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We have synthesized a series of trinuclear and tetranuclear gold(I) complexes [(µ-dpmp)(AuX)3] (dpmp ) bis-
(diphenylphosphinomethyl)phenylphosphine; X) Cl (1), C6F5 (2)), [Au3(µ-dpmp)2](CF3SO3)3 (3), and [Au4(µ-
dpmp)2Cl2](CF3SO3)2 (4). Complex4 displays a rhomboidal geometry for the gold atoms with short gold-gold
distances of 3.1025(11) and 3.1059(14) Å. We have also prepared the mononuclear and dinuclear gold(III)
complexes [(µ-dpmp){Au(C6F5)3}n] (n ) 1 (5), 2 (6)). The crystal structure of5 has been determined by X-ray
diffraction studies, which show that gold is coordinated to the central phosphorus although two isomers are observed
in solution. Treatment of6 with gold(I) derivatives affords trinuclear mixed-valence gold(I)-gold(III) [(µ-dpmp)-
{Au(C6F5)3}2(AuX)] (X ) Cl (7), C6F5 (8)). The luminescent properties of these complexes in the solid state
have been studied. Likewise, it has been found that the gold(I) complexes are luminescent but not so the gold-
(III) or mixed-valence complexes.

Introduction

One of the intriguing phenomena of gold(I) complexes is a
weak gold-gold interaction, whose energy is similar to that of
hydrogen bonds. This interaction has been rationalized by using
relativistic and correlation effects.1 Most of these gold(I)
complexes possessing such gold interactions are luminescent,1a,2

although Jones et al. reported recently that this interaction is
not a necessary condition for the luminescence (at least in the
case of diphosphine thiolate gold(I) compounds studied by
them).3

The use of polyphosphine ligands favors both the metal
centers proximity and the luminescence.4 For instance, the
tridentate ligand bis(diphenylphosphinomethyl)phenylphosphine
(dpmp) has been employed to construct trinuclear derivatives
containing Rh(I), Pt(II), Pd(II), Ag(I), Cu(I), Au(I), and Hg-
(II); all of them have shown to be luminescent when this
property has been studied.4,5

In this study we describe the synthesis of a series of mono-,
di-, tri-, and tetranuclear gold complexes with the dpmp ligand,
with the gold centers in the oxidation states I, III, and mixed
I-III. We report that gold(I) derivatives luminesce, while gold-
(III) and mixed gold(I)-gold(III) complexes do not. The crystal
structures of [Au4(µ-dpmp)2Cl2](CF3SO3)2 and [Au(C6F5)3-
(dpmp)] have been determined by X-ray diffraction studies. The
tetranuclear derivative displays a rhomboidal geometry for the
gold atoms with short metal-metal distances.

Experimental Section

General. All the reactions were carried out under an argon
atmosphere at room temperature. IR spectra were recorded on a Perkin-
Elmer 883 spectrophotometer, over the range 4000-200 cm-1, by using
Nujol mulls between polyethylene sheets.1H, 19F, and31P{1H} NMR
spectra were recorded on a Varian UNITY 300, GEMINI 2000, or
Bruker ARX‚300 apparatus in CDCl3 solutions (if no other solvent is
stated); chemical shifts are quoted relative to SiMe4 (external,1H),
CFCl3 (external,19F), and 85% H3PO4 (external,31P). C, H, N, and S
analyses were performed with a Perkin-Elmer 2400 microanalyzer.
Melting points were measured on a Bu¨chi apparatus and left uncor-
rected. Mass spectra were recorded on a VG Autospec using LSIMS
technique (with Cs gun) and 3-nitrobenzyl alcohol as matrix. UV-
vis absorption spectra either in solid or in dichloromethane solution
were recorded at 300 K on a HITACHI U-3400. Photoemission spectra
were obtained by exciting the samples with light from a 1000 W
tungsten lamp passed through a 0.5 m double monochromator and
detected through a 0.5 m monochromator with a photomultiplier
detector. The luminescence spectra were corrected for instrumental
response using a standard tungsten-halogen lamp calibrated against a
National Institute of Standards and Technology lamp.

Preparation of Compounds. [(µ-dpmp)(AuCl)3] (1). To a dichlo-
romethane solution (10 mL) of [AuCl(tht)]6 (tht ) tetrahydrothiophene;
0.096 g, 0.3 mmol) bis(diphenylphosphinomethyl)phenylphosphine7

(dpmp; 0.051 g, 0.1 mmol) was added. After stirring for 3 h awhite
solid appeared which was filtered off and washed with dichloromethane
(5 mL) and diethyl ether (5 mL). Yield of 1: 70%, mp> 300°C. IR:
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327 (Au-Cl) cm-1. 1H NMR (DMSO-d6): δ 7.8-7.2 (m, 25H, Ph),
4.32 (“q”, 2H,N ) 12.6 Hz, P-CH2-P), 4.14 (“q”, 2H,N ) 13.0 Hz,
P-CH2-P). 1H{31P} NMR (DMSO-d6): δ 7.8-7.2 (m, 25H, Ph), 4.33
(d, 2H,2J(HH) ) 14.7 Hz, P-CH2-P), 4.16 (d, 2H, P-CH2-P). 31P-
{1H} NMR (DMSO-d6): δ 25.6 (2P,2J(PP) ) 56.6 Hz), 22.7 (1P).
Anal. Calcd for C32H29Au3Cl3P3: C, 31.95; H, 2.45. Found: C, 31.55;
H, 2.1. LSIMS (m/z, %, assignment): 1167 (100, [M- Cl]+).

