organometallic gold(l) and pp 647-746. (b) Fackler, J. P., JPolyhedrom 997, 16, 1~17. (c) Mohr,

gold(lll) compounds. As a logical extension to this work, we  F.; Prive, S. H.; Bhargava, S. K.; Bennett, M. &£oord Chem Rev., in

were interested in trying to obtain water-soluble gold(ll) press.
(8) Laguna, A.; Laguna, MCoord. Chem. Re 1999 193-195, 837—

Treatment of the digold(ll) bis(ylide) complex [AGIl,-
{u-(CH).PPh},] with the silver(l) phosphine compounds

856.

*To whom correspondence should be addressed. E-mail: mlaguna@ (9) Méndez, L. A.; Jimeez, J.; Cerrada, E.; Mohr, F.; Laguna, M.
unizar.es. Am. Chem. So005 127, 852—-853.

T Universidad de Zaragoza-CSIC. (10) Abbreviations: TPA, 1,3,5-triaza-7-phosphaadamantane; DAPTA,

* University of Texas at San Antonio. 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]Jnonane; TPPMS, mono-

(1) Shriver, D. F.; Drezdon, M. AThe Manipulation of Air-Sensite sulfonated triphenylphosphine; TPPDS, disulfonated triphenylphosphine;
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(2) Cornils, B.Org. Process Res. De1998 2, 121-127. used as their sodium salts.
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Catalysis Concepts and Applicatign#/iley-VCH: Weinheim, 1998. Vizza, F.; Peruzzini, M.Coord Chem Rev. 2004 248 955-993. (b)
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Table 1. Selected Bond Lengths (A) and Angles (deg) for
[Au2{ u-(CH2)2PPhg} o(TPA)J(OTS) 2

Au(1)-Au(2) 2.6275(4)  Au(1)P(3) 2.3678(18)
Au(2)—P(4) 2.4019(19) Au(BC(1) 2.120(8)
Au(1)-C(3) 2.1379)  Au(2-C(2) 2.146(9)
Au(2)-C(4) 2.1198)  Au(2-Au(1)-P(3) 178.18(5)
Au2)-Au(l)-C(1) 91.0(2) Au(2FAu(1)-C3  92.3(2)
Au(l)-Au(2)-P(4) 177.26(5) Au(rAu(2-C(2) 87.8(2)
Au(1)-Au(2)-C(4) 87.4(2) P(3FAu(1)-C(1)  89.3(2)
P(4-Au(2-C(2)  93.5(2) P(4yAu(2)-C(4)  91.3(2)
P(4-Au(2-C(4)  91.3(2) C(}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)

Furthermore, two TPA ligands coordinate to the gold centers
through the P atom linearly along the AAu axis. The over-

all coordination about the gold(ll) atoms is square planar. The
Au—Au bond is slightly longer than that of the starting dichloro
complex [2.600(1) AP and also longer than that observed in
the PPhanalogue [Ag{ u-(CHy)2PPh} 2(PPR)](ClO4)2 [2.579-

(3) Al.%4 In general, the golggold bond length observed here
is longer than most reported AWAu bond distances for
binuclear bis(ylide) complexes; only the EFCN, and GFs
derivatives have longer metainetal bonds of ca. 2.6 & The
Au—P distances of 2.3678(18) and 2.4019(19) A are longer than

prepared from AgOTf and the phosphines, affords the orange ihose in [Au(TPAY[AU(CN),] [2.302(5) AL and but similar

or yellow, dicationic gold(Il) complexes [Afiu-(CHy).PPh} --
(P)X](OTM), in high yields (Scheme 1).
The structures of the complexes were deducedHbyand

to those in [Au{ u-(CHy)2PPh} 2(PPh)2](ClO4), [2.365(6) and
2.384(6) AJ14
Our aim of producing water-soluble and water-stable

S1P{*H} NMR spectroscopy, mass spectrometry, and, in the casego|q(i1) complexes was indeed realized. Of the five compounds

of the TPA derivative, X-ray diffraction. Tht#H NMR spectra

reported here, the DAPTA, TPPMS, TPPDS, and TPPTS

display one doublet resonance due to the ylide methylene groupsgeyivatives are all soluble and stable in water. Solubility in water
signals due to the bis(ylide) phenyl groups, and signals of the ranges from ca. 4 g/L for the DAPTA and TPPMS complexes
coordinated P ligands, consistent with a symmetric structure. 1 c5. 75 g/L for the TPPTS complex! Aqueous solutions of
The*'P{*H} NMR spectra consist of two triplet resonanc&¢  the compounds remain unchanged for at least 7 days with no
~ 33 Hz) due to coupling between the phosphorus atoms of g, of decomposition. This last result is particularly significant

the ylide and the coordinated P ligands, respectively. In case 5nq perhaps surprising, given that other known digold(ll)
of the DAPTA complex, the P resonance due to the DAPTA ¢omplexes undergo various isomerization processes in non-

phosphorus atoms appears as two overlapping triplets due 0aqueous media or polar solvents, as shown in Figure 2.

