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The reactions of Q[Au(acac)2] (Q ) N(PPh3)2 (PPN; a), NPr4 (b); acac ) acetylacetonato)
with terminal alkynes of the type HCtCC6H4R-4 in a 1:2 molar ratio affords the complexes
Q[Au(CtCC6H4R-4)2] (R ) NO2 (1), C6H4NO2-4 (2), (E)-CHdCHC6H4NO2-4 (3)). The same
alkynes react with [AuCl(CNBut)] in NEt3 to give the complexes [Au(CtCC6H4R-4)(CNBut)]
(R ) NO2 (4), C6H4NO2-4 (5), (E)-CHdCHC6H4NO2-4 (6)). When NHEt2 is used instead of
NEt3, attack of the secondary amine at the isonitrile ligand takes place and alkynyl carbene
complexes of the type [Au(CtCC6H4R-4){C(NHBut)(NEt2)}] (R ) NO2 (7), C6H4NO2-4 (8),
(E)-CHdCHC6H4NO2-4 (9)) are obtained. The crystal structures of 1a, 4, 7, and 9 have been
determined. The cubic hyperpolarizabilities of 1a,b, 4-6, 8, 9, and the related complexes
[Au(CtCC6H4R-4)(PPh3)] (R ) H (10), NO2 (11), 4-C6H4NO2 (12), (E)-CHdCHC6H4NO2-4
(13), CtCC6H4NO2-4 (14), (Z)-CHdCHC6H4NO2-4 (15), (E)-NdCHC6H4NO2-4 (16)) have been
determined by Z-scans at 800 nm. An increase in γreal is observed on replacing the coligand
ButNC by PPh3 (proceeding from 5 to 12 and from 6 to 13), introduction of the NO2 group
(proceeding from 10 to 11), extending the arylalkynyl π-bridge (proceeding from 11 to 12-
15), and replacing (Z)-CHdCH by the (E)-CHdCH linking unit (proceeding from 15 to 13).

Introduction

The materials properties of alkynylmetal complexes
have attracted significant interest recently,1-3 with
particular focus on nonlinear optical (NLO) behavior,4-15

liquid crystalline properties,16,17 and photophysical
properties.1,2,18-20 Prominent among the complexes stud-
ied have been alkynylgold(I) examples. However, most
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of the alkynylgold(I) complexes reported so far are
neutral and correspond to the types [Au(CtCR)(L)] and
[Au2(µ-CtC)L2].21 In many of these cases L is a phos-
phine (or L2 a diphosphine),1-3,18,19,22-24 although com-
plexes with isocyanide,16,17,20,25,26 amine,27,28 or ylide
ligands29 have also been reported. It is of interest to us
to widen the scope of available alkynylgold(I) complexes
to permit wider ranging structure-activity materials
investigations, and with this in mind, this paper reports
the syntheses, spectroscopic properties, and structures
of some new alkynylgold(I) complexes of the types Q[Au-
(CtCC6H4R-4)2] and [Au(CtCC6H4R-4)L] (Q ) PPN,
NPr4; R ) NO2, C6H4NO2-4, (E)-CHdCHC6H4NO2-4;
L ) ButNC, C(NHBut)(NEt2)).

Studies addressing the quadratic NLO performance
of organometallic complexes are significantly more
numerous than those probing cubic NLO merit.5,30 This
is despite the fact that new materials with enhanced
cubic NLO properties are required for a range of
photonics applications.5 We previously reported the
cubic molecular optical nonlinearities of alkynylruthe-
nium(II)9,10,31 and alkynylnickel(II)12 complexes. The
negative real components and significant imaginary
components of the cubic NLO data for these complexes
at 800 nm are indicative of two-photon absorption
contributions, which renders development of structure-
cubic NLO activity relationships very problematic.
Alkynylgold(I) complexes such as those examined in the
current study can have optical absorption maxima
significantly blue-shifted compared to those of the

analogous ruthenium and nickel complexes,32 raising
the expectation that the significance of two-photon
effects on measured cubic nonlinearities at 800 nm could
be greatly diminished. Indeed, we recently reported
cubic NLO data for a range of 1,1-ethylenedithiolato
complexes of gold, which have absorption maxima at
short wavelengths (310-390 nm) together with positive
real and small imaginary components of third-order
nonlinearities.33 We have therefore carried out a com-
prehensive study of the cubic NLO merit of a range of
systematically varied alkynylgold complexes, which
includes both the new examples prepared in the current
study and related complexes we have prepared in earlier
work. Some of the cubic NLO results have been the
subject of a preliminary communication.4

Experimental Section

The acetylenes HCtCC6H4NO2-4,34 HCtCC6H4-4-C6H4NO2-
4,10 and HCtCC6H4-4-(E)-CHdCHC6H4NO2-435 and PPN[Au-
(acac)2]36 (acac ) acetylacetonate) were prepared by literature
procedures. NPr4[Au(acac)2] was prepared from NPr4[AuCl2]
using the same procedure as for the PPN+ salt36 and was used
“in situ”. NPr4[AuCl2] was prepared following the procedure
described for PPN[AuCl2].36 The alkynylgold complexes [Au-
(CtCC6H4R-4)(PPh3)] (R ) H (10), NO2 (11), C6H4NO2-4 (12),
(E)-CHdCHC6H4NO2-4 (13), CtCC6H4NO2-4 (14), (Z)-CHd
CHC6H4NO2-4 (15), (E)-NdCHC6H4NO2-4 (16)) were prepared
as reported previously.32