[(µ-dpmp){Au(C6F5)}3] (2). To a dichloromethane solution (10 mL)
of [Au(C6F5)tht]8 (0.136 g, 0.3 mmol) was added dpmp (0.051 g, 0.1
mmol). The solution was stirred for 2 h. It was then concentrated to
ca. 3 mL. Addition of hexane afforded2 as a white solid which was
washed with hexane (2× 5 mL). Yield of 2: 80%, mp 110°C
(decomp). IR: 956, 791 (C6F5) cm-1. 1H NMR: δ 7.6-7.0 (m, 25H,
Ph), 3.50 (“q”, 2H,N ) 12.1 Hz, P-CH2-P), 3.00 (“q”, 2H,N )
10.2 Hz, P-CH2-P). 19F NMR: δ - 117.0 (m, 4Fo), -117.5 (m,
2Fo), -160.2 (t, 2Fp), -161.3 (t, 1Fp), -164.0 (m, 4Fm), -164.8 (m,
2Fm). 31P{1H} NMR: δ 32.1 (2P,2J(PP)) 71.0 Hz), 27.6 (1P). Anal.
Calcd for C50H29Au3F15P3: C, 37.55; H, 1.85. Found: C, 37.9; H,
1.7. LSIMS (m/z, %, assignment): 1598 (7, M+), 1431 (100, [M-
C6F5]+).

[Au3(µ-dpmp)2](CF3SO3)3 (3). To a dichloromethane solution (30
mL) of [Au(tht)2](CF3SO3)9 (0.3 mmol, prepared in situ) was added
dpmp (0.101 g, 0.2 mmol). After stirring for 2 h, the solution was
concentrated to ca. 5 mL. Then, diethyl ether (20 mL) was added to
obtain3 as a white solid. Complex3 was washed with diethyl ether
(2 × 5 mL). Yield of 3: 82%, mp 160°C (decomp). IR: 1257, 1223,
637 (CF3SO3) cm-1. 1H NMR: δ 7.8-7.0 (m, 50H, Ph), 5.00 (m, 4H,
P-CH2-P), 4.22 (m, 4H, P-CH2-P). 1H{31P} NMR: δ 7.8-7.0 (m,
50H, Ph), 5.05 (d, 4H,2J(HH) ) 14.4 Hz, P-CH2-P), 4.28 (d, 4H,
P-CH2-P). 31P{1H} NMR: δ 36.4 (2P), 33.1 (1P), A2A2′BB′ spin
system withJAA ′ ) 45,JAB ) 45.5,JA′B′ ) 65, andJBB′ ) 93 Hz. Anal.
Calcd for C67H58Au3F9O9P6S3: C, 39.25; H, 2.85; S, 4.7. Found: C,
39.0; H, 2.8; S, 4.8. LSIMS (m/z, %, assignment): 1901 (85, [M-
CF3SO3]+), 1601 (100, [M- 3CF3SO3 - 2H]+).

[Au4(µ-dpmp)2Cl2](CF3SO3)2 (4). This product can be synthesized
by three different ways: (a) To a dichloromethane solution (10 mL)
of complex3 (0.062 g, 0.03 mmol) at 0°C was added Cl2 (0.15 mmol
in CCl4). The solution was stirred for about 2 h, and then it was filtered
through Celite. The clear solution was concentrated to ca. 2 mL, and
diethyl ether (20 mL) was added to obtain4 as a white solid. (b) A
chloroform solution (30 mL) of complex3 (0.103 g, 0.05 mmol) was
stirred overnight; then, it was filtered through Celite and concentrated
to ca. 5 mL. Addition of diethyl ether (20 mL) afforded4 as a white
solid. (c) To a dichloromethane solution (10 mL) of complex3 (0.062
g, 0.03 mmol) was added HCl (0.15 mmol in Et2O). After stirring for
2 h, the mixture was filtered through Celite and concentrated to ca. 2
mL. Addition of diethyl ether (20 mL) afforded complex4 as a white
solid. Yield: 90% (referred to gold), mp 200°C (decomp). IR: 325
(Au-Cl) cm-1. 1H NMR: δ 7.8-6.9 (m, 50H, Ph), 4.82 (d, 8H,2J(HP)
) 13.3 Hz, P-CH2-P). 1H{31P} NMR: δ 7.8-6.9 (m, 50H, Ph), 4.81
(s, 8H, P-CH2-P). 31P{1H} NMR: δ 44.7 (4P), 23.1 (2P), A2A2′XX ′
spin system with apparent coupling constants:JAX ) JA′X′ ) 41, JAX ′

) JA′X ) 33 Hz. 1H NMR (-60 °C): δ 4.71 (m, P-CH2-P). 1H-
{31P} NMR (-60 °C): δ 4.72 (2J(HH) ) 15.2 Hz, P-CH2-P), 4.63
(P-CH2-P). 31P{1H} NMR (-60 °C): δ 44.0 (4P), 22.1 (2P). Anal.
Calcd for C66H58Au4Cl2F6O6P6S2: C, 36.55; H, 2.7; S, 2.95. Found:
C, 36.55; H, 2.35; S, 2.6. LSIMS (m/z, %, assignment): 2019 (27,
[M - CF3SO3]+), 935 (100, [Au2Cl(dpmp)]+).

