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The selective synthesis of a AuI complex of 4-mercaptobenzoic acid, namely, [Au(SC6H4-4-COOH)(PMe2Ph)] (1),
is reported. It shows interesting photoluminescence (PL) properties, for example, high PL quantum yield,
multicomponent emission, and an unusually large PL lifetime. This complex was further applied as a metalloligand
for the synthesis of [Cp*2Zr{κ1O-OOCC6H4-4-SAu(PMe2Ph)}{κ2O,O′-OOCC6H4-4-SAu(PMe2Ph)}] (3), one of the rare
AuI/ZrIV complexes. For the first time the exchange between the two ligands, which are bound in mono- and
bidentate fashion, respectively, could be observed with the help of variable-temperature NMR spectroscopy. For
the corresponding monometallic zirconocene complex [Cp*2Zr(κ1O-O2CC6H4-4-SH)(κ2O,O′-O2CC6H4-4-SH)] (2) the
activation parameters of this exchange could be determined by line shape analysis.

Introduction

Interest in early/late heterobimetallics (ELHBs) has in-
creased in the last decades,1 as these complexes have proved
to be useful in elucidating the mechanisms of enzymes whose
active centers include more than one metal atom.2 They have
been utilized in explaining the strong metal-support interac-
tion (SMSI) phenomenon in heterogeneous catalysis,3 and
they are of interest as catalysts4 and magnetic materials5

because of cooperative effects between different metal
centers. The synthesis of ELHBs preferably starts with the
preparation of a monometallic complex, which is then
employed as a so-called metalloligand to coordinate to a

second metal center. Different concepts for selective coor-
dination of the first metal center by one donor group of a
di- or multifunctional ligand are known, for example,
exploitation of the chelate effect6 or the use of donor atoms
with different coordination behavior7 according to the hard
and soft acids and bases (HSAB) concept of Pearson.8

Applying Pearson’s concept we used anions of various
aliphatic mercaptocarboxylic acids, such as dianions of
mercaptoacetic and mercaptopropionic acid, as bridging
ligands between different metal centers and thus obtained
dinuclear MoIV/ZrIV, trinuclear AuI/ZrIV, tetranuclear NiII/
ZrIV, and octanuclear PdII/ZrIV complexes.9

To extend these investigations to nonchelating ligands, we
employed the dianion of 4-mercaptobenzoic acid (H2mba)
as bridging ligand. In recent studies dealing with RhI/ZrIV

complexes of H2mba we showed that this bridge inhibits
chelation (because of its rigid carbon backbone) and is
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therefore suitable for selective coordination of each functional
group to only one metal center.10 Because of the lability of
the rhodium-phosphine bond and the nucleophilicity of the
nonbonding electron pairs at sulfur, macrocyclic structures
were obtained.11

We now show that replacement of rhodium(I) by gold(I),
which prefers linear coordination and forms more stable
metal-phosphorus bonds, restricts the nuclearity of the
resulting complex to three. The trinuclear heterometallic
complex [Cp*2Zr{κ1O-OOCC6H4-4-SAu(PMe2Ph)}{κ2O,O′-
OOCC6H4-4-SAu(PMe2Ph)}] (3) is stable in solution and is
therefore more suitable than the rhodium(I) complex for
investigation of its spectroscopic properties.

Experimental Section

General Details. Operations were performed under a dry nitrogen
atmosphere using standard Schlenk techniques, except where
otherwise stated. Solvents and reagents were purified by standard
procedures. H2mba was purchased from Aldrich and used without
further purification. PMe2Ph12 and [Cp*2ZrMe2]13 (Cp* ) C5Me5)
were prepared according to literature procedures. NMR spectra
were recorded with a Bruker AVANCE DRX 400 (1H NMR
400.13 MHz, 13C NMR 100.3 MHz, 31P NMR 161.97 MHz)
(Scheme 1). Si(CH3)4 was used as internal standard for the 1H
and 13C NMR spectra. H3PO4 was used as external standard for
the 31P NMR spectra. IR spectra (KBr) were recorded on a Perkin-
Elmer Spektrum 2000 FTIR spectrometer in the range 350-4000
cm-1. The elemental composition was determined with a Hereaus
CHN-O-S-Analyzer. Melting points were determined in sealed
capillaries (under nitrogen) using a Gallenkamp apparatus and are
uncorrected. UV/vis spectra were recorded with a Perkin-Elmer
Lambda 900 UV/vis/NIR spectrometer. Photoluminescence (PL)
experiments were performed with a Spex Fluorolog-3 spectrometer.
Crystals of 1 were dispersed in a viscous polyfluoroether oil
(ABCR), layered between two 1 mm thick quartz plates and
mounted on a coldfinger of an optical closed-cycle cryostat
(Leybold) operating at 15-293 K. All emission spectra were
corrected for the wavelength-dependent response of the spectrom-
eter. The PL quantum yield of 1 in the solid state was evaluated
according to a procedure described elsewhere.14