Unless otherwise stated, NMR spectra were recorded in
CDCl3 on a Varian Unity 300 instrument at room temperature.
Chemical shifts are referenced to TMS (1H, 13C) or H3PO4 (31P).
The 13C resonances of PPN (PPN ) N(PPh3)2) in complexes
1a and 2a appear, with very small differences, at 127 (m, i-C),
130 (m, o-C), 132 (m, m-C), and 134 (s, p-C) ppm and the 1H
resonances at 7.3-7.7 (m) ppm. IR absorptions due to PPN
appear around 1581 (m), 1320-1220 (s, br), 544 (s), 527 (s),
and 491 (s) cm-1. Similarly, the NPr4 cations in complexes 1b
and 2b show 13C resonances at 10.9 (s, Me), 16.0 (s, CH2), and
61.1 (s, NCH2) ppm and 1H resonances at 1.0 (t, Me, 12H,
3JHH ) 7 Hz), 1.7-2.2 (m, CH2, 8H), and 3.2-3.3 (m, NCH2,
8H) ppm, while the IR spectra show a characteristic absorption
at 970 (m) cm-1. All these data are not given below. Most C
resonances have not been assigned, but signals corresponding
to quaternary carbons are indicated as C and the others as
CH. Molar conductivities (ΛM) were measured with a Philips
conductimeter on ca. 5 × 10-4 M acetone solutions and gave
values in the ranges 82-102 (1-3) and 0-2 cm2 Ω-1 mol-1

(4-9).
Nonlinear Optical Measurements. Measurements were

performed at 800 nm using a system consisting of a Coherent
Mira Ar-pumped Ti-sapphire laser generating a mode-locked
train of approximately 100 fs pulses and a Ti-sapphire
regenerative amplifier pumped with a frequency-doubled
Q-switched pulsed YAG laser (Spectra Physics GCR) at 30 Hz
and employing chirped pulse amplification. CH2Cl2 and thf
solutions were examined in a glass cell with a 0.1 cm path
length (complexes 2b and 3 were insufficiently soluble to afford
useful data). The Z-scans were recorded at two concentrations
for each compound and the real and imaginary parts of the
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nonlinear phase change determined by numerical fitting. The
real and imaginary parts of the hyperpolarizability of the
solute were then calculated assuming linear concentration
dependencies of the nonlinear phase change. The nonlineari-
ties and light intensities were calibrated using Z-scan mea-
surements of a 1 mm thick silica plate for which the nonlinear
refractive index n2 ) 3 × 10-16 cm2 W-1 was assumed.

X-ray Structure Determinations. Crystals were mounted
in inert oil on glass fibers and transferred to the cold gas
stream of the diffractometer (1a, 4, and 7, Siemens P4; 9, Stoe
STADI-4; each with Siemens LT-2 low-temperature attach-
ment). Cell constants were refined from (ω (Stoe) or setting
angles (Siemens) of ca. 60 reflections to 2θ ) 25°. Data were
registered to 2θ ) 50° (Mo KR radiation, λ ) 0.710 73 Å); scan
mode ω/θ (Stoe) or ω (Siemens). Absorption corrections were
based on ψ scans. The structures were solved by the heavy-
atom method and refined anisotropically against F2 (program
SHELXL-97, G. M. Sheldrick, University of Göttingen). Hy-
drogen atoms of NH functions were refined freely; other H
atoms were included using a riding model or rigid methyl
groups. Crystal data are summarized in Table 1.

Q[Au(CtCC6H4R-4)2] (R ) NO2, Q ) PPN (1a), NPr4

(1b); R ) C6H4NO2-4, Q ) PPN (2a), NPr4 (2b); R ) (E)-
CHdCHC6H4NO2-4, Q ) NPr4 (3)). Solid Q[Au(acac)2] (0.2-
0.3 mmol) was added to a solution containing 2 equiv of the
corresponding alkyne in dichloromethane (10 mL). After 1 h
of stirring under a nitrogen atmosphere, the resulting suspen-
sion was filtered through anhydrous MgSO4, the solution
concentrated under vacuum (2 mL), and diethyl ether (20 mL)
added to precipitate yellow complexes 1a,b and 2a, which were
recrystallized from dichloromethane and diethyl ether. Com-
plexes 2b and 3 are insoluble in dichloromethane and were
isolated from the reaction mixture by filtration. Concentration
of the mother liquor (1 mL) and addition of diethyl ether (15
mL) gave a second crop of the same product. The yellow solid
was washed with diethyl ether (2 × 5 mL) and dried in vacuo.

1a: yield 75%; mp 180 °C dec. Anal. Calcd for C52H38-
AuN3O4P2: C, 60.77; H, 3.73; N, 4.09. Found: C, 60.60; H, 3.69;

N, 3.98. IR (cm-1): ν(CtC), 2096 (m); νasym(NO2), 1506 (s). 1H
NMR: δ 7.40-7.70 (m, 34 H, PPN + C6H4), 7.97 (d, 4 H,
m-C6H4, 3JHH ) 9 Hz). 13C{1H} NMR (50 MHz): δ 102.38 (C),
123.04 (CH), 132.56 (CH), 134.99 (C), 144.03 (C), 144.57 (C).
Single crystals of 1a were obtained by slow diffusion of diethyl
ether into a solution of 1a in dichloromethane.

1b: yield 71%; mp 113 °C dec. Anal. Calcd for C28H36-
AuN3O4: C, 49.78; H, 5.37; N, 6.22. Found: C, 49.83; H, 5.35;
N, 6.23. IR (cm-1): ν(CtC), 2100 (s); νasym(NO2), 1508 (s), νsym-
(NO2), 1346 (s). 1H NMR: δ 7.45, 8.06 (AB system, 8 H, C6H4,
3JHH ) 9 Hz). 13C{1H} NMR (50 MHz): δ 102.64 (C), 123.39
(CH), 132.28 (CH), 134.37 (C), 143.13 (C), 145.01 (C).