[{Au(C6F5)3}(dpmp)] (5+5′). To a dichloromethane solution (10
mL) of [Au(C6F5)3(tht)]10 (0.079 g, 0.1 mmol) was added dpmp (0.051
g, 0.1 mmol). The solution was stirred for 2 h, and then it was
concentrated to ca. 2 mL. Addition of pentane (20 mL) afforded5+5′
as white solids. A second fraction was obtained by concentration and
cooling to -18 °C. The mixture was washed with pentane (2× 3
mL). Yield of 5+5′: 67%, mp 130°C (decomp). IR: 969, 793 (C6F5)

cm-1. 1H NMR: δ 7.8-7.0 (m, 25H, Ph), 3.4-2.0 (m, 4H, P-CH2-
P). 19F NMR: δ -119.3 (m, Fo), -121.3 (m, Fo), -122.4 (m, Fo),
-157.7 (t, Fp), -157.8 (t, Fp), -158.4 (t, Fp), -158.5 (t, Fp), -161.8
(m, Fm), -162.3 (m, Fm), -162.6 (m, Fm). 31P{1H} NMR of 5: δ
12.9 (t,2J(PP)) 81.3 Hz) and-28.4 (d). 31P{1H} NMR of 5′: 14.7
(d, 2J(PP)) 47.8 Hz),-24.5 (d,2J(PP)) 106.8 Hz) and-36.3 (dd).
Anal. Calcd for C50H29AuF15P3: C, 49.85; H, 2.45. Found: C, 49.6;
H, 2.15. LSIMS (m/z, %, assignment): 1205 (20, [M+ H]+), 703
(100, [Au(dpmp)]+).

[(µ-dpmp){Au(C6F5)3}2] (6). (a) To a dichloromethane solution
(30 mL) of [Au(C6F5)3(tht)] (0.315 g, 0.4 mmol) was added dpmp (0.102
g, 0.2 mmol). The solution was stirred for 3 h, and then it was
concentrated to ca. 5 mL. Addition of hexane (20 mL) afforded6 as
a white solid. A second fraction was obtained by concentration and
cooling to-18 °C. Complex6 was washed with hexane (2× 5 mL).
(b) To a dichloromethane solution (20 mL) of5 (0.06 g, 0.05 mmol)
was added [Au(C6F5)3(tht)] (0.039 g, 0.05 mmol). The solution was
stirred for 3 h, and then it was concentrated to ca. 5 mL. Addition of
hexane (20 mL) afforded6 as a white solid. A second fraction was
obtained by concentration and cooling to-18 °C. Complex6 was
washed with hexane (2× 5 mL). Yield of 6: 75%, mp 225°C
(decomp). IR: 969, 793 (C6F5) cm-1. 1H NMR: δ 7.8-6.8 (m, 25H,
Ph), 2.90 (dd, 2H,2J(HH) ) 14.7 and2J(HP) ) 9.1 Hz, P-CH2-P),
2.25 (“t”, 2H, N ) 13.5 Hz, P-CH2-P). 1H{31P} NMR: δ 7.8-6.8
(m, 25H, Ph), 2.94 (d, 2H,2J(HH) ) 14.8 Hz, P-CH2-P), 2.29 (d,
2H, P-CH2-P). 19F NMR: δ -120.8 (m, 2Fo), -121.2 (m, 2Fo),
-122.8 (m, 2Fo), -157.0 (t, 2Fp), -157.9 (t, 1Fp), -161.0 (m, 2Fm),
-161.6 (m, 2Fm), -162.0 (m, 2Fm). 31P{1H} NMR: δ 14.0 (d, 2P,
2J(PP)) 47.0 Hz),-41.5 (t, 1P). Anal. Calcd for C68H29Au2F30P3:
C, 42.9; H, 1.55. Found: C, 43.05; H, 1.6. LSIMS (m/z, %,
assignment): 1902 (4, [M]+), 703 (100, [Au(dpmp)]+).

[(µ-dpmp){Au(C6F5)3}2(AuX)], X ) Cl (7), C6F5 (8). To a
dichloromethane solution (10 mL) of6 (0.095 g, 0.05 mmol) was added
[AuX(tht)] (0.05 mmol; X ) Cl (0.016 g), X) C6F5 (0.023 g)). The
solution was stirred for 2 h, and then it was concentrated to ca. 1 mL.
Addition of pentane (15 mL) afforded the complexes as white solids.
A second fraction was obtained by concentration and cooling to-18
°C. Complexes7 and8 were washed with pentane (2× 3 mL). Yield
of 7: 70%, mp 145°C (decomp). IR: 970, 793 (C6F5), 341 (Au-Cl)
cm-1. 1H NMR: δ 7.8-6.8 (m, 25H, Ph), 3.08 (m, 2H, P-CH2-P),
2.78 (m, 2H, P-CH2-P). 1H{31P} NMR: δ 7.8-6.8 (m, 25H, Ph),
3.05 (d, 2H,2J(HH) ) 15.5 Hz, P-CH2-P), 2.71 (d, 2H, P-CH2-P).
19F NMR: δ -121.4 (m, 4Fo), -122.7 (m, 2Fo), -155.8 (t, 2Fp), -157.2
(t, 1Fp), -160.5 (m, 4Fm), -161.6 (m, 2Fm). 31P{1H} NMR: δ 11.5
(d, 2P, 2J(PP) ) 19.5 Hz), 8.6 (t, 1P). Anal. Calcd for C68H29-
Au3F30P3: C, 38.25; H, 1.35. Found: C, 38.05; H, 1.2. LSIMS (m/z,
%, assignment): 703 (100, [Au(dpmp)]+).

