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Abstract: The reaction of tetrachloroauric acid (HAuCl4) with 2,2',2"-terpyridine (terpy) in aqueous solution provides a good 
yield of the potential metallointercalator [Au(terpy)Cl] Cl2-SH2O. Amber crystals of this product were found by single-crystal 
X-ray diffraction methods to contain the planar cation [Au(terpy)Cl]2+, weakly associated with axial chloride (Au-Cl = 3.05 
A) and water (Au-O = 3.02 A) ligands. These weak axial interactions are lacking in related Pt(II) and Pd(II) metallointercalation 
reagents, suggesting that the DNA binding properties of the new gold complex might be different. The Au-N bond lengths 
in [Au(terpy)Cl]2+ are inequivalent, with the Au-N distance trans to the chlorine atom being 0.09 A shorter than the equivalent 
distance of 2.03 A found for the two nitrogen atoms cis to chlorine. A secondary product of the reaction, which crystallizes 
under acidic conditions as purple-red needles, was found by X-ray diffraction to be the mixed-valence complex [Au(terpy)-
Cl]2[AuCl2]3[AuCl4]. This insoluble compound contains three linear [AuCl2]" anions, arranged in a spiral (Au-Au distance 
= 3.09 A), which link two [Au(terpy)Cl]2+ cations through axial sites [Au(III)-Au(I) distance = 3.30 A]. The remaining 
axial site of each [Au(terpy)Cl]2+ cation is occupied by a chlorine atom from a square-planar [AuCl4]" anion at a distance 
of 3.40 A. Each of the [AuCl4]" anions bridges two [Au(terpy)Cl]2+ cations resulting in a polymeric -Cl-Au(III)-Cl-
Au(III)-Au(I)-Au(I)-Au(I)-Au(III)-Cl-Au(III)-Cl-chain. 

Metallointercalation reagents such as [Pt(terpy)X]+, where 
terpy = 2,2',2"-terpyridine and X = Cl" or RS", have been used 
extensively to investigate the binding of intercalators to DNA and 
as probes for studying the structure of nucleic acids.1"10 Related 
planar, cationic platinum(II) complexes of 1,10-phenanthroline 
and 2,2'-bipyridine also bind to DNA by intercalation,11 and 
recently tris(o-phenanthroline)zinc(II) was found to exhibit en
antiomeric selectivity in its intercalative binding to DNA.12 Apart 
from platinum and palladium,13 metallointercalation reagents 
based on other square-planar, d8 transition-metal complexes have 
not been investigated. In this study we have examined the reaction 
between tetrachloroauric acid (HAuCl4) and terpyridine in order 
to prepare a potential gold metallointercalation reagent, [Au-
(terpy)Cl]2+. The chemistry of gold in aqueous solution is of 
current interest because of recently intensified research on gold-
containing antiarthritic and antineoplastic drugs.14"16 

The reactions of Au(III) amine complexes have been investi
gated in the course of important kinetic and mechanistic work 
that helped to elucidate ligand substitution processes in square-
planar transition-metal complexes.17"20 While the chemistry of 
Au(III) complexes containing tridentate amine ligands, such as 
diethylenetriamine (dien)18,19 or substituted diethylenetri-
amines,20'21 of the form [Au(triamine)X]2+ (where X = halide) 
is well established, the chemistry of the related [Au(terpy)X]2+ 

complexes has remained undeveloped. The aqueous chemistry 
of Au(III) complexes is typically complicated by pH-dependent 
hydrolysis reactions which often lead to reduction.14 Au(III) 
complexes that contain tridentate ligands such as dien, however, 
are quite stable in aqueous solutions. Since the tridentate ter
pyridine ligand is also likely to stabilize the Au(III) oxidation state, 
we chose to examine the chemistry of [Au(terpy)Cl]2+. Such a 
stable gold metallointercalation reagent would resemble [Pt-
(terpy)Cl]+ but, because of its different charge, would be expected 
to have different DNA binding properties. 