2a: yield 91%; mp 125 °C dec. Anal. Calcd for C64H46-
AuN3O4P2‚2/3CH2Cl2: C, 62.81; H, 3.86; N, 3.40. Found: C,
62.65; H, 3.98; N, 3.12. IR (cm-1): ν(CtC), 2098 (s); νasym(NO2),
1510 (s). 1H NMR (200 MHz): δ 7.39-7.70 (m, 42 H, PPN +
C6H4 + C6H4NO2), 8.23 (d, 4 H, m-C6H4NO2, 3JHH ) 9 Hz),
5.30 (s, 4/3 H, CH2Cl2). 13C{1H} NMR: δ 102.39 (C), 124.01
(CH), 126.43 (CH), 127.14 (CH), 128.92 (C), 132.97 (CH),
134.54 (C), 137.94 (C), 146.51 (C), 147.67 (C).

2b: yield 65%; mp 236 °C. Anal. Calcd for C40H44AuN3O4:
C, 58.04; H, 5.36; N, 5.08. Found: C, 57.98; H, 5.68; N, 5.08.
IR (cm-1): ν(CtC), 2100 (s); νasym(NO2), 1510 (s), νsym(NO2),
1342 (s). 1H NMR (200 MHz): δ 7.61 (s, 8 H, C6H4), 7.74, 8.32,
(AB system, 8 H, C6H4NO2, 3JHH ) 13 Hz).

3: yield 63%; mp 143 °C dec. Anal. Calcd for C44H48-
AuN3O4: C, 60.07; H, 5.50; N, 4.78. Found: C, 60.01; H, 5.74;
N, 4.91. IR (cm-1): ν(CtC), 2102 (s); ν(CdC), 1626 (w); νasym-
(NO2), 1514 (s), νsym(NO2), 1338 (s). 1H NMR (DMSO-d6): δ
7.35, 7.64 (AB system, 8 H, C6H4, 3JHH ) 9 Hz), 7.47, 7.59 (AB
system, 4 H, CH, 3JHH ) 16 Hz), 7.95, 8.33 (AB system, 8 H,
C6H4NO2, 3JHH ) 9 H).

[Au(CtCC6H4R-4)(CNBut)] (R ) NO2 (4), C6H4NO2-4 (5),
(E)-CHdCHC6H4NO2-4 (6)). To a solution of [AuCl(CNBut]
(0.3-0.5 mmol) in dichloromethane (15 mL) were added
equimolar amounts of the corresponding alkyne and triethyl-
amine (5 mL). After 24 h of stirring, the solvent was removed
under vacuum. The residue was dissolved in dichloromethane

Table 1. Summary of X-ray Data for Compounds 1a, 4, 7, and 9
1a 4 7 9

formula C52H38AuN3O4P2 C13H13AuN2O2 C17H24AuN3O2 C25H30AuN3O2
Mr 1027.76 426.22 499.36 601.49
habit pale yellow block amber tablet pale yellow prism yellow prism
cryst size (mm) 0.4 × 0.3 × 0.3 0.5 × 0.6 × 0.2 0.5 × 0.2 × 0.15 0.5 × 0.2 × 0.2
cryst syst monoclinic triclinic monoclinic monoclinic
space group C2/c P1h P21/c P21/c
cell constants

a (Å) 17.523(3) 10.341(2) 10.0831(10) 11.519(3)
b (Å) 17.854(2) 10.519(2) 12.4398(14) 13.473(3)
c (Å) 15.147(2) 13.841(3) 15.568(2) 16.083(4)
R (deg) 90 81.391(12) 90 90
â (deg) 114.252(10) 73.339(14) 108.353(8) 108.58(2)
γ (deg) 90 75.650(8) 90 90

V (Å3) 4320.7 1392.3 1853.4 2365.9
Z 4 4 4 4
Dexptl (Mg m-3) 1.580 2.033 1.790 1.689
µ (mm-1) 3.5 10.6 8.0 6.2
transmissions 0.363-0.438 0.271-0.999 0.716-0.988 0.614-0.862
F(000) 2048 800 968 1184
T (°C) -100 -100 -100 -130
no. of rflns

measd 8140 5119 4720 4435
indep 3752 4899 3223 4158

Rint 0.021 0.016 0.025 0.017
no. of params 281 331 218 289
no. of restraints 241 266 43 245
wR2a 0.040 0.067 0.049 0.074
R1b 0.017 0.031 0.025 0.034
S 0.94 0.89 0.92 1.07
max ∆F (e Å-3) 0.3 1.5 1.0 0.8

a R1 ) ∑||Fo| - |Fc||/∑|Fo| for reflections with I > 2σ(I). b wR2 ) [∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]]0.5 for all reflections; w-1 ) σ2(F2) +

(aP)2 + bP, where P ) (2Fc
2 + Fo

2)/3 and a and b are constants set by the program.
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(2 mL), and diethyl ether (20 mL) was added to precipitate a
pale yellow solid, which was filtered and washed with water
(2 × 5 mL) to remove (NHEt3)Cl. The solid residue was
dissolved in dichloromethane (20 mL), the solution was filtered
through anhydrous MgSO4 and concentrated (1 mL), and
n-hexane (20 mL) was added to precipitate complexes 4-6 as
pale yellow solids.