Yield of 8: 60%, mp 140°C (decomp). IR: 969, 794 (C6F5) cm-1.
1H NMR: δ 7.6-6.8 (m, 25H, Ph), 3.12 (m, 2H, P-CH2-P), 2.71
(m, 2H, P-CH2-P). 1H{31P} NMR: δ 7.6-6.8 (m, 25H, Ph), 3.16
(d, 2H, 2J(HH) ) 15.8 Hz, P-CH2-P), 2.74 (d, 2H, P-CH2-P). 19F
NMR: δ -117.4 (m, 2Fo-AuI), -121.4 (m, 8Fo), -122.6 (m, 4Fo),
-155.9 (t, 4Fp), -157.3 (t, 2Fp), -157.9 (t, 1Fp-AuI), -160.7 (m, 8Fm),
-161.7 (m, 4Fm), -163.0 (m, 2Fm-AuI). 31P{1H} NMR: δ 21.0 (t,
1P, 2J(PP) ) 11.9 Hz), 11.2 (d, 2P). Anal. Calcd for C74H29Au3-
ClF35P3: C, 39.2; H, 1.3. Found: C, 38.8; H, 1.35. LSIMS (m/z, %,
assignment): 1431 (100, [M-5C6F5]+).

Crystal Structure Determinations of 4 and 5. Crystal data and
details of both the data collection and the structure refinement of4
and5 are given in Table 1. Crystals of4‚1CH2Cl2 were grown from
dichloromethane/isopropyl ether. A colorless plate ca. 0.30× 0.20×
0.09 mm was mounted in inert oil on a glass fiber. A total of 7613
intensities were registered using monochromated Mo KR radiation (λ
) 0.710 73 Å, 2θmax ) 50°) on a Siemens P4 four-circle diffractometer;
6795 unique reflections (Rint ) 0.0518) were used for all calculations.
Cell constants were refined from setting angles of 66 reflections in the
range 2θ ) 10-25°. Absorption corrections based onψ scans were
applied; transmission factors 0.518-0.948. The structure was solved
by direct methods and refined anisotropically onF2 using the program
SHELXL-93.11 H atoms were included using a riding model. Disorder
in the dichloromethane solvate was observed: partial occupancies were

(8) Usón, R.; Laguna, A.; Vicente, J.J. Chem. Soc., Chem. Commun.
1976, 353.

(9) Usón, R.; Laguna, A.; Laguna, M.; Jime´nez, J.; Go´mez, M. P.; Sainz,
A.; Jones, P. G.J. Chem. Soc., Dalton Trans.1990, 3457.

(10) Usón, R.; Laguna, A.; Laguna, M.Inorg. Synth.1989, 26, 87.
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used for the chlorine atoms during the final stage of refinement. No
hydrogen atoms were located for this molecule. The composition and
related parameters are based on a 1:1 ratio dichloromethane/complex,
although the exact value cannot be determined. The final wR(F2) was
0.1825 for all reflections, with a conventional R(F) of 0.0632 for 431
parameters. A total of 46 restraints were applied involving local phenyl
ring symmetry (FLAT/SAME SHELXL93);S) 0.955; max∆F ) 2.56
e Å-3 (located at the gold atoms).

Crystals of5 were grown from dichloromethane/pentane. A colorless
plate ca. 0.30× 0.26× 0.11 mm was mounted in inert oil on a glass
fiber. A total of 10058 intensities were registered using monochromated
Mo KR radiation (λ ) 0.710 73 Å, 2θmax ) 50°) on a Stoe-Siemens
four circle diffractometer; 7905 unique reflections (Rint ) 0.0482) were
used for all calculations. Cell constants were refined from setting angles

of 64 reflections in the range 2θ ) 20-32°. Absorption corrections
based onψ scans were applied; transmission factors 0.668-0.961. The
structure was solved by direct methods and refined anisotropically on
F2 using the program SHELXL-93.11 H atoms were included using a
riding model. The final wR(F2) was 0.0941 for all reflections, with a
conventional R(F) of 0.0438 for 622 parameters without restraints;S
) 1.045; max∆F ) 1.419 eÅ-3.

Results and Discussion

The reaction of bis(diphenylphosphinomethyl)phenylphosphine
(dpmp) with [AuCl(tht)] (tht) tetrahydrothiophene) in molar
ratio 1:3 in dichloromethane gives an insoluble, white solid1.
This complex is insoluble in most common organic solvents,
but it is soluble in dimethyl sulfoxide (DMSO), which allows
us to characterize it by means of NMR and mass spectrometry.
1 reacts with another dpmp to give [Au3(µ-dpmp)2Cl2]Cl (see
Scheme 1). The latter, which can be synthesized by reaction
of dpmp and [AuCl(tht)] (molar ratio 2:3), has recently been
described by Che et al.5c We also carried out the reaction of
dpmp with [Au(C6F5)(tht)] or [Au(tht)2](CF3SO3) in the ap-
propriate molar ratio to obtain complexes2 and3 (see Scheme
1). These derivatives are air and moisture stable, white solids
at room temperature. Their IR spectra show absorptions at 327
(1) cm-1 due to ν(Au-Cl),12 956 and 791 cm-1 from the
pentafluorophenyl groups13 (2), and 1257, 1223, and 637 cm-1