In this report we show that [Au(terpy)Cl]02-3H20 can be 
prepared in high yield from the reaction of HAuCl4 with ter
pyridine in water. We also report the structures of this complex 
and of a mixed-valence Au(I)-Au(III) compound obtained as a 
byproduct of the reaction. The mixed-valence complex is a novel 
salt composed of a chainlike assembly of [Au(terpy)Cl]2+, [Au-
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Cl2]", and [AuCl4]" units which crystallize out of solution in a 
2:3:1 ratio. The relationship between this and other Au(I) and 
Au(I I I ) compounds is also examined. 

Experimental Section and Results 

Preparation of Compounds. All gold complexes were prepared from 
HAuCl4-3HjO (Mallinckrodt) and 2,2',2"-terpyridine (Sigma Chemical 
Co.). Elemental analyses were performed by Galbraith Laboratories, 
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Table I. Experimental Details of the X-ray Diffraction Studies of 
[Au(terpy)Cl]C13H20 (1) and 
[Au(terpy)Cl] 2 [AuCl2 ] 3 [AuCl4 ] (2) 

Figure 1. ORTEP illustration of the structure of the divalent cation, 
[Au(terpy)Cl]2+ (1), showing the 40% probability thermal ellipsoids. For 
clarity the hydrogen atoms are depicted as spheres with B set to 1 A2. 
The hydrogen atom labels (not shown) are assigned according to the atom 
to which they are attached. 

Knoxville, TN, and Schwarzkopf Microanalytical Laboratory, Woodside, 
NY. Proton NMR spectra were obtained at 90 MHz by using a Bruker 
R-3 2 continuous-wave spectrometer. 

[Au(terpy)Cl]Cl2-3H20 (1). Several products were obtained from the 
reaction of HAuCl4 with terpyridine, depending upon the initial pH of 
the solution. The best yields of compound 1 were obtained in the pH 
range 3 S pH < 5, using the following method. A mixture of 0.97 g (2.5 
mmol) of HAuCl4OH2O and 0.633 g (2.7 mmol) of terpyridine was 
placed in 75 mL of water, and the pH of the solution was adjusted to 3.0 
with 1 N NaOH. The resulting mixture, a yellow-orange solution and 
a purple solid, was brought to reflux temperature and within 1.5 h the 
solid dissolved, producing a dark red solution. After being refluxed for 
24 h, the solution was filtered to remove small amounts of a purple solid 
and the filtrate was evaporated to dryness under reduced pressure. Re-
crystallization from water provided 1.16 g (2 mmol) of compound 1 (80% 
yield). The amber crystals of [Au(terpy)Cl]Cl2OH2O lose water upon 
standing in air. After the crystals were air-dried, the chemical analysis 
data best fit the formula [Au(terpy)Cl]Cl2-2.5H20. Anal. Calcd for 
A U C 1 5 H 1 6 N 3 C I 3 O 2 S : Au, 33.86; C, 30.97; H, 2.77; N, 7.22; Cl, 18.29. 
Found: Au, 33.9; C, 30.76; H, 2.78; N, 7.18; Cl, 18.63. 1H NMR (in 
D2O, shifts measured relative to HOD at S 4.75 vs. Me4Si and reported 
vs. Me4Si) 5 9.27 (d, H1, H15), 8.67 (m, H3-H13), 8.14 (m, H2, H14). The 
numbering scheme is given in Figure 1. 

The yield of compound 1 decreased when the initial pH of the reaction 
was adjusted outside of the range 3-5. With pH greater than 6, the 
product of the reaction was gold metal. When the pH of the solution was 
unadjusted (pH 1.9) or raised slightly (to pH 2.5), a number of insoluble 
tetrachloroaurate salts were obtained. Two of these products have been 
identified, [Au(terpy)Cl]2[AuCl2]3[AuCl4] and [Hterpy][H2terpy]-
[AuCl4]3, and their preparation is discussed below. 