4: yield 56%; mp 118 °C dec. Anal. Calcd for C13H13-
AuN2O2: C, 36.63; H, 3.07; N, 6.57. Found: C, 36.53; H, 2.95;
N, 6.45. IR (cm-1): ν(CtN), 2230 (s); ν(CtC), 2122 (s); νasym-
(NO2), 1504 (s), νsym(NO2), 1336 (s). 1H NMR: δ 1.59 (s, 9 H,
But), 7.55, 8.12 (AB system, 4 H, C6H4, 3JHH ) 9 H). 13C{1H}
NMR: δ 29.76 (Me), 58.80 (CMe3), 101.60 (C), 123.33 (CH),
130.18 (C), 132.08 (C), 132.92 (CH), 145.93 (C), 146.59 (t,
AuCN, 1JCN ) 19 Hz). Single crystals of 4 were obtained by
slow diffusion of n-hexane into a solution of 4 in dichlo-
romethane.

5: yield 66%; mp 152 °C dec. Anal. Calcd for C19H17-
AuN2O2: C, 45.43; H, 3.41; N, 5.58. Found: C, 45.33; H, 3.29;
N, 5.44. IR (cm-1): ν(CtN), 2224 (s); ν(CtC), 2120 (w); νasym-
(NO2), 1512 (s), νsym(NO2), 1342 (s). 1H NMR: δ 1.59 (s, 9 H,
But), 7.53, 7.58 (AB system, 4 H, C6H4, 3JHH ) 9 H), 7.73, 8.28
(AB system, 4 H, C6H4NO2, 3JHH ) 9 H). 13C{1H} NMR: δ 29.79
(Me), 58.67 (CMe3), 102.68 (C), 124.01 (CH), 124.61 (C), 125.69
(C), 126.91 (CH), 127.51 (CH), 133.17 (CH), 136.81 (C), 146.98
(C), 147.14 (C).

6: yield 69%; mp 168 °C dec. Anal. Calcd for C21H19-
AuN2O2: C, 47.74; H, 3.62; N, 5.30. Found: C, 47.70; H, 3.43;
N, 5.16. IR (cm-1): ν(CtN), 2232 (s); ν(CtC), 2122 (w); ν(Cd
C), 1626 (w), νasym(NO2), 1504 (s); νsym(NO2), 1342 (s). 1H
NMR: δ 1.59 (s, 9 H, But), 7.10, 7.22 (AB system, 2 H, CH,
3JHH ) 16 Hz), 7.43, 7.48 (AB system, 4 H, C6H4, 3JHH ) 9 H),
7.64, 8.22 (AB system, 4 H, C6H4NO2, 3JHH ) 9 H).

[Au(CtCC6H4R-4){C(NHBut)(NEt2)}] (R ) NO2 (7),
C6H4NO2-4 (8), (E)-CHdCHC6H4NO2-4 (9)). To a solution of
[AuCl(CNBut)] (0.2-0.6 mmol) in diethylamine (10 mL) was
added an equimolar amount of the corresponding alkyne, and
the mixture was stirred for 24 h (7, 9) or 2 h (8). The resulting
suspension was filtered and washed with water (2 × 5 mL) to
remove (NH2Et2)Cl. The solid residue was extracted with
dichloromethane (20 mL) and the extract filtered through
anhydrous MgSO4. The solution was concentrated (1 mL), and
diethyl ether (8, 9) or n-hexane (7) (20 mL) was added to give
a yellow solid, which was filtered off and air-dried.

7: yield 73%; mp 123 °C dec. Anal. Calcd for C17H24-
AuN3O2: C, 40.89; H, 4.84; N, 8.41. Found: C, 40.47; H, 5.04;
N, 8.31. IR (cm-1): ν(NH), 3339 (w); ν(CtC), 2104 (w); ν(Cd
N), 1530 (s), νasym(NO2), 1496 (s); νsym(NO2), 1351, 1339 (s). 1H
NMR: δ 1.16 (t, 3 H, Me, 3JHH ) 7 Hz), 1.28 (t, 3 H, Me,
3JHH ) 6 Hz), 1.62 (s, 9 H, But), 3.24 (q, 2 H, CH2, 3JHH ) 7
Hz), 3.99 (q, 2 H, CH2, 3JHH ) 6 Hz), 5.87 (s, 1 H, NH), 7.524,
8.06 (AB system, 4 H, C6H4, 3JHH ) 9 H). 13C{1H} NMR (50
MHz): δ 11.81 (Me), 14.89 (Me), 31.95 (CMe3), 40.10 (CH2),
53.98 (CMe3), 54.21 (CH2), 104.02 (C), 123.16 (CH), 132.66
(CH), 133.46 (C), 136.16 (C), 145.30 (C), 204.70 (AuCN2). Single
crystals of 7 were obtained by slow diffusion of n-hexane into
a dichloromethane solution.

8: yield 76%; mp 140 °C dec. Anal. Calcd for C23H28-
AuN3O2: C, 48.01; H, 4.90; N, 7.30. Found: C, 48.31; H, 4.89;
N, 7.12. IR (cm-1): ν(NH), 3346 (w); ν(CtC), 2108 (m); ν(Cd
N), 1544 (s); νasym(NO2), 1508 (s); νsym(NO2), 1340 (s). 1H
NMR: δ 1.19 (t, 3 H, Me, 3JHH ) 7 Hz), 1.31 (t, 3 H, Me,
3JHH ) 7 Hz), 1.66 (s, 9 H, But), 3.26 (q, 2 H, CH2, 3JHH ) 7
Hz), 4.04 (q, 2 H, CH2, 3JHH ) 7 Hz), 5.86 (s, 1 H, NH), 7.51,
7.60 (AB system, 4 H, C6H4, 3JHH ) 9 H), 7.73, 8.27 (AB system,
4 H, C6H4NO2, 3JHH ) 9 H). 13C{1H} NMR: δ 11.86 (Me), 14.92
(Me), 32.00 (CMe3), 40.05 (CH2), 54.01 (CMe3), 54.23 (CH2),
104.89 (C), 124.04 (CH), 126.70 (CH), 127.36 (CH), 127.01 (C),
129.54 (C), 133.01 (CH), 135.83 (C), 146.75 (C), 147.34 (C),
205.26 (AuCN2).