from triflate anions14 (3). The19F NMR spectrum of2 shows
the pattern of two different pentafluorophenyl groups in a 2:1
proportion. In the31P{1H} NMR spectra two types of phos-
phorus in 2:1 ratio are observed:1 and 2 show an A2B spin
system with signals centered at 25.6 (2P) and 22.7 (1P) ppm
(JAB ) 56.6 Hz) for1 and 32.1 (2P) and 27.6 (1P) ppm (JAB )
71.0 Hz) for2, while 3 shows a more complicated spin system

(11) Sheldrick, G. M.SHELXL 93: A Program for Crystal Structure
Refinement; University of Göttingen: Göttingen, Germany, 1993.

(12) Usón, R.; Laguna, A.; Laguna, M.; Fraile, M. N.; Jones, P. G.;
Sheldrick, G. M.J. Chem. Soc., Dalton Trans.1986, 291.

(13) Usón, R.; Laguna, A.; Garcı´a, J.; Laguna, M.Inorg. Chim. Acta1979,
37, 201.

(14) Stang, P. J.; Huang, Y.; Arif, A. M.Organometallics1992, 11, 231.

Scheme 1

Table 1. Details of Data Collection and Structure Refinement for
the Complexes4 and5

4‚1CH2Cl2 5

empirical formula C67H60Au4Cl4F6O6P6S2 C50H29AuF15P3

fw 2254.76 1204.61
space group P1h P2(1)/c
V (Å3) 1990.7(7) 4500(2)
Z 1 4
Dcalc(g cm-3) 1.881 1.778
a (Å) 11.167(2) 12.930(2)
b (Å) 13.495(3) 16.378(3)
c (Å) 15.468(3) 21.262(9)
R (deg) 107.21(2) -
â (deg) 102.02(2) 91.99(2)
γ (deg) 108.50(2) -
T (°C) -100 -100
λ(Mo KR), Å 0.710 73 0.710 73
µ(Mo KR), cm-1 77.13 34.75
Ra (F, F > 4σ(F)) 0.0631 0.0438
wRb (F2, all reflcns) 0.1826 0.0941

a R(F) ) ∑||Fo| - |Fc||/∑|Fo|. b wR(F2) ) [∑{w(Fo
2 - Fc

2)2}/
∑{w(Fo

2)2}]0.5.

Au(I) and Au(III) Complexes with Triphosphine Ligands Inorganic Chemistry, Vol. 37, No. 20, 19985127



(A2A′2BB′) centered at 36.4 (2P) and 33.1 (1P). In the1H NMR
spectra, two signals are always found for the methylene protons.
A 1H{31P} NMR experiment carried out for complex1 shows
two doublets for these protons, which means that there are not
two different methylene groups, but that the two protons in each
methylene are diastereotopic, as it is found for the free
triphosphine ligand. The same result was obtained when the
1H{31P} NMR experiment was carried out for complex3.
Furthermore a COSY experiment carried out for this derivative
shows that these two signals for the methylene protons are
correlated, which means that an unique isomer is present for3
although it can exist in two isomers (cis/trans, regarding the
orientation of the central phenyl groups).5e The LSIMS mass
spectrum of2 shows the parent peak atm/z (%) ) 1598 (7),
while for 3 a peak is observed at 1901 (85), corresponding to
[M-CF3SO3]+; the base peaks appear at 1167 ([M- Cl]+), 1431
([M-C6F5]+), and 1601 ([M- 3CF3SO3 - 2H]+), respectively,
for 1-3.

We tried to oxidize these complexes to obtain mixed-valence
gold derivatives; but, only complicated mixtures were obtained.
And yet, only when chlorine was added to complex3, a unique
product was obtained, the tetranuclear gold(I) complex4. This
product can also be obtained by reaction of3 with HCl in
dichloromethane or by stirring3 in chloroform overnight (see
Scheme 1), but not by adding (PPN)Cl (PPN+ ) N(PPh3)2

+);
therefore, it is HCl and not chlorine which is producing the
reaction. The process was monitored by NMR spectroscopy at
room temperature. Apart from3 and 4, some other products
were observed but always in a low proportion and accompanied
with some gold decomposition. Complex4 reacts with triflate-
(phosphino)silver(I) salts to give complex3 again along with
bis(phosphine)gold(I) as byproduct.

Complex 4 is a white solid, whose main features are as
follows: the presence of a medium intensity absorption at 325
cm-1 from ν(Au-Cl) in the IR spectrum; an A2A′2XX ′ spin
system in the31P{1H} NMR spectrum centered at 44.7 (2P)
and 23.1 (1P), which points out the presence of two triphos-
phines; one doublet for the methylene protons in the1H NMR
spectrum, which becomes a singlet in a1H{31P} NMR experi-
ment. The1H NMR spectrum at-60 °C shows a multiplet
centered at 4.71, which becomes an AB spin system in a1H-
{31P} NMR experiment, as expected for the diastereotopic
methylene protons, although in this case the chemical shifts are
very similar. The31P{1H} NMR spectrum at-60 °C stays
almost unchanged; therefore, it is unclear whether a fluxional
process, which might be taking place, can make diastereotopic
protons equivalent at room temperature. The LSIMS mass
spectrum shows a peak atm/z (%) ) 2019 (27), corresponding
to [M - CF3SO3]+, while the base peak appears at 935 ([Au2-
Cl(dpmp)]+).