[Au(SC6H4-4-COOH)(PMe2Ph)] (1). H[AuCl4] ·3H2O (0.39 g,
1.00 mmol) was dissolved in distilled water (5 mL). A solution of
S(CH2CH2OH)2 (0.24 g, 2.00 mmol) in distilled water (10 mL)

was added quickly. After decolorization (a few seconds) of the
yellow solution, a solution of 4-mercaptobenzoic acid (0.15 g, 1.00
mmol) in ethanol (25 mL) was added, and a light yellow solid
immediately precipitated. After 5 min of stirring at room temper-
ature, the solid [Au(SC6H4-4-COOH)] was filtered off, washed three
times with water and ethanol, and dried under vacuum. All these
steps can be carried out in air without any precautions regarding
exclusion of oxygen or water. Yield: 0.32 g (91%). Anal. Calcd
for C7H5O2SAu (350.1): C, 24.01; H, 1.44. Found: C, 23.37; H,
1.38. IR (KBr pellet; ν̃ (cm-1)): 2972 m, 2649 m, 2524 m, 2074 w,
1796 w (br), 1687 s (br), 1589 s, 1561 s, 1485 m, 1415 s, 1395 s
(sh), 1301 m (br), 1272 s (br), 1228 s (br), 1173 s, 1124 m, 1105 m,
1078 m, 1043 m, 1012 s, 933 w (br), 868 w, 846 m, 790 m (sh),
758 s, 702 w, 682 m, 629 w, 545 m (br), 519 m (br), 476 m (sh),
430 w, 417 w, 404 w.

PMe2Ph (0.12 mL, 0.92 mmol) was added to a suspension of
[Au(SC6H4-4-COOH)] in thf (20 mL). Within a few minutes the
solid dissolved yielding a pale yellow solution. All volatile
compounds were evaporated in vacuum, and the resulting pale
yellow solid was washed with n-hexane and recrystallized from
thf to afford bright yellow needles. Yield: 0.42 g (93%). Mp
(decomp) 193 °C. Anal. Calcd for C15H16O2SPAu (488.27): C,
36.90; H, 3.30. Found: C, 36.46; H, 3.33. IR (KBr pellet; ν̃ (cm-1)):
3440 m (br), 3053 w, 2963 m, 2906 w, 2664 w, 2550 w, 1689 s
(sh), 1588 s, 1548 w, 1486 w, 1435 m, 1416 m (sh), 1313 m,
1290 m, 1261 s, 1224 w, 1177 m, 1089 s (br, sh), 1022 s (br),
952 w, 914 m, 867 w, 803 s (sh), 756 w, 743 m, 720 w, 694 m,
549 w, 525 w, 481 m (sh), 446 w. UV/vis (thf), λmax (nm): 330. EI
MS, m/z, rel. Int.: 488 [Au(SC6H4-4-COOH)(PMe2Ph)], 1%;
368 [Me2PhPAuS]+, 1%; 335 [Me2PhPAu]+, 1%; 154
[HSC6H4COOH]+, 17%; 138 [PhMe2P]+, 100%; 123 [PhMeP]+,
92%; 107 [PhP-H]+, 17%; 77 [Ph]+, 22%. 1H NMR ([D8]thf, 25
°C): δ 1.89 (d, 6H, 2JHP ) 12.0 Hz, P(CH3)2), 7.47 (d, 2H, 3JHH )
8.3 Hz, H4), 7.50 (m, 3H, H7, H9), 7.62 (d, 2H, 3JHH ) 8.3 Hz,
H3), 7.85 (m, 2H, H8), ca. 11.3 (broad, COOH). 13C{1H} NMR
([D8]thf, 25 °C): δ 14.9 (d, 1JCP ) 35.8 Hz, P(CH3)2), 125.6 (s,
C5), 129.5 (s, C3), 129.7 (d, 2JCP ) 11.2 Hz, C7), 132.0 (d, 4JCP )
2.3 Hz, C9), 132.2 (s, C4), 132.6 (d, 3JCP ) 13.4 Hz, C8), 134.0
(d, 1JCP ) 55.8 Hz, C6), 153.2 (s, C2), 167.6 (s, C1). 31P{1H} NMR
([D8]thf, 25 °C): δ 10.0 (s, PMe2Ph).