9: yield 82%; mp 127 °C dec. Anal. Calcd for C25H30-
AuN3O2: C, 49.92; H, 5.03; N, 6.98. Found: C, 49.80; H, 5.08;
N, 6.79. IR (cm-1): ν(NH), 3340 (w); ν(CtC), 2104 (m); ν(Cd
C), 1632 (m); ν(CdN), 1540 (s); νasym(NO2), 1512, 1504 (s); νsym-
(NO2), 1340 (s). 1H NMR (200 MHz): δ 1.19 (t, 3 H, Me,
3JHH ) 7 Hz), 1.30 (t, 3 H, Me, 3JHH ) 7 Hz), 1.65 (s, 9 H, But),
3.25 (q, 2 H, CH2, 3JHH ) 7 Hz), 4.04 (q, 2 H, CH2, 3JHH ) 7
Hz), 5.86 (s, 1 H, NH), 7.09, 7.22 (AB system, 2 H, CHdCH,
3JHH ) 16 Hz), 7.41, 7.51 (AB system, 4 H, C6H4, 3JHH ) 15
H), 7.61, 8.21 (AB system, 4 H, C6H4NO2, 3JHH ) 15 H). Single
crystals of 9 were obtained by slow diffusion of n-hexane into
a solution of 9 in dichloromethane.

Results and Discussion

Synthesis. The reaction of (acetylacetonato)gold(I)
complexes with species containing even weakly acidic
hydrogen atoms has proved to be a versatile and
efficient method for the synthesis of a variety of gold(I)
complexes, including hydrosulfide, thiolato, phosphide,
bis(diphenylphosphino)methanide, alkyl, and alkynyl
derivatives.37-45 The reactions in dichloromethane be-
tween Q[Au(acac)2] (Q ) PPN, NPr4; acac ) acetyl-
acetonato) and 2 equiv of different terminal alkynes
allowed us to prepare the new bis(alkynyl)aurate(I)
complexes Q[Au(CtCC6H4R-4)2] (R ) NO2 (R1), Q )
PPN (1a), NPr4 (1b); R ) C6H4NO2-4 (R2), Q ) PPN
(2a), NPr4 (2b); R ) (E)-CHdCHC6H4NO2-4 (R3), Q )
NPr4 (3)) in good to excellent yields (Scheme 1). Depro-
tonation of the alkyne by the basic acetylacetonato
ligands present in [Au(acac)2]- produces acetylacetone
and two alkynyl ligands that occupy the coordinative
vacancies generated around the gold center.37-46

The same alkynes react with equimolar amounts of
[AuCl(CNBut)] in triethylamine to give the complexes
[Au(CtCC6H4R-4)(CNBut)] (R ) R1 (4), R2 (5), R3 (6))
in moderate yields (see Scheme 1). After replacement
of the chloro ligand by alkynyl, the desired complexes
form along with (NHEt3)Cl. Concentration of the result-
ing suspensions to dryness, washing the residue with
water to remove the ammonium salt, and recrystalli-
zation from dichloromethane and n-hexane are required
in order to isolate pure 4-6. We have previously used
this method for the synthesis of [Au(CtCR)(CNBut)]
(R ) SiMe3, But).37 It is well-known that primary or
secondary amines add to (isocyanide)gold(I) complexes
to give the corresponding carbene derivatives,47-50 and

(37) Vicente, J.; Chicote, M. T.; Abrisqueta, M. D.; Jones, P. G.
Organometallics 1997, 16, 5628.

(38) Vicente, J.; Chicote, M. T.; Abrisqueta, M. D. J. Chem. Soc.,
Dalton Trans. 1995, 497.

(39) Vicente, J.; Chicote, M. T.; Saura-Llamas, I.; Lagunas, M. C.
J. Chem. Soc., Chem. Commun. 1992, 915.

(40) Vicente, J.; Chicote, M. T.; Lagunas, M. C. Inorg. Chem. 1993,
32, 3748.

(41) Vicente, J.; Chicote, M. T.; Jones, P. G. Inorg. Chem. 1993, 32,
4960.

(42) Vicente, J.; Chicote, M. T.; González-Herrero, P.; Jones, P. G.;
Ahrens, B. Angew. Chem., Int. Ed. Engl. 1994, 33, 1852.

(43) Vicente, J.; Chicote, M. T.; González-Herrero, P.; Jones, P. G.
J. Chem. Soc., Dalton Trans. 1994, 3183.

(44) Vicente, J.; Chicote, M. T.; González-Herrero, P.; Jones, P. G.
J. Chem. Soc., Chem. Commun. 1995, 745.

(45) Vicente, J.; Chicote, M. T.; Guerrero, R.; Jones, P. G. J. Am.
Chem. Soc. 1996, 118, 699.

(46) Vicente, J.; Chicote, M. T.; Rubio, C. Chem. Ber. 1996, 129, 327.
(47) Parks, J. E.; Balch, A. L. J. Organomet. Chem. 1974, 71, 453.
(48) Bonatti, F.; Minghetti, G. J. Organomet. Chem. 1973, 59, 403.
(49) Minghetti, G.; Baratto, L.; Bonatti, F. J. Organomet. Chem.