[Au(terpy)Cl]2[AuCl2]3[AuCl4] (2). Dark purple needles of compound 
2 were obtained in small yields (15-20 mg) from the reaction used to 
prepare compound 1, as described above. This insoluble complex crys
tallized during the reflux step and was separated from the solution by 
filtration. Its composition was determined crystallographically (vide 
infra). Small amounts of this complex were also found to be intermixed 
with the [AuCl4]" salt of terpyridine when the initial pH of the solution 
was kept low (1.9 < pH < 3). 

[HterpyIH2terpy][AuCl4]3 (3). The tetrachloroaurate salt of proton-
ated terpyridine, 3, was obtained as the primary product from the reac
tion of HAuCl4 and terpyridine when the initial pH was adjusted between 
2 and 3. The detailed procedure is as follows. A mixture of 0.97 g (2.5 
mmol) of HAuCl4OH2O and 0.58 g (2.5 mmol) of terpyridine was sus
pended in 60 mL of water and heated to reflux for 24 h. The resulting 
red-amber solution was separated from a yellow insoluble precipitate by 

1 

(A) Crystal Parameters0 

a, A 
b, A 
c, A 
a, deg 
P, deg 
7, deg 
space group 
Z 
p(calcd), g cm'3 

p(obsd), g cm'3 

mol wt 
vol, A3 

8.4576(7) 
7.084(2) 
31.246(3) 
90 
94.748(7) 
90 
P2,/c 
4 
2.102 
2.10 (2)b 

590.6 
1865.6 

2 

at 23 0C 
9.703 (1) 
15.351(1) 
7.813(1) 
92.05 (1) 
106.58(1) 
107.102(9) 
P l 
1 
3.258 
3.24 (2)c 

2073.8 
1056.8 

(B) Measurement of Intensity Datad 

radiation Mo Ka 
( \ 5 = 0 . 7 1 0 7 3 A ) 

standards,6 measured 
every 1 h of X-ray 
exposure time 

no. of reflections 
collected (non 
space group 
extinguished) 

graphite monochromatized 

(3,2,7), (4,1,8), 
(3,4,10) 

4995 [3 < 2d 
< 55° (±h, 
+k,+l)] 

(4,6,0)^(1,7,3), 
(4,4,1) 

5521 [ 3 < 26 < 55° 
(±h,±k,+l)], [ 3 < 
2d < 20° (±h,±k-l)] 

(C) Treatment of Intensity Data'' 
M, cm"1 

transmission 
factor range 

average, ^ a v
d 

no. of reflections 
after averaging 

obsd unique data 
[F0 > MF0)] 

77.12 199.28 
0.21-0.38 0.21-0.51 

0.032 
4291 

3362 

0.021 
4806 

3274 

a From a least-squares fit of the setting angles of 25 reflections 
with 2fl > 30°. b By suspension in a mixture OfCHBr3 and 
CHCl3. c By suspension in an aqueous solution of thallous for
mate. d See ref 23 for further details. e Showed no decay. 
f F0 and a(F0) were corrected for background, attenuator, and 
Lorentz-polarization of X-radiation as described previously (see 
ref 23). 

filtration. The filtrate was rotoevaporated to dryness and washed with 
water, 2-propanol, and ether. The combined yield of the yellow insoluble 
salt was 0.69 g (52%). Anal. Calcd for Au3C30H25N6Cl12: C, 24.25; H, 
1.70; N, 5.66; Cl, 28.63. Found; C, 24.11; H, 1.67; N, 5.60; Cl, 28.63. 

Reaction of compound 3 with aqueous base produced [Au(terpy)-
Cl]Cl2OH2O (1) in good yield. A 110-mg sample of compound 3 was 
suspended in 10 mL of water and heated to 60 0C, after the pH was 
adjusted to 6.0 with 1 N NaOH. The yellow solid dissolved after 1 h, 
producing an orange-rose solution. The solution was cooled and filtered, 
and the filtrate was rotoevaporated to dryness. Recrystallization of this 
sample provided 70 mg of 1 (62%). 