[Cp*2Zr(K1O-O2CC6H4-4-SH)(K2O,O′-O2CC6H4-4-SH)](2).4-Mer-
captobenzoic acid (0.18 mg, 1.2 mmol) was dissolved in thf (15
mL) and added to a solution of [Cp*2ZrMe2] (0.24 g, 0.6 mmol) in
toluene (8 mL). Over the next ten minutes evolution of gas was
observed, and the solution was stirred for 1 h at room temperature.
The solution was concentrated to 2 mL, and the product precipitated
with n-hexane (5 mL). Yield: 0.37 g (83%). Mp: 269 °C (decomp).
Anal. Calcd for C34H40O4S2Zr (740.1): C, 61.7; H, 6.5. Found: C,
61.2; H, 6.4. IR (KBr pellets, ν̃ (cm-1)): 3062 m, 2957 s, 2905 s,
2726 w, 2488 m, 2033 w, 1920 w, 1802 w, 1687 w, 1618 s (sh
1635 s), 1594 s, 1580 s, 1559 m, 1518 s, 1498 s, 1446 s, 1397 m,
1379 s, 1363 m, 1330 s (sh 1325 s), 1279 w, 1260 m, 1238 w,
1176 m, 1140 s, 1098 s, 1016 s, 956 w, 915 w, 872 s, 845 s, 805 s,
763 s, 734 m, 717 w, 689 m, 631 w, 612 w, 593 w, 542 s, 516 s,
471 m. FAB MS, m/z, rel. int.: 531 [Cp*Zr(OOCC6H4S)2]+, 100%;
513 [Cp*2Zr(OOCC6H4S)]+, 82%; 395 [Cp*2ZrOO + H]+, 18%;
377 [Cp*2ZrO + H]+, 17%. 1H NMR (C6D6, 25 °C): δ 1.86 (s, 30
H, C5(CH3)5), 3.08 (s, 2H, SH), 7.07 (d, 4H, 3JHH ) 8.0 Hz, H4),
8.35 (d, 4H, 3JHH ) 8.0 Hz, H3). 13C{1H} NMR (C6D6, 25 °C): δ
11.9 (s, C5(CH3)5), 122.9 (s, C4, C5(CH3)5), 131.4 (s, C3), 132.7
(s, C5), 137.9 (s, C2), 174.1 (s, C1).
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Scheme 1. Numbering Scheme for the Assignment of the NMR
Signals of the Aromatic Rings
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[Cp*2Zr{K1O-O2CC6H4-4-SAu(PMe2Ph)}{K2O,O′-O2CC6H4-
4-SAu(PMe2Ph)}] (3). A solution of 1 (0.29 g, 0.6 mmol) in thf (15
mL) was added at room temperature to a solution of [Cp*2ZrMe2]
(0.12 g, 0.3 mmol) in toluene (5 mL). Gas evolution was observed,
and the solution was stirred for 30 min. The solution was reduced to
a volume of about 5 mL, and the colorless product precipitated by
addition of n-hexane (20 mL). Yield: 0.28 g (69%). Anal. Calcd for
C50H60O4P2S2Au2Zr (1336.2): C, 44.94; H, 4.53. Found: C, 44.68; H,
4.39. IR (KBr pellets, ν̃ (cm-1)): 3051 w, 2963 s, 2904 m, 2541 w,