1975, 102, 397.
(50) McCleverty, J. A.; Da Mota, M. M. M. J. Chem. Soc., Dalton

Trans. 1973, 2571.

Hyperpolarizabilities of Ethynylgold(I) Complexes Organometallics, Vol. 19, No. 16, 2000 2971

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 C

O
N

SO
R

T
IU

M
 o

n 
Ju

ne
 2

9,
 2

00
9

Pu
bl

is
he

d 
on

 J
un

e 
30

, 2
00

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

00
93

t



their use has to be avoided in order to prepare com-
plexes 4-6. In fact, when NHEt2 is used instead of NEt3,
the reactions of the same alkynes with equimolar
amounts of [AuCl(CNBut)] produce good yields of the
alkynyl carbene complexes [Au(CtCC6H4R-4){C(NH-
But)(NEt2)}] (R ) R1 (7), R2 (8), R3 (9)) (see Scheme 1),
which result from the double role of the amine as a base
toward the alkyne and as a nucleophile that attacks the
isocyanide ligand. Complexes [Au(CtCC6H4R-4)(PPh3)]
(R ) H (10), R1 (11), R2 (12), R3 (13), R4 (14), R5 (15),
R6 (16)) (see Scheme 1) were prepared by stirring
methanol solutions of [AuCl(PPh3)], the corresponding
alkynes, and sodium methoxide.32

Structure of Complexes: Crystal Structures of
1a, 4, 7, and 9. Figures 1-4 show the crystal structures
of complexes 1a, 4, 7, and 9, respectively. In all cases,
the gold atoms are in essentially linear environments,
with CAuC angles of 177.7(1)° (1a), 176.3(3) and 172.5-
(3)° (4), 176.2(2)° (7), and 176.3(2)° (9). The Au-C and
CtC bond distances, in the ranges 1.972(8)-2.002(6)
and 1.179(8)-1.211(5) Å, respectively, are similar to
those found in other alkynylgold(I) complexes.3,22,24,32,51-57

In compound 1a the gold atom lies on a twofold axis.
The crystal packing of 4 (see Figure 5) shows two
different molecules (A and A′) ordered in an AAA′A′

(51) Müller, T. E.; Choi, S. W. K.; Mingos, D. M. P.; Murphy, D.;
Williams, D. J.; Yam, V. W. W. J. Organomet. Chem. 1994, 484, 209.

(52) Shieh, S. J.; Hong, X.; Peng, S. M.; Che, C. M. J. Chem. Soc.,
Dalton Trans. 1994, 3067.

(53) Carriedo, G. A.; Riera, V.; Solans, X.; Solans, J. Acta Crystal-
logr., Sect. C 1988, 44, 978.

(54) Bruce, M. I.; Horn, E.; Matisons, J. G.; Snow, M. R. Aust. J.
Chem. 1984, 37, 1163.

(55) Bruce, M. I.; Duffy, D. N. Aust. J. Chem. 1986, 39, 1697.
(56) Bruce, M. I.; Grundy, K. R.; Liddell, M. J.; Snow, M. R.; Tiekink,

E. R. T. J. Organomet. Chem. 1988, 344, C49.
(57) Whittall, I. R.; Humphrey, M. G.; Hockless, D. C. R. Aust. J.

Chem. 1997, 50, 991.

Scheme 1

Figure 1. Thermal ellipsoid plot of 1a (50% probability
levels) with the labeling scheme. Selected bond lengths (Å)
and angles (deg): Au-C(1) ) 1.983(2), C(1)-C(2) ) 1.212-
(3), N(1)-O(1) ) 1.221(3), N(1)-O(2) ) 1.211(3); C(1)-Au-
C(1A) ) 177.7(1), C(1)-C(2)-C(3) ) 179.0(3), C(2)-C(1)-
Au ) 176.8(2), O(1)-N(1)-O(2) ) 123.2(2).

Figure 2. Thermal ellipsoid plot of 4 (50% probability
levels) with the labeling scheme. Selected bond lengths (Å)
and angles (deg): Au-C(1) ) 1.972(8), Au(1)-C(3) ) 1.980-
(7), Au(1′)-C(1′) ) 1.977(8), Au(1′)-C(3′) ) 1.973(8), C(1)-
C(2) ) 1.189(10), C(1′)-C(2′) ) 1.186(10), N(1)-C(3) )
1.131(8), N(1′)-C(3′) ) 1.129(9), N(2)-O(2) ) 1.221(8),
N(2)-O(1) ) 1.240(8), N(2′)-O(2′) ) 1.209(9), N(2′)-
O(1′) ) 1.232(9); C(1)-Au(1)-C(3) ) 176.3(3), C(3′)-Au(1′)-
C(1′) ) 172.5(3), C(3)-N(1)-C(4) ) 175.9(8), C(3′)-N(1′)-
C(4′) ) 175.7(7), C(2)-C(1)-Au(1) ) 178.5(7), C(2′)-C(1′)-
Au(1′) ) 175.7(6), C(1)-C(2)-C(8) ) 178.0(8), C(1′)-C(2′)-
C(8′) ) 177.3(9), O(2)-N(2)-O(1) ) 122.8(7), O(2′)-N(2′)-
O(1′) ) 123.1(7).
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infinite sequence. While the Au-C and CtC bond
distances are similar in both molecules, they differ
mainly in the C(2)tC(1)-Au(1) and Au(1)-C(3)tN(1)
bond angles, which are closer to linearity in A (178.5(7)
and 176.0(7)°, respectively) than in A′ (175.7(6) and
172.5(7)°, respectively). This increase in deviation from
idealized linearity is possibly correlated with the auro-
philic Au′‚‚‚Au′ short contacts (3.144(1) Å) in A′ mol-
ecules, because the Au-Au distance between A mol-
ecules is 4.085(1) Å. The nitro groups are almost
coplanar with the adjacent phenyl rings (torsion angle

5.2°). To avoid repulsion between the bulky But groups,
the alkynyl and isocyanide ligands alternate their
positions along the chain.