Collection and Reduction of X-ray Data. [Au(terpy)Cl]Cl2 3H2O (1). 
An amber crystal of compound 1 was sealed in a capillary tube to avoid 
dehydration. The crystal was tabular in shape with dimensions of 0.23 
mm X 0.25 mm x 0.17 mm and was_bounded by the following faces: 
(100), (TOO), (001), (00I)1(OIl), (112). The quality of the crystal was 
examined by taking open counter a scans of several strong low-angle 
reflections and was found to be acceptable (Affi1/2 = 0.1°). The unit-cell 
parameters and intensity data were measured with a single-crystal dif-
fractometer as described in Table I. The space group was determined 
to be Pl1Ic (C2A, No. 14)22 from the systematic absences. Further details 
of the data collection and reduction are given in Table I and ref 23. 

[Au(terpy)Cl]2[AuCl2]3[AuCl4] (2). The purple crystal used in the 
diffraction study was a needle with dimensions of 0.32 mm X 0.08 mm 
X 0.03 mm and was bounded by the faces (100), (100), (010), (010), 
(001), (301). Several low-angle a> scans indicated the crystal to be 
acceptable for data collection (Aa 0.1°). The space group was 
determined to be either Pl (C], Nc. 2) or Pl (Cj, No. I).24 The former 

1/2 

(22) "International Tables for X-ray Crystallography", 3rd ed.; Kynoch 
Press: Birmingham, England, 1973; Vol. I, p 99. 

(23) Silverman, L. D.; Dewan, J. C; Giandomenico, C. M.; Lippard, S. 
J. Inorg. Chem. 1980, 19, 3379. 
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Table II. Final Positional Parameters for 
[Au(terpy)Cl]Clj-3H20(l)a 

AuI 
CU 
C12 
C13 
SI 
M2 
N3 
C! 
Hl 
C2 
K2 
C3 
H3 
C4 
K4 
C5 
C6 
07 
H 7 
03 
HS 
C9 
H9 
CIO 
011 
012 
H12 
013 
H13 
014 
K14 
015 
H15 
01 
02 
03 

0 . 2 3 7 6 6 ( 3 ) 
0 . 2 1 1 3 ( 3 ) 
0 . 4 3 2 1 ( 3 ) 

- 0 . 0 5 9 1 ( 3 ) 
0 . 5 0 5 2 ( 7 ) 
0 . 3 4 7 4 ( 7 ) 
0 . 0 3 9 8 ( 7 ) 
0 . 5 7 5 2 ( 1 0 ) 
0 . 5 2 1 9 ( 1 0 ) 
0 . 7 2 3 5 ( 1 1 ) 
0 . 7 7 3 1 ( 1 1 ) 
0 . 8 0 0 9 ( 1 1 ) 
0 .9038 (1 1 ) 
0 . 7 2 3 8 ( 1 0 ) 
0 . 7 3 1 3 ( 1 0 ) 
0 . 5 7 7 2 ( 9 ) 
0 . 4 3 8 6 ( 8 ) 
0 . 5 3 0 6 ( 1 0 ) 
0 . 6 2 9 9 ( 1 0 ) 
0 . 4 2 4 8 ( 1 1 ) 
0 . 4 5 1 1 ( 1 1 ) 
0 . 2 3 2 0 ( 1 1 ) 
0 . 2 1 0 2 ( 1 1 ) 
0 . 2 4 3 9 ( 9 ) 
0 . 0 9 9 1 ( 9 ) 

- 0 . 0 2 3 7 ( 1 0 ) 
- 0 . 0 1 6 8 ( 1 0 ) 
- 0 . 1 5 6 4 ( 1 1 ) 