the presence of a mixture sfynandanti conformations of the
acyl groups in the DAPTA unit? The solid-state structure of
[Auo{u-(CHy)2PPh} o(TPA),J(OTH)2, isolated as a tetra-acetone

For example, the digold(ll)dichloro precursor used in this
work, [AuClA{ u-(CH,),PPhy} ], isomerizes to a mixed-valence
Au(l)/Au(lll) complex in polar solvents such as nitromethane

solvate, is shown in Figure 1; selected bond lengths and angles,ng acetond’ Similarly, binuclear gold(ll) compounds contain-

are collected in Table 1. The complex consists of two gold atoms
with an Au—Au bond length of 2.6275(4) A, which are bridged
by two bis(ylide) units, forming a twisted eight-membered ring.

Figure 1. Molecular structure of [Ag{u-(CH.).PPh}(TPA),]-
(OTf),. Acetone molecules of solvation, OTf anions, and hydrogen
atoms have been omitted for clarity. Ellipsoids show 50% prob-
ability levels.

ing ortho-metalated phosphine ligands undergo isomerization
reactions resulting in the formation of a new-C bond?8 If
there are Me substituents on the cyclometalated phosphtine
to the gold centers, the digold(ll) complexes are stable in
solution only below—20 °C; upon warming, isomerization to
Au(l)/Au(lll) complexes occurd?

To test the catalytic activity of these gold(Il) complexes, we
examined the addition of MeOH to phenyl acetylene in the
presence of 10 mol % 330, and 1 mol % of [Au{ u-(CHy)2-

(12) Darensbourg, D. J.; Ortiz, C. G.; Kamplain, J. @tganometallics
2004 23, 1747-1754.

(13) Murray, H. H.; Fackler, J. P., Jr.; Porter, L. C.; Mazany, A.M.
Chem. Soc., Chem. Commur986 321—-322.

(14) Usm, R.; Laguna, A.; Laguna, M.; Jimez, J.; Jones, P. G. Chem.
Soc., Dalton Trans1991, 1361-1365.

(15) Schmidbaur, H.; Grohmann, A.; Olmos, M. E. Gold, Progress in
Chemistry, Biochemistry and Technology.®old, Progress in Chemistry,
Biochemistry and Technolog$chmidbaur, H., Ed.; John Wiley & Sons:
Chichester, 1999; p 747, and references therein.

(16) Assefa, Z.; Omary, M. A.; McBurnett, B. G.; Mohamed, A. A;;
Patterson, H. H.; Staples, R. J.; Fackler, J. P.Inimg. Chem.2002, 41,
6274-6280.

(17) Fackler, J. P., Jr.; Trzcinska-Bancroft,Brganometallics1 985 4,
1891-1893.

(18) Bennett, M. A.; Bhargava, S. K.; Hockless, D. C. R.; Welling, L.
L.; Willis, A. C. J. Am. Chem. S0d.996 118 10469-10478.

(19) Bhargava, S. K.; Mohr, F.; Bennett, M. A.; Welling, L. L.; Willis,
A. C. Organometallic200Q 19, 5628-5636.
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Figure 2. Isomerization reactions of various gold(ll) complexes.

PPh} »(TPPDS)|(OTf), 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% rafien of reflux. In
comparison, the gold(l) alkynyl complex [Au€EC'Bu)-
(TPPDS)] gives a quantitative yield of acetophenone in 30 min
under the same conditioA%This catalytic inactivity may also

Mohr et al.

(3P); coupling constants are reported in Hz. FAB mass spectra were
measured on a VG Autospec spectrometer in positive ion mode
using NBA as matrix. TPA2 DAPTA,*2 TPPMS2 TPPDS?* and
[Au Cl{ u-(CH,),PPh} 1> were prepared by published procedures.
A sample of TPPTS was kindly provided by European Oxo GmbH.
The silver(l) 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 [Au,(P){u-(CH2).PPh}](OTf), Complexes.
To a solution of [AuCl{u-(CH,),PPh}] (0.050 g, 0.056 mmol)
in MeOH (10 mL) was added the silver(l) 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 E{O precipitated the complexes, which were
isolated by filtration and dried in a vacuum.