The crystal structures of complexes 7 and 9 (see
Figures 3 and 4) are the first of gold complexes contain-
ing both carbene and alkynyl ligands. Their crystal
structures show Au-CN and C-N bond distances and
Au-C-N bond angles similar to those found in 7 and
9. The carbene C(3)-N(1) and C(3)-N(2) bond distances
(7, 1.340(6) and 1.344(6) Å; 9, 1.332(7) and 1.318(8) Å)
are intermediate between those corresponding to single
and double C-N bonds (1.47 and 1.29 Å, respectively),58

suggesting that there is significant electron delocaliza-
tion in the CN2 moiety. The packing diagram of 7 (see
Figure 6) shows that linear chains form due to hydrogen
bonding between NH and NO2 groups of neighboring
molecules (N‚‚‚O, 3.449(6) Å, O‚‚‚H, 2.55(6) Å; N-H‚‚‚
O, 169(5)°). The chains are aligned parallel, with
alternating alkynyl and carbene ligands minimizing the
repulsion. A similar structural motif has been noted in
earlier work; the hydrogen bonding between a carbene
NH and a BF4

- anion in [{trans, trans,-p-MeC6H4-
NH)2C}2Au]BF4 has been reported.59 A weak Au‚‚‚O
interaction (3.624 Å) is also observed between chains.

IR Spectroscopy. The bands assignable to ν(CtC)
appear in the 2096-2122 cm-1 range. For the same R,
the energy of this band follows the sequence [Au(Ct
CC6H4R-4)(CNBut)] (2120-2122 cm-1) > [Au(CtCC6H4R-
4)(PPh3)] (2112-2116 cm-1)32 > [Au(CtCC6H4R-4)-
{C(NHBut)(NEt2)}] (2104-2108 cm-1) > [Au(CtCC6H4R-
4)2]- (2096-2102 cm-1). We have previously observed
similar trends in other alkynylgold(I) complexes.35 The
ButNC complexes 4-6 show the ν(CN) band in the
2224-2232 cm-1 region, intermediate between those in
the free ligand and in [AuCl(CNBut)] (2143 and 2252
cm-1, respectively), suggesting that the isocyanide
ligand acts preferentially as a σ-donor.60 Complexes with
carbene ligands (7-9) show the corresponding ν(NH)
bands in the 3339-3346 cm-1 range. They also show a
strong band in the 1530-1544 cm-1 region, assignable
to the asymmetric N,C,N stretching mode.50,59,61-63

Cubic Hyperpolarizabilities. Third-order nonlin-
earities of the new complexes 1a,b, 4-6, 8, 9, and the

(58) Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornell
University Press: Ithaca, NY, 1960; p 221.

(59) Banditelli, G.; Bonati, F.; Calogero, S.; Valle, G. J. Organomet.
Chem. 1984, 275, 153.

(60) Nakamoto, K. Infrared and Raman Spectra of Inorganic and
Coordination Compounds, 4th ed.; Wiley: New York, 1986; p 390.

(61) Zhang, S.-W.; Ishii, R.; Takahashi, S. Organometallics 1997,
16, 20.

(62) Usón, R.; Laguna, A.; Vicente, J.; Garcı́a, J.; Bergareche, B.;
Brun, P. Inorg. Chim. Acta 1978, 28, 237.

(63) Usón, R.; Laguna, A.; Vicente, J.; Garcı́a, J.; Bergareche, B. J.
Organomet. Chem. 1979, 173, 349.

Figure 3. Thermal ellipsoid plot of 7 (50% probability
levels) with the labeling scheme. Selected bond lengths (Å)
and angles (deg): Au-C(1) ) 1.999(5), Au-C(3) ) 2.044-
(5), C(1)-C(2) ) 1.193(6), N(1)-C(3) ) 1.340(6), N(1)-
C(6) ) 1.464(6), N(1)-C(4) ) 1.467(6), N(2)-C(3) ) 1.344-
(6), N(2)-C(8) ) 1.495(6), O(1)-N(3) ) 1.218(5), O(2)-
N(3) ) 1.225(5); C(1)-Au-C(3) ) 176.2(2), C(2)-C(1)-
Au ) 176.6(4), N(1)-C(3)-N(2) ) 116.7(4), N(1)-C(3)-
Au ) 119.5(3), N(2)-C(3)-Au ) 123.8(3), C(3)-N(1)-
C(6) ) 125.0(4), C(3)-N(1)-C(4) ) 120.4(4), C(6)-N(1)-
C(4) ) 114.6(4), C(3)-N(2)-C(8) ) 127.1(4), O(1)-N(3)-
O(2) ) 123.3(4).