- 0 . 2 4 3 0 ( 1 ' ) 
- 0 . 1 6 3 6 ( 1 0 ) 
- 0 . 2 5 3 8 ( 1 0 ) 
- 0 . 0 3 7 4 ( 9 ) 
- 0 . 0 4 1 7 ( 9 ) 

0 . 1 2 2 7 ( 8 ) 
0 . 4 9 1 1 ( 3 ) 
0 . 2 2 3 1 ( 9 ) 

0 . 3 6 2 8 4 ( 4 ) 
0 . 3 7 0 4 ( 4 ) 
0 . 7 5 4 9 ( 3 ) 
1 .0733(4 ) 
0 . 2 4 5 0 ( 9 ) 
0 . 3 4 3 4 ( 8 ) 
0 . 4 7 3 4 ( 9 ) 

0 . 2 0 3 7 ( 1 3 ) 
0 . 2 2 9 1 ( 1 3 ) 
0 . 1 2 5 0 ( 1 3 ) 
0 . 0 9 6 4 ( 1 3 ) 
0 . 0 3 7 1 ( 1 4 ) 
0 . 0 3 2 5 ( 1 4 ) 
0 . 1 2 3 5 ( 1 1 ) 
0 . 1 0 3 1 ( 1 1 ! 
0 . 2 0 6 6 ( 1 2 ) 

0 .2640(11 ) 
0 . 2 4 2 5 ( 1 3 ) 
0 . 1 8 9 1 ( 1 3 ) 
0 . 3 0 0 5 ( 1 6 ) 
0 . 2 8 4 7 ( 1 6 ) 
0 . 3 8 0 9 ( 1 2 ) 
0 . 4 2 0 1 ( 1 2 ) 
0 . 4 0 4 0 ( 1 0 ) 
0 . 4 8 1 5 ( 1 1 ) 
0 . 5 6 2 8 ( 1 3 ) 
0 . 5 7 4 5 ( 1 3 ) 
0 . 6 2 7 0 ( 1 2 ) 
0 . 6 7 8 1 ( 1 2 ) 
0 . 6 1 7 5 ( 1 2 ) 
0 . 6 6 4 1 ( 1 2 ) 
0 . 5 3 8 7 ( 1 1 ) 
0 . 5 3 1 3 ( 1 1 ) 

- 0 . 0 0 2 5 ( 1 2 ) 
0 . 7 8 4 6 ( 1 4 ) 
0 . 3 6 5 5 ( 1 2 ) 

0 . 423500 (10 ) 
0 . 4 9 1 3 8 ( 8 ) 
0 . 4 1 6 6 0 ( 7 ) 
0 . 3 0 2 9 8 ( 8 ) 
0 . 4 3 6 1 ( 2 ) 
0 . 3 6 5 5 ( 2 ) 
0 . 3 9 2 7 ( 2 ) 
0 . 4 7 4 6 ( 3 ) 
0 . 4 9 9 6 ( 3 ) 
0 . 4 7 3 6 ( 3 ) 
0 . 5 0 6 3 ( 3 ) 
0 . 4 4 2 3 ( 4 } 
0 . 4 4 4 8 ( 4 ) 
0 . 4 0 2 3 ( 3 ) 
0 . 3 7 7 7 ( 3 ) 
0 . 3 9 9 4 ( 3 ) 
0 . 3 5 8 8 ( 3 ) 
0 . 3 1 7 4 ( 3 ) 
0 . 3 1 1 9 ( 3 ) 
0 . 2 3 4 2 ( 3 ) 
0 . 2 5 5 5 ( 3 ) 
0 . 2 9 1 8 ( 3 ) 
0 . 2 6 3 4 ( 3 ) 
0 . 3 3 3 3 ( 3 ) 
0 . 3 4 9 4 ( 3 ) 
0 . 3 2 3 9 ( 4 ) 
0 . 2 9 3 8 ( 4 ) 
0 . 3 4 2 4 ( 4 ) 
0 . 3 2 4 3 ( 4 ) 
0 . 3 8 5 3 ( 4 ) 
0 . 3 9 8 1 ( 4 ) 
0 . 4 1 0 6 ( 3 ) 
0 . 4 4 0 9 ( 3 ) 
0 . 3 9 7 2 ( 3 ) 
0 . 3 1 9 6 ( 3 ) 
0 . 2 6 4 5 ( 3 ) 

a Atoms are labeled as shown in Figure 1. The hydrogen atoms 
of the terpyridine ring are labeled according to carbon atoms to 
which they are attached. 