1879 w, 1704 w, 1614 m (sh at 1625 s), 1586 s, 1545 m, 1496 m,
1427 s, 1380 m, 1313 s (sh at 1335 s), 1261 s, 1171 m, 1138 m, 1084 s,
1024 s, 951 m, 912 s, 872 m, 845 m, 802 s, 774 m, 742 m, 719 w,
692 m, 632 w, 595 w, 547 m, 520 m, 482 m, 444 m. UV/vis (thf),
λmax (nm): 336. FAB MS, m/z, rel. Int.: 1334 [Cp*2Zr{O2CC6H4-4-
SAu(PMe2Ph)}2 + H]+, 2%; 1257 [Cp*2Zr{O2CC6H4-4-
SAu(PMe2Ph)}{O2CC6H4-4-SAu(PMe2)}]+, 3%; 847 [Cp*2Zr{O2CC6-
H4-4-SAu(PMe2Ph)}]+, 95%; 513 [Cp*2Zr(O2CC6H4-4-S)+H]+, 40%;
488 [O2CC6H4-4-SAu(PMe2Ph) + H]+, 28%; 335 [Au(PMe2Ph)]+,
100%. 1H NMR (CDCl3, 25 °C): δ 1.85 (s, 30H, C5(CH3)5), 1.86 (d,
12H, 2JHP ) 8.0 Hz, P(CH3)2), 7.51 (m, 6H, H7, H9), 7.62 (d, 4H,
3JHH ) 8.0 Hz, H4), 7.76 (m, 4H, H8), 8.00 (d, 4H, 3JHH ) 8.0 Hz,
H3). 13C{1H} NMR (CDCl3, 25 °C): δ 11.8 (s, C5(CH3)5), 16.4 (d,
1JCP ) 35.3 Hz, P(CH3)2), 122.1 (s, C5(CH3)5), 129.8-130.4 (m, C7,
C9, C4, C5), 132.4 (s, C3), 132.6 (d, 3JCP ) 13.0 Hz, C8), 132.8 (d,
1JCP ) 49.6 Hz, C6), 149.1 (s, C2), 175.1 (s, C1). 31P{1H} NMR
(CDCl3, 25 °C): δ 12.7 (s, PMe2Ph).

[Cp*2Zr(Me){K2O,O′-OOCC6H4-4-SAu(PMe2Ph)}] (4). A few
crystals of 4 could be isolated from a crystallization trial for 3.

Table 1. Crystallographic Data for 1, 2 · thf, and 4

1 2 4

empirical formula C15H16AuO2PS C38H48O5S2Zr C36H48AuO2PSZr
Mr 488.27 740.10 863.96
T [K] 293(2) 293(2) 293(2)
crystal system orthorhombic monoclinic triclinic
space group Ccc2 P21/c Pj1
a [pm] 1580.4(2) 983.3(1) 868.05(8)
b [pm] 2829.1(4) 2617.9(3) 925.18(9)
c [pm] 698.35(8) 1392.6(1) 2467.2(2)
R [°] 90 90 82.721(2)
� [°] 90 92.203(2) 82.930(2)
γ [°] 90 90 65.086(2)
V [nm3] 3.1224(7) 3.5822(6) 1.7772(3)
Z 8 4 2
Fcalcd. [g cm-3] 2.077 1.372 1.615
µ [mm-1] 9.657 0.465 4.549
F(000) 1856 1552 860
crystal size [mm] 0.40 × 0.20 × 0.10 0.60 × 0.30 × 0.20 0.20 × 0.20 × 0.10
θ range [°] 1.44-28.28 1.56-28.94 2.50-28.96
h,k,l collected -20 e h e 13 -8 e h e 13 -11 e h e 9

-37 e k e 36 -32 e k e 35 -11 e k e 11
-8 e l e 9 -18 e l e 17 -33 e l e 17

measured reflections 9524 22946 11482
unique reflections 3639 8702 8225
restraints/parameters 1/185 0/433 0/392
GoF (all data) 1.092 1.075 1.016
final R indices R1 ) 0.0324 R1 ) 0.0396 R1 ) 0.0414
[I > 2σ(I)] wR2 ) 0.0793 wR2 ) 0.1074 wR2 ) 0.0968
R indices R1 ) 0.0598 R1 ) 0.0624 R1 ) 0.0586
(all data) wR2 ) 0.1097 wR2 ) 0.1202 wR2 ) 0.1062
∆F (max/min) [e Å-3] 0.828/-1.198 0.852/-0.492 2.205/-1.918
absolute structure parameter 0.16(2) (refined as racemic twin)