[Auo{ u-(CH2),PPhy} »(TPA),](OTf) »: orange solid, 84% yield;
IH NMR (CDCls) 6 1.88 (dt,J = 12.2, 4.4 Hz, 8 H, €l,), 4.10 (s,
12 H, NCH,P), 4.40 (s, 12 H, NEN), 7.55-7.83 (m, 20 H, PP});
31P{1H} NMR (CDCl) 6 —47.52 (t,J = 37.2 Hz, TPAP), 45.08
(t, J = 37.2 Hz, PhP); FAB-MS 1134 [M]", 977 [M — TPA],
820 [M - 2 TPA]+ Anal. Calcd for GoHs5oN6O6sP1S,AuULFg
(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.

[Au{ u-(CH2),PPh} o(DAPTA)J(OTf) 2 orange solid, 85%
yield; *H NMR (CDCl) 6 1.92-2.20 (m, 20 H, Me, €i,), 3.51
(d, J = 12.1 Hz, 2 H, DAPTA), 3.67 (dJ = 12.1 Hz, 2 H,

be as_cribed to the rather high stability of the binucle_ar gold(Il) DAPTA), 3.79-4.00 (m, 6 H, DAPTA), 4.33 (br s, 2 H, DAPTA)
bis(ylide) system. We, and others, have shown that in order for 4 54 (4,3 = 14.4 Hz, 2 H, DAPTA), 4.84 (d) = 13.4 Hz, 2 H,
a gold species to be catalytically active in this reaction, a cationic pAPTA), 5.34 (d,J = 14.7 Hz, 2 H, DAPTA), 5.67 (dJ = 13.4
[PAU]* unit needs to be generated. In case of gold alkynyl Hz, 2 H, DAPTA6), 7.55-7.86 (m, 20 H, PP}); 3P{H} NMR
or gold alkyl complexes such a species is easily formed by acid (CDCL;) o —31.26 (t,J = 35.2 Hz, DAPTAP), —31.12 (t,J =
cleavage of the goldcarbono-bond. However, our results of  35.2 Hz, DAPTAP), 45.86 (t,J = 35.4 Hz, PhP); FAB-MS 820
the bis(ylide) system here suggest that acid cleavage of the goldM — 2 DAPTA]". Anal. Calcd for GgHeoNgO10P4S,AULFg
dimer is very slow under these conditions, thus explaining the (1576.9): C 36.56, H 3.83, N 5.33. Found: C 36.64, H 3.53,
poor catalytic activity in this reaction. It is unfortunate that the 5.19.

advantage gained by an increase in availability of the gold [Aux{p-(CH2):PPh}(TPPMS),](OTf)2: yellow solid, 84%
species in solution (due to its greater solubility in the aqueous Yield; *H NMR (CDsOD) 6 1.72 (d,J = 11.8 Hz, 8 H, Giy),
reaction medium) is offset by the poor catalytic activity due to 7-14-7.62 (m, 44 H, PPh TPPMS), 8.07 (dJ = 7.8 Hz, 2 H,
the high stability of the system. Clearly what is needed are gold 0-CsHsSQ:Na), 8.15 (t,J = 5.8 Hz, 2 H,p-CeH,SO;Na); 3*P{*H}
species that are soluble in an aqueous medium but at the sam&MR (CD;OD) 6 28.81 (t,J = 33.5 Hz, TPPM), 45.78 (t.J =
time are labile enough that the necessary “activation” process 35> Hz, PBP); FAB-MS 1534 [M— 2 NaJ', 1161 [M — Na —

to b_egin the catalytic cycle is still possit_)Ie. Further work to TP[ZL'\IAZ?Y_' (gio)[gp_m}z gig'g'g{]'( OTf)» orange solid, 81% yield:
design such a complex is currently ongoing. H NMFg(D 02)26 1 68 (br s, 8 H (E|2.) 6.92-7 96 ’(m 46 1.
In summary we have show that by judicious choice of ligands, PPh TPPDZS)'31P{£H} NMR (Dzd) 62é8 29 (t =316 Hz

even normally unstable organometallic species in labile oxida- TPPDSP), 44.23 (t,J = 31.6 Hz, PhP); FAB-MS 1707 [M— 2
tion states can be solubilized and stabilized in water. The generaly;1+ 1263 [M — Na — TPPDSF, 820 [M — 2 TPPDST.