choice, suggested on the basis of statistical tests,25 was confirmed by the 
successful solution and refinement of the structure. Further details of 
the data collection and reduction are presented in Table I. 

Structure Solution and Refinement 

[Au(terpy)Cl]CI2-3H20 (1). The structure solved by standard Pat
terson and Fourier methods and refined26 by using anisotropic thermal 
parameters for all non-hydrogen atoms and a set of common isotropic 
thermal parameters for all hydrogen atoms. Neutral atom scattering 
factors and anomalous dispersion corrections for non-hydrogen atoms 
were obtained from ref 27, and hydrogen atom scattering factors were 
taken from ref 28. The positions of all terpyridine ring hydrogen atoms 
were placed at calculated positions, d(C-H) = 0.95 A, and constrained 
to "ride" on the carbon atoms to which they are attached.24 The hy
drogen atoms attached to the water molecules of hydration were not 
located. 

Full-matrix least-squares refinement of the structure using 227 pa
rameters converged at R1 = 0.044 and R2 = 0.058.29 The function 
minimized during the refinement was 2w(|F0| - \FC\)2, where w = 
1.4465/[<T2(F0) + 0.000625(F0)2]. The maximum parameter shift per 
esd in the final cycle of refinement was 0.1, and the largest peaks in the 
final difference Fourier map were less than 1.0 e A"3, and these peaks 
were in the vicinity (< 1.1 A) of the Au atom. The average wA2 values 
for groups of data sectioned according to parity group, (sin 0)/X, |F0|, \h\, 
\k\, or |/|, showed good consistency, and the weighting scheme was con
sidered to be acceptable. 

The final atomic positional parameters, together with their estimated 
standard deviations, are reported in Table II. The interatomic distances 
and angles with estimated standard deviations are presented in Table IV. 
A complete listing of atomic positional and thermal parameters for 
compound 1 (Table Sl) and a complete listing of observed and calculated 

(24) Reference 22, pp 74, 75. 
(25) Germain, G.; Main, P.; Woolfson, M. M. Acta Crystallogr., Sect. A 

1971, A27, 368. 
(26) All calculations were performed on a DEC VAX-11/780 computer 

using SHELX-76: Sheldrick, G. M. In "Computing in Crystallography"; 
Schenk, H., Olthof-Hazekamp, R., van Koningsveld, H., Bassi, G. C, Eds; 
Delft University Press: Delft, The Netherlands 1978; pp 34-42. 

(27) "International Tables for X-ray Crystallography"; Kynoch Press: 
Birmingham, England, 1974; Vol. IV, pp 99, 149. 

(28) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 1965, 
42, 3175. 

(29) R, = EIIFJ - WJIWLWOY, R2 = [£w(|F„| - \Fci)
2/L»W<,\2]l<2. 

Figure 2. ORTEP illustration of the structure of the mixed-valent complex 
[Au(terpy)Cl]2[AuCl2]3[AuCl4] (2), showing the extended chainlike 
relationship between the AuCl4", AuCl2", and [Au(terpy)Cl]2+ units. The 
long contacts (>3.0 A) between the Au(I) and Au(III) units are indi
cated with light lines. The crystallographically unique portion of the 
structure is comprised by the unprimed atoms shown in the figure. The 
gold atoms AuI and Au4 lie on crystallographic inversion centers, and 
all primed atoms are related to the unprimed atoms through inversion 
symmetry. The labels of the carbon and hydrogen atoms of the [Au-
(terpy)Cl]2+