Scheme 2

Figure 1. Hydrogen-bonded dimer of 1 (50% thermal ellipsoids). Hydrogen
atoms bonded to carbon have been omitted. Selected bond lengths (Å) and
angles (°): Au(1)-P(1) 2.266(2); Au(1)-S(1) 2.313(2); O(1)-C(7) 1.26(1);
O(2)-C(7) 1.26(1); P(1)-Au(1)-S(1) 178.91(7); O(1)-C(7)-O(2) 123(1);
distance between hydrogen-bridged oxygen atoms ) 2.61. Figure 2. Side view of a stack of hydrogen-bonded dimers of 1.
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FAB MS, m/z, rel. Int.: 862 [Cp*2Zr(CH3){OOCC6H4-4-
SAu(PMe2Ph)} + H]+, 20%; 847 [Cp*2Zr{OOCC6H4-4-
SAu(PMe2Ph)}]+, 25%; 513 ([Cp*2Zr(OOCC6H4S) + H]+, 16%;
335 [PhMe2PAu]+, 100%. 1H NMR (CDCl3, 25 °C): δ 0.07 (s,
3H, ZrCH3), 1.84 (s, 15H, C5(CH3)5), 1.86 (s, 15H, C5(CH3)5), 1.87
(d, 6H, 2JHP ) 8.3 Hz, P(CH3)2)), 7.53 (m, 3H, H7, H9), 7.61 (d,
2H, 3JHH ) 8.3 Hz, H4), 7.78 (m, 2H, H8), 7.81 (d, 2H, 3JHH ) 8.3
Hz, H3). The isolated amount of the substance was not sufficient

to measure 13C{1H} NMR spectra. 31P{1H} NMR (CDCl3, 25 °C):
δ 11.6 (s, PMe2Ph).

X-ray Crystallography. X-ray data were collected with a
Siemens CCD Smart diffractometer using graphite-monochromated
Mo KR radiation (λ ) 0.71073 Å). Absorption correction was
performed with the program SADABS.15 The space groups were
determined with XPREP.16 Structure solution and refinement were
performed with WINGX,17 SHELXS-97, and SHELXL-97.18 All
non-hydrogen atoms were refined anisotropically; most hydrogen
atoms were refined in calculated positions. Visualization was carried
out with the program DIAMOND. The crystallographic data are
summarized in Table 1. CCDC-668319 (1), CCDC-668321 (2), and
CCDC-668320 (4) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Results and Discussion

Synthesis. The gold(I) thiolato complex of 4-mercapto-
benzoic acid could be easily obtained by reduction of
tetrachloroaurate with bis(hydroxyethyl) sulfide19 followed
by treatment with 4-mercaptobenzoic acid. A suspension of
the resulting colorless solid was treated with dimethylphe-
nylphosphine to produce [Au(SC6H4-4-COOH)(PMe2Ph)] (1)
in nearly quantitative yield (Scheme 2). The zirconocene bis-
carboxylato complexes [Cp*2Zr(κ1O-O2CC6H4-4-SR)(κ2O,O′-
O2CC6H4-4-SR)] [R ) H (2), Au(PMe2Ph) (3)] could be
obtained by methane elimination starting from [Cp*2ZrMe2]
and 2 equiv of the corresponding carboxylic acid (H2mba
for 2, and 1 for 3; Scheme 2). Methane elimination occurs
readily and purification is simple.

Structure and Spectroscopic Properties. [Au(SC6H4-4-
COOH)(PMe2Ph)] (1). Bright yellow needles of 1 were
obtained by crystallization from thf and structurally charac-
terized (Figure 1).

Compound 1 crystallizes in the orthorhombic space group
Ccc2 with eight molecules in the unit cell. As expected the
gold atom is coordinated by sulfur and phosphorus in a linear
fashion with an S-Au-P bond angle of 178.91°. The
molecules are planar with the exception of the substituents
at the phosphorus atom and form dimers by hydrogen
bonding between the carboxyl groups, as shown in Figure
1. The molecule has a chiral axis in the solid state marked
by the atoms S, Au and P (see Supporting Information), and
one dimer consists of molecules with the same chirality.
These dimers build stacks with alternating pairs of R and S
enantiomers (Figure 2). Viewed down the stacks the
S(A)-Au(A) · · ·Au(B)-S(B) dihedral angle is 121.2°.

The distance between two gold atoms in the stack is 3.534
Å. The linear relationship between gold-gold distances and

(15) Sheldrick, G. M.; SADABS, A Program for Empirical Absorption
Correction; University of Göttingen: Göttingen, Germany, 1998.

(16) Bruker, XPREP in SHELXTL Version 6.12; Bruker AXS Inc.: Madison,
WI, 2002.