The geometry of this tetranuclear derivative was confirmed
by an X-ray diffraction study. The molecular structure of the
cation of4 is shown in Figure 1; selected bonds and angles are
shown in Table 2. The cation of4 is centrosymmetric and
displays a rhomboidal geometry for the gold atoms with short
metal-metal distances (Au-Au-Au, 67.75(3) and 112.25(3)°;
Au‚‚‚Au, 3.1025(11) and 3.1059(14) Å). The diagonal Au‚‚‚
Au distances are 3.461(2) Å (Au2-Au2a) and 5.154(2) Å
(Au1-Au1a). This rhomboidal geometry has been observed
for other loose AuI4 clusters,15 but it contrasts with that seen in

related polynuclear gold(I) derivatives, such as [Au4(µ-dpmp)2-
(SCN)2][SCN]Cl,16 where gold atoms are in a nearly linear
chain, or [Au4(µ-dpma)2Cl2]X2 (X ) PF6

-, NO3
-; dpma )

{(diphenylphosphino)methyl}phenylarsine),17 where gold atoms
are in a bent chain.

The P-Au-P and P-Au-Cl units are bent (164.7(2) and
169.1(2)°, respectively). Thus, the direction of the bend
facilitates the approach of the gold atoms. Au‚‚‚Au distances
(3.1025(11) and 3.1059(14) Å) are of the same order as the
values found in other polynuclear gold(I) complexes containing
dpmp or related phosphine ligands: longer than those found in
[Au3(µ-dpmp)2Cl2]Cl (2.946(3), 2.963(3) Å),5c [Au3(µ-dpmp)2]-
[SCN]3 (3.0137(8), 3.0049(8) Å),16 or [Au4(µ-dpma)2Cl2]X2 (X
) PF6

-, NO3
-) (2.965(1)-3.110(2) Å)17 (for most of the values

found in the latter complex), but shorter than those observed in
[(µ-dpma)(AuCl)3] (3.131(1), 3.138(1) Å)17 or [Au4(µ-dpmp)2-
(SCN)2][SCN]Cl (3.057(1)-3.150(1) Å)16 (for most of the
values found in the latter complex). Au-Cl bond distances
(2.306(4) Å) are as expected for P-Au-Cl units. Au-P bond
lengths (2.264(4), 2.323(4), and 2.326(4) Å) are normal and
compare well with those found in the related polynuclear
complexes mentioned hereinabove.5c,16,17Au2-P2 and Au2a-

(15) (a) Chiari, B.; Piovesana, O.; Tarantelli, T.Inorg. Chem. 1985, 24,
366. (b) Beck, J.; Stra¨hle, J.Angew. Chem., Int. Ed. Engl. 1986, 25,
95. (c) Cerrada, E.; Laguna, A.; Laguna, M.; Jones, P. G.J. Chem.
Soc., Dalton Trans.1994, 1325.

(16) Li, D.; Che, C.; Peng, S.; Liu, S.; Zhou, Z.; Mak, T. C. W.J. Chem.
Soc., Dalton Trans.1993, 189.

(17) Balch, A. L.; Fung, E. Y.; Olmstead, M. M.J. Am. Chem. Soc.1990,
112,5181.

Figure 1. Molecular structure of the cation of complex4 (solvent
omitted). Ellipsoids are drawn at the 50% probability level, and all H
atoms have been omitted.

Table 2. Selected Bond Lengths [Å] and Angles [deg] for
Complex4a

Au(1)-P(1) 2.323(4) Au(1)-P(3) 2.326(4)
Au(1)-Au(2a) 3.1025(11) Au(1)-Au(2) 3.1059(14)
Au(2)-P(2) 2.264(4) Au(2)-Cl(1) 2.306(4)

P(1)-Au(1)-P(3) 164.7(2) Au(2a)-Au(1)-Au(2) 67.75(3)
P(2)-Au(2)-Cl(1) 169.1(2) Au(1a)-Au(2)-Au(1) 112.25(3)
C(21)-P(1)-C(11) 108.8(7) C(21)-P(1)-C(1) 106.3(8)
C(11)-P(1)-C(1) 103.9(7) C(21)-P(1)-Au(1) 113.1(5)
C(11)-P(1)-Au(1) 107.7(5) C(1)-P(1)-Au(1) 116.6(5)
C(31)-P(2)-C(1a) 107.7(7) C(31)-P(2)-C(2) 108.3(7)
C(1a)-P(2)-C(2) 102.4(7) C(31)-P(2)-Au(2) 110.4(5)
C(1a)-P(2)-Au(2) 113.3(5) C(2)-P(2)-Au(2) 114.2(5)
C(51)-P(3)-C(2) 107.8(8) C(51)-P(3)-C(41) 109.1(8)
C(2)-P(3)-C(41) 102.4(8) C(51)-P(3)-Au(1) 111.5(5)
C(2)-P(3)-Au(1) 114.4(5) C(41)-P(3)-Au(1) 111.2(5)

a Symmetry transformations used to generate equivalent atoms: a,
-x + 3, -y + 1, -z + 1.
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P2a, 2.264(4) Å, are shorter than the others, probably as a
consequence of the minor trans influence of Cl.