implications of these findings are that it can indeed be possible [Au o p-(CH),PPhy} o TPPTS))(OTH) 2: yellow solid, 90% yield:;
to do chemistry with metal complexes in any attainable oxidation 14 NMR (D,0) ¢ 1.70 (d,J = 11.6 Hz, 8 H, G&4,), 7.15-7.89 (m,
state in water just as easily as in nonaqueous solvents. We hop@4 H, pph, TPPTS);31P{1H} NMR (D-O) ¢ 28.24 (t,J = 33.5
to illustrate here that by using water as solvent there are noHz, TPPTSP), 44.19 (tJ = 33.5 Hz, PhP); FAB-MS 1903 M —
stability-imposed limitations to the type of complexes and metal ph+ NaJ*, 1811 M — 3 Na— Ph]t, 820 M — 2 TPPTS}.
oxidation states that can be studied. It is hoped that these Samples of the sulfonated triphenylphosphine derivatives con-
findings will inspire further work in this field of aqueous sistently gave bad elemental analyses perhaps due to incomplete
organometallic chemistry. 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

Experimental Section

General Procedures.H and 3'P{*H} NMR spectra were
recorded on a 400 MHz Bruker Avance spectrometer. Chemical
shifts are quoted relative to external TM8H] and 85% HPO,

(22) Daigle, D. JInorg. Synth.1998 32, 40—45.

(23) Jog F.; Koves, J.; KathpA.; Bényei, A. C.; Decuir, T.; Darens-
bourg, D. J.Inorg. Synth.1998 32, 1-8.

(24) Thorpe, T.; Brown, S. M.; Crosby, J. S. F.; Muxworthy, J. P.;
Williams, J. M. J.Tetrahedron Lett200Q 41, 4503-4505.

(25) Schmidbaur, H.; Wohlleben, A.; Wagner, F. E.; van de Vondel, D.
F.; van der Kelen, G. RChem. Ber1977, 110, 2758-2764.

(20) Sanz, S.; Laguna, M. Unpublished results.
(21) Teles, J. H.; Brode, S.; Chabanas,Ahgew. Chem., Int. EA.998
37, 1415-1418.
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Table 2. Details of Crystal Data and Structure Refinement
for [Au o u-(CH2):PPhy} o(TPA) ] (OTHf) o+ (Me,CO)4

empirical formula GaH76AUFsNO10P1S,
fw 1665.14
temp/K 100
wavelength/A 0.71073
cryst syst triclinic

space group P1

alA 11.6241(3)
b/A 13.5892(4)
c/A 21.9393(4)
o/deg 82.340(2)
pldeg 81.252(2)
yldeg 67.190(3)
VIA3 3146.87(14)

z 2
density(calcd)/(Mg/r#) 1.757

abs coeff/mm? 4.902

F(000) 1652

cryst habit yellow needle

cryst size/mm 0.06¢ 0.07x 0.16

6 range for data collecn/deg 3.781.80

index ranges —16< h < 15,
—19=< k=19,
-30=<1=<31

no. of reflns collected 16 414

no. of indep refins 11 06@R(int) = 0.057)

no. of data/restraints/params 16 414/617/42

Ry (1 > 20(1))2 0.057

WR; (all data¥ 0.166

S(all data¥ 1.07

largest diff peak, hole/(e 23) 3.29,—2.94

ARy(F) = JlIFol — IFcll/3|Fol. PWR(F?) = [F[wW(Fe? — Fc?)?3/

SIW(FAFY2 wt = [03(F?) + (aP)? + bP], whereP = [max(Fo?, 0) +
2FA))3. ¢S = [Y[W(Fe? — FAY/(n — p)]¥2 wheren is the number of
reflections and the number of refined parameters.

absorption corrections applied using CrysalisREnhd SADABS?’
The structure was solved by heavy-atom metRbdad refined®
on F2 with non-hydrogen atoms modeled with anisotropic displace-

Organometallics, Vol. 25, No. 12, 28y

ment parameters, with hydrogen atoms in the riding model
approximation and using a weighting scheme of the fovm=
1/[o3(F?) + (0.08%)% + 9.43P] where P = (F,2 + 2F»)/3).
Disorder was detected and modeled in the refinement. Signifi-
cant satellite peaks were observed for both the Aul and Au2
atoms, i.e., labeled Atilnd 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 & was located 0.68 A from the Aul
atom. The anions and solvent acetone molecules were refined with
soft constraints so thatS8C was 1.81, SO 1.44, C-F 1.32, C-O

1.21, and G-C 1.45 A. 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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