(17) Farrugia, L. J. WINGX, Suite for Small-Molecule Single-Crystal
Crystallography; J. Appl. Crystallogr. 1999, 32, 837-838.

(18) Sheldrick, G. M. SHELXS97, SHELXL97, Programs for Crystal
Structure Analysis, Release 97-2; University of Göttingen: Göttingen,
Germany, 1998.

(19) Al-Sa′ady, A. K. H.; Moss, K.; McAuliffe, C. A.; Parish, R. V.
J. Chem. Soc., Dalton Trans. 1984, 1609–1616.

Figure 3. (a) Normalized PLE and emission PL spectra of crystals of 1 at
temperatures of 293 and 15 K. The emission wavelength for PLE spectra
is 530 nm, the excitation wavelengths for PL spectra are 350 nm (293 K)
and 280 and 350 nm (15 K). The latter spectra coincide, illustrating that
the PL is independent of excitation wavelength. The inset shows normalized
decay curves of the PL excited with an N2 laser (337 nm, ca. 4 ns pulses)
and recorded at different emission wavelengths at 293 K. (b) Normalized
absorption, PLE, and emission PL spectra of a thf solution of 1 at 293 K.
The excitation and emission wavelengths for PL and PLE spectra are 350
and 420 nm, respectively. The asterisk indicates a Raman band of the
solvent. Arrows indicate affiliation to the different axes.

Figure 4. Molecular structure of 2 (50% thermal ellipsoids). Hydrogen
atoms bonded to carbon have been omitted. Selected bond lengths (Å) and
angles (°): Zr(1)-O(1) 2.273(2); Zr(1)-O(2) 2.305(2); Zr(1)-O(3) 2.083(2);
O(4)-C(28) 1.227(3); C(21)-O(1)-Zr(1) 93.3(1); C(21)-O(2)-Zr(1)
92.2(1); C(28)-O(3)-Zr(1) 165.0(2); O(2)-C(21)-O(1) 117.8(2); O(1)-
Zr(1)-O(2) 56.72(6); O(4)-C(28)-O(3) 123.9(2).
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the corresponding stabilization energy was quantitatively de-
scribed by Schwerdtfeger20 and Pyykkö.21 Both theoretical
investigations yield stabilizing energies of around 10 kJ mol-1

for this distance. Despite this small gain in energy, repetitive
addition of these amounts along the chain might contribute to
the stability of this arrangement of molecules. Moreover, the
intermolecular (aurophilic) interactions might explain dramatic
differences in the PL properties of crystalline 1 as compared to
a solution (see below). In the corresponding (triphenylphos-
phine)gold(I) complex of 4-mercaptobenzoic acid,22 the same
structural motif of dimers as shown in Figure 1 is observed. In
contrast to 1, the higher steric bulk of three phenyl rings at the
phosphorus atom prevents formation of stacks, but dimeric
structures are formed via strong aurophilic interactions.

Figure 3a shows the PL excitation (PLE) and emission spectra
of crystals of 1 at ambient and low temperatures. The emission
spectra are structured (better seen at ambient temperature), with
at least three components (at ca. 478, 533, and 570 nm at 293
K). Similar PLE and PL spectra were recorded at emission and
excitation wavelengths between 480 and 580 nm and 280 and
400 nm, respectively, that is, the PL is practically independent
of the excitation wavelength. On the other hand, the PL kinetics
(inset in Figure 3) are complex and depend on the emission
wavelength. They can be approximately described by two
exponential components with characteristic times of a few and
hundreds of microseconds, respectively. The fast component
corresponds mainly to the PL band at about 478 nm, whereas
the slow component corresponds to the red-shifted PL bands
at about 530-580 nm. The latter demonstrate an unusually long
lifetime, which increases to about 0.5 ms on decreasing the

temperature to 15 K. We tentatively attribute the multiple
emission to several weakly coupled radiative relaxation channels
in 1, including different metal-centered (1MC and 3MC) and
ligand-to-metal charge-transfer excited states, in line with
assignments for other gold(I) complexes.23 Relative efficiencies
of these channels depend on the temperature as indicated by
changes in the emission spectra.