We have also synthesized gold(III) derivatives containing this
triphosphine ligand by using a different approach (see Scheme
1). The reaction of dpmp with [Au(C6F5)3(tht)] in a 1:1 molar
ratio affords a mononuclear complex, which is a mixture of
two isomers5 and 5′, because of the coordination of gold to
the central or the lateral phosphorus. This is to our knowledge
the only dpmp mononuclear derivative with two free phospho-
rus, which can be used to further coordination. Furthermore,
the addition of [Au(C6F5)3(tht)] in 1:1 molar ratio evolves
cleanly to the formation of a unique derivative6, which can
also be obtained from [Au(C6F5)3(tht)] and the triphosphine.
Dinuclear derivatives of dpmp are less common than trinuclear,
and only some palladium and platinum derivatives have been
reported.18 Complex6 reacts with [AuCl(tht)] or [Au(C6F5)-
(tht)] to give the mixed-valence gold(III)-gold(I)-gold(III)
derivatives7 and8.

Complexes5-8 are air and moisture stable, white solids at
room temperature. In the IR spectra absorptions at 341 (7)
cm-1, due toν(Au-Cl), and at ca. 970 and 795 cm-1, from the
pentafluorophenyl groups (5-8), are observed. The31P{1H}
NMR spectrum of [Au(C6F5)3(dpmp)] shows an AX2 spin
system because of an isomer with gold attached to the central
phosphorus and an AMX spin system for the isomer with gold
coordinated to a lateral phosphorus. These isomers appear
approximately as a 45:55 mixture (for5:5′). Complex5′ should
be a racemic mixture after the central phosphorus becomes chiral
because of the coordination of the metallic fragment. For the
other complexes the31P{1H} NMR spectra always show an A2X
spin system: one kind of phosphorus, whose chemical shift stays
almost unchanged (14.0, 11.5, and 11.2 ppm, respectively), and
a second one, whose chemical shift changes strongly because
of its different coordination (-41.5, 8.6, and 21.0 ppm,
respectively). Moreover, the coupling constant phosphorus-
phosphorus goes down: from 47.0 in6 to 19.5 in7 and 11.9
Hz in 8. At any rate, the said values are smaller than those
found in the pentafluorophenyl gold(I) complex2 (71 Hz). As
found in the previous gold(I) trinuclear complexes, there are
two signals for the methylene protons in the1H NMR spectra,
which become two doublets in a1H{31P} NMR experiment
(except for5 which spectrum is more complicated). Once again,
this finding means that the methylene protons are diastereotopic.

The19F NMR spectrum of6 shows three different ortho and
meta fluorine (in a 1:1:1 ratio) but only two para fluorine (in a
2:1 ratio). The latter points out that the two Au(C6F5)3 units
are equivalent, and the former, that the pentafluorophenyl rings
in cis position cannot rotate. By heating a solution in toluene-
d8, it has been determined that the coalescence temperature is
85 °C; therefore, above this temperature there is no hindered
rotation and only two kinds of pentafluorophenyl rings in a 2:1
ratio are observed. On the contrary, only two kinds of ortho
fluorine are observed (2:1 ratio) in an acetone-d6 solution at
room temperature; this solvent dependence points out to an
association/dissociation process rather than a simple rotation,
as shown elegantly for a Pd-C6F5 complex by Espinet and co-
workers.19 Although the AuR3 fragment has important steric
requirements, the dpmp ligand should be able to accommodate
them by coordination to the most external phosphorus in a trans

geometry if necessary. Moreover, the ligand accepts an
additional AuX unit and the pentafluorophenyl groups from
AuR3 can rotate (only two kind of ortho fluorine are observed)
even at-60 °C, although6 does not react with an excess of
either [Au(C6F5)3(tht)] or [Au(PPh3)]+. Therefore, the explana-
tion of the19F NMR spectra of6-8 is unclear and should be
related to their stereochemistry. Moreover, we deplore the fact
that we have been unable to get crystals good enough to solve
the X-ray structure of6. As stated above, the19F NMR spectra
of 7 and8 show only two kinds of pentafluorophenyl rings in
a 2:1 ratio. Furthermore, another pentafluorophenyl is observed
for 8 because of the Au(C6F5) fragment. Finally for5 two kinds
of Au(C6F5)3 units are observed as expected for the presence
of two isomers.

The LSIMS mass spectra of5-6 show the parent peaks at
m/z (%) 1205 (20) and 1902 (4), while for7 and8 only highly
fractionated peaks are obtained; the base peaks appear at 703
([Au(dpmp)]+) for 5-7 and at 1431 ([M- 5C6F5]+) for 8.