Figure 4. Molecule of complex 9 in the crystal with the
labeling scheme. Radii are arbitrary. Selected bond lengths
(Å) and angles (deg): Au-C(1) ) 2.002(6), Au-C(3) )
2.052(6), C(1)-C(2) ) 1.179(8), C(10)-C(11) ) 1.315(8),
N(1)-C(3) ) 1.332(7), N(1)-C(18) ) 1.470(7), N(1)-
C(20) ) 1.481(8), N(2)-C(3) ) 1.318(8), N(2)-C(22) )
1.494(7), N(3)-O(2) ) 1.213(7), N(3)-O(1) ) 1.223(7);
C(1)-Au-C(3) ) 176.3(2), C(2)-C(1)-Au ) 174.8(6), N(2)-
C(3)-N(1) ) 116.6(5), N(2)-C(3)-Au ) 123.8(4), N(1)-
C(3)-Au ) 119.5(4), C(3)-N(1)-C(18) ) 124.9(5), C(3)-
N(1)-C(20) ) 121.7(5), C(18)-N(1)-C(20) ) 113.4(5),
C(3)-N(2)-C(22) ) 128.1(5), O(2)-N(3)-O(1) ) 123.8(6).

Figure 5. Packing diagram showing Au‚‚‚Au interactions
in complex 4.

Figure 6. Packing diagram showing O‚‚‚Au and hydrogen
bond interactions in 7.
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previously reported complexes 10-16 (see Scheme 1)
were evaluated by the Z-scan technique;64 the results
of these measurements, together with important linear
optical absorption data, are given in Table 2. Complexes
2b and 3 were insufficiently soluble to afford useful
data.

Inspection of tabulated data reveals that not all of
the real components of the hyperpolarizabilities are
positive, and some of the imaginary components are
significant. Comparison of magnitude and sign of real
and imaginary components of cubic nonlinearities with
those of related ruthenium9 and nickel12 alkynyl com-
plexes confirms that two-photon effects are reduced for
the present series of complexes, but it is likely that two-
photon states contribute to the observed responses;
comment on the effect of structural variation on refrac-
tive NLO merit is therefore cautious. An increase in γreal
is observed on introduction of the strongly electron-
withdrawing (and therefore polarizing) NO2 group
(proceeding from 10 to 11). π-System lengthening is a
well-established procedure to increase cubic NLO re-
sponse in organic compounds, and extending the aryl-
alkynyl π-bridge for the gold complexes (proceeding from
11 to 12-15) also leads to an increase in γreal. Modifica-
tion of bridge stereochemistry (replacing (Z)-CHdCH by
(E)-CHdCH linking unit in proceeding from 15 to 13)
leads to an enhancement of the real component of the
cubic nonlinearity. These three molecular modifications
directed at the organic alkyne residue also lead to an
increase in quadratic optical nonlinearity in these
complexes.32

Assessment of the effect on cubic nonlinearity of
counterion replacement (in proceeding from 1a to 1b)

or π-system lengthening through the metal (in proceed-
ing from 4 or 11 to 1a or 1b) is precluded by the
significant error margins. We can comment cautiously
on the effect of ligand replacement (being mindful that
errors associated with the isocyanide and carbene
complex data are significantly larger than those of the
phosphine-containing complexes). Replacing the co-
ligand ButNC by PPh3 (in proceeding from 5 and 6 to
12 and 13) results in a large increase in γreal, with no
significant variation in λmax or ε. The carbene analogues
8 and 9 have optical absorption maxima similar to those
of the isocyanide examples, but with significantly
weaker extinction coefficients; cubic nonlinearities of the
carbene complexes have similarly large error margins
to the isocyanide complexes, precluding further com-
ment. Data at a wavelength minimizing electronic
resonance enhancement are required for further com-
ment concerning the effect of structural modification on
nonlinear refractive merit.
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Table 2. Linear Optical and Cubic Nonlinear Optical Response Parameters for Alkynylgold(I) Complexesa

γ800 (10-36 esu)λ (nm)
[ε (104 M-1 cm-1)] real imaginary

PPN[Au(CtCC6H4NO2-4)2] (1a)b 376 [5.4] -800 ( 400 115 ( 50
NPr4[Au(CtCC6H4NO2-4)2] (1b)b 374 [3.1] 90 ( 150 190 ( 50
[Au(CtCC6H4NO2-4)(CNBut)] (4)b 332 [2.6] e 130 e 50
[Au(CtCC6H4-4-C6H4NO2-4)(CNBut)] (5)b 343 [3.1] 20 ( 100 70 ( 50
[Au(CtCC6H4-4-(E)-CHdCHC6H4NO2-4)(CNBut)] (6)b 381 [4.1] 390 ( 200 1050 ( 300
[Au(CtCC6H4-4-C6H4NO2-4){C(NHBut)(NEt2)}] (8)b 354 [0.4] 10 ( 100 160 ( 40
[Au(CtCC6H4-4-(E)-CHdCHC6H4NO2-4){C(NHBut)(NEt2)}] (9)b 389 [0.6] -200 ( 80 610 ( 200
[Au(CtCPh)(PPh3)] (10)c 296 [1.3] 39 ( 20
[Au(CtCC6H4NO2-4)(PPh3)] (11)c 338 [2.5] 120 ( 40 20 ( 50
[Au(CtCC6H4-4-C6H4NO2-4)(PPh3)] (12)c 350 [2.9] 540 ( 150 120 ( 50
[Au(CtCC6H4CtC-4-C6H4NO2-4)(PPh3)] (13)c 362 [3.6] 1300 ( 400 560 ( 150
[Au(CtCC6H4-4-(E)-CHdCHC6H4NO2-4)(PPh3)] (14)c 386 [3.8] 1200 ( 200 470 ( 150
[Au(CtCC6H4-4-(Z)-CHdCHC6H4NO2-4)(PPh3)] (15)c 362 [2.0] 420 ( 150 92 ( 30
[Au(CtCC6H4-4-(E)-NdCHC6H4NO2-4)(PPh3)] (16)c 392 [2.1] 130 ( 30 330 ( 60

a All complexes are optically transparent at 800 nm. b Measurements in CH2Cl2. c Measurements in thf.4
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