The PL of solid 1 is bright and in fact responsible for the
brilliant yellow color of this compound (note that the PLE
spectrum indicates the absorption edge at ca. 420 nm; see Figure
3a). The PL quantum yield �PL was estimated to be as high as
0.2-0.3 at 293 K. In parallel with the slowing of the PL decay,
the PL intensity uniformly increases with decreasing the
temperature down to ∼100 K. At the lower temperatures, �PL

does not change significantly and approaches ∼0.7-1 at T ≈
15 K. In contrast to the solid sample, a solution of 1 in thf
shows a weak single PL band at 415 nm (Figure 3b). The PLE
spectrum (dotted line) is significantly red-shifted relative to the
first absorption band of 1, likely indicating that a weakly
absorbing MC state, not ligand excitations, mostly contributes
to the PL of 1 in solution. These observations suggest quite
different electronic relaxation patterns in crystalline 1 versus
“monomers” of 1 in solution.

Complex 1 is soluble in thf, and dissolution of 1 in other
organic solvents such as benzene and toluene could only be
achieved by addition of thf. The chemical shifts of the
protons of the aromatic rings show solvent dependence ((0.2
ppm in thf compared to C6D6) for 1 as well as for compounds
2 and 3 (see Supporting Information). The reason for this
phenomenon, known as “aromatic solvent induced shift”
(ASIS),24 is probably weak interactions between the aromatic
rings of 1-3 and the solvent molecules.

[Cp*2Zr(K1O-O2CC6H4-4-SH)(K2O,O′-O2CC6H4-4-
SH)] (2). Suitable crystals of 2 for X-ray structure analysis
were obtained from a mixture of thf and n-hexane; 2
crystallizes as needles in the monoclinic space group P21/c
with four molecules of 2 and four molecules of thf in the
unit cell (Figure 4).

One of the ligands is coordinated in a bidentate and the other
in a monodentate fashion to the zirconium atom. With one

(20) Schwerdtfeger, P.; Bruce, A. E.; Bruce, M. R. M. J. Am. Chem. Soc.
1998, 120, 6587–6597.

(21) Pyykkö, P. Angew. Chem., Int. Ed. 2004, 43, 4412–4456.
(22) Wilton-Ely, J. D. E. T.; Schier, A.; Mitzel, N. W.; Schmidbaur, H.

J. Chem. Soc., Dalton Trans. 2001, 1058–1062.
(23) Lee, Y.-A.; McGarrah, J. E.; Lachicotte, R. J.; Eisenberg, R. J. Am.

Chem. Soc. 2002, 124, 10662–10663.
(24) (a) Braun, S.; Kalinowski, H.-O.; Berger, S. 150 and more NMR-

Experiments; Wiley VCH: New York, 1998. (b) Stamm, H.; Jäckel,
H. J. Am. Chem. Soc. 1989, 111, 6544–6550.

Figure 5. VT 1H NMR signal of the proton in the position ortho to the carboxylato group (solution of 2 in [D8]THF).

Figure 6. Molecular structure of 4 (50% thermal ellipsoids). Hydrogen
atoms have been omitted. Selected bond lengths (Å) and angles (°):
Zr(1)-O(1) 2.293(4); Zr(1)-O(2) 2.309(3); Zr(1)-C(21) 2.321(5);
O(1)-C(22) 1.275(6); O(2)-C(22) 1.262(6); Au(1)-P(1) 2.255(1);
Au(1)-S(1) 2.301(1); O(1)-Zr(1)-O(2) 56.7(1); O(1)-Zr(1)-C(21) 73.4(2);
O(2)-Zr(1)-C(21) 123.0(2); O(2)-C(22)-O(1) 118.9(4); P(1)-Au(1)-S(1)
174.13(5).
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exception, namely, [Cp*2Zr(OCOCF3)2],25 this bonding mode
has always been observed for zirconocene bis-carboxylato
complexes.9,26 As expected for a delocalized π system, the
O(1)-C(21) and O(2)-C(21) bond lengths are nearly equal.
The different bonding modes of the ligands are also reflected
in the IR spectrum by the occurrence of four strong bands: two
for the CdO and CsO stretching modes of the monodentate
ligand at 1635 and 1176 cm-1, respectively, and two for the
symmetric and antisymmetric stretching modes of the bidentate
ligand at 1559 cm-1 and 1325 cm-1. These values are in good
agreement with previously reported frequencies for zirconocene
bis-carboxylato complexes.9b,26d

In contrast to the solid-state structure, the 1H NMR
spectrum of 2 shows only one set of signals for the aromatic
rings. The equivalency of the ligands in solution is caused
by a fast exchange of the two ligands between mono- and
bidentate bonding, as could be shown by variable-temper-
ature NMR spectroscopy (Figure 5). The doublet of the
proton in the position ortho to the carboxylato group splits
into two signals at low temperature (coalescence temperature
175 K), while the signal of the proton in the meta position
remains nearly unchanged.

The thermodynamic parameters were determined by line
shape analysis, which gave an activation energy ∆Gq (298
K) of 40.6 kJ mol-1 with an activation enthalpy ∆Hq of 24
kJ mol-1 and an activation entropy ∆Sq of -55.6 J K-1

mol-1. To the best of our knowledge 2 is the first zirconocene
bis-carboxylato complex for which coalescence was observed
by NMR spectroscopy. Generally, no changes were observed
down to 180 K (restricted by the freezing point of the
solvent).9,26e

[Cp*2Zr{K1O-OOCC6H4-4-SAu(PMe2Ph)}{K2O,O′-
OOCC6H4-4-SAu(PMe2Ph)}] (3). Two equivalents of 1
react with [Cp*2ZrMe2] at room temperature with nearly
quantitative formation of the trinuclear complex
[Cp*2Zr{OOCC6H4-4-SAu(PMe2Ph)}2] (3; Scheme 2). As
observed for 2, the IR spectrum of 3 exhibits four strong
bands at 1625, 1171 cm-1 and 1545, 1335 cm-1, which
correspond to the different bonding modes of the carboxylato
ligands. On cooling, the signal of the hydrogen atoms ortho
to the carboxylato group broadens and splits into two signals
between 190 and 200 K. Because of overlap of these signals
with those of the aromatic protons of the PMe2Ph group,
line shape analysis could not be carried out. The coalescence
temperature is nevertheless higher for 3 than for 2. This might
be due to increased steric hindrance in the bulky trinuclear
complex, which hinders this process.

Afewcolorlesscrystalsofthebyproduct[Cp*2Zr(Me){κ2O,O′-
OOCC6H4-4-SAu(PMe2Ph)}] crystallized from the mother
liquor after isolation of 3. Compound 4 crystallizes in the
triclinic space group Pj1 with two molecules in the unit cell.

The molecular structure is shown in Figure 6. An 18-valence-
electron zirconocene complex results because of bidentate
coordination of the carboxylato group. Zr(1), O(1), O(2), and
C(21) are coplanar.

Linear coordination by sulfur and phosphorus is observed
for Au(1) (S-Au-P 174.13°). In contrast to 1 the gold atom
deviates from the S-phenylene plane; the torsion angle
C(27)-C(26)-S(1)-Au(1) is 28.4° (corresponding torsion
angle for 1: 4.2°).

To study metal-metal interactions, relevant spectroscopic
properties of 1 and 2 were compared with those of the
heterometallic complex 3. The chemical shifts of the
phosphorus atom and the P-C carbon atoms (P-Me and
P-Ph) and the peak maxima of the lowest energy UV/vis
absorption bands of 1 and 3 as well as the chemical shift of
the Cp* carbon atoms and the wavenumbers of the CdO
stretching vibrations of the monodentate ligand in 2 and 3
were almost identical, that is, M-M interaction is negligible
(Table 2).

Conclusion

A rare example of a heterobimetallic AuI/ZrIV complex
and its corresponding mononuclear complexes are described.
According to UV/vis, IR, and NMR spectroscopy the
Au · · ·Zr interaction is negligible. The mononuclear complex
[Au(SC6H4-4-COOH)(PMe2Ph)] (1) shows interesting pho-
toluminescence properties, such as high quantum yield and
unusually long characteristic decay times. [Cp*2Zr(κ1O-
O2CC6H4-4-SH)(κ2O,O′-O2CC6H4-4-SH)] (2) is the first
zirconocene bis-carboxylato complex for which activation
parameters for the dynamic mono- and bidentate coordination
modes could be obtained.
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Table 2. Comparison of Selected NMR, IR and UV/vis Spectroscopic Data of 1, 2, and 3

compound δ(31P)a δ(13C) (Cp*)a δ(13C) (PCH3/PC6H5, ipso-C)a ν̃ (CdO)b λmax
c

1 10.0 14.9/134.0 330 nm
2 122.8 1618 cm-1

3 12.7 122.1 16.4/132.8 1614 cm-1 336 nm
a Solution in [D8]thf. b KBr pellet;. c Solution in thf.
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