The crystal structure of complex5 has been established by
X-ray diffraction. Apparently at-18 °C only the isomer with
gold attached to the central phosphorus atom crystallizes,
although 31P{H} NMR data show the presence of the two
isomers in CDCl3 solution even at-60 °C. The molecular
structure is shown in Figure 2; selected bonds lengths and angles
are shown in Table 3. The gold(III) center displays a distorted
square planar coordination that tends toward a tetrahedral one:
the dihedral angle between the planes formed by P2-Au-C21
and C31-Au-C11 is 10.9°. There are no interactions between
gold center and the lateral phosphorus atoms of the triphosphine.
Au-C bond distances (2.078(6)-2.082(7) Å) are similar to the
longest values found in other tris(pentafluorophenyl)gold(III)
complexes, such as [Au(C6F5)3(S2C-PEt3)] (2.037(3)-2.076-
(4) Å),20 [(µ-S2C-PEt3){Au(C6F5)3}2] (2.048(16)-2.090(13)
Å),20 or NBu4[{Au(C6F5)3PPh2CHPPh2}2Au] (2.057(8)-2.080-

(18) (a) Guimerans, R. R.; Olmstead, M. M.; Balch, A. L.Inorg. Chem.
1983, 22, 2223. (b) Yamamoto, Y.; Tanase, T.; Ukaji, H.; Hasegawa,
M.; Igoshi, T.; Yoshimura, K.J. Organomet. Chem. 1995, 498, C23.
(c) Balch, A. L.; Catalano, V. J.Inorg. Chem. 1992, 31, 2569.

(19) Casares, J. A.; Coco, S.; Espinet, P.; Lin, Y.-S.Organometallics1995,
14, 3058.

(20) Usón, R.; Laguna, A.; Laguna, M.; Castilla, M. L.; Jones, P. G.;
Fittschen, C.J. Chem. Soc., Dalton Trans.1987, 3017.

Figure 2. Molecular structure of complex5. Ellipsoids are drawn at
the 50% probability level, and all H atoms have been omitted.

Table 3. Selected Bond Lengths [Å] and Angles [deg] for
Complex5

Au-C(11) 2.078(6) Au-C(31) 2.079(7)
Au-C(21) 2.082(7) Au-P(2) 2.356(2)

C(11)-Au-C(31) 87.6(3) C(11)-Au-C(21) 172.2(3)
C(31)-Au-C(21) 89.5(3) C(11)-Au-P(2) 92.4(2)
C(31)-Au-P(2) 171.8(2) C(21)-Au-P(2) 91.5(2)

Au(I) and Au(III) Complexes with Triphosphine Ligands Inorganic Chemistry, Vol. 37, No. 20, 19985129



(8) Å).21 The Au-P bond distance, 2.356(2) Å, is of the same
order as Au(III)-P bond distances found in other gold(III)
derivatives.21-24

The optical properties of the complexes were measured,
except for5 because it is a mixture of isomers. The optical
absorption spectra in dichloromethane (complexes2, 3, 4, and
8) are plotted in Figure 3; the absorption spectra of6 and7 are
very similar to8. Similar absorption bands are observed for
solid samples. The absorption spectra of gold(III) and gold-
(I)-gold(III) complexes show one absorption band about 250
nm; no absorption at wavelengths higher than 300 nm is detected
in these compounds. The trinuclear gold(I) derivatives show
absorption bands about 310 nm for compound2 and 350 nm
for compound3. The tetranuclear gold(I) compound is between
the two cases. The red-shift in trinuclear gold(I) complexes
has been attributed to weak gold-gold interactions.16

The solid state emissions at 300 K have been studied, and
the results are shown in Figure 4. Optimal excitation was
observed in the low-energy side of the absorption bands, due
presumably to auto absorption of the emitting light. Tri- and
tetranuclear gold(I) complexes are luminescent, except for the
insoluble complex1. Emission is evidently related to gold-
(I)-gold(I) interaction, being most intense for trinuclear com-
plexes. An emission about 600 nm (for complex3) is typical
for a metal centered transition as found in the analogue
derivative [Au3(µ-dpmp)2(SCN)3].16 The origin of the emission

at 500 nm for complexes2 and 4 is not clear yet; different
assignments for this emission have been proposed.2b,c,3,5c,25

Dinuclear gold(III) complex6, which contains both triphosphine
and pentafluorophenyl ligands as derivative3 but two gold(III)
centers instead of three gold(I) centers, is not luminescent. This
finding supports the metal-centered character of the emission
observed in our gold(I) complexes and the unlikelihood of this
emission being ascribable to the ligand. Although a gold(I)
center is included, derivatives7 and8 are not luminescent, which
points out the absence of any interaction between gold(I) and
gold(III) atoms.

Conclusions

We have prepared tri- and tetranuclear gold(I) derivatives with
the triphosphine dpmp, the former having a rhomboidal
geometry for the gold atoms and showing short gold-gold
contacts. We have also synthesized a mononuclear gold(III)
derivative with two free phosphorus, capable of furthering
coordination and yielding dinuclear gold(III) and trinuclear gold-
(I)-gold(III) complexes. We have shown that gold(I) deriva-
tives luminesce, while gold(III) and mixed gold(I)-gold(III)
complexes do not.
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Investigacio´n Cientı́fica y Técnica (Project PB97-1010-C02-
01) for financial support.

Supporting Information Available: X-ray crystallographic files,
in CIF format, for complexes4 and 5 are available on the Internet
only. Access information is given on any current masthead page.

IC9801342

(21) Ferna´ndez, E. J.; Gimeno, M. G.; Jones, P. G.; Laguna, A.; Laguna,
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Figure 3. 300 K absorption spectra of complex2 (s), 3 (- - -), 4
(- -), and8 (‚‚×‚‚) in CH2Cl2 solution.

Figure 4. 300 K emission spectra of complex2 (s, excitation 370
nm), 3 (- -, excitation 420 nm), and4 (- - -, excitation 370 nm) in
the solid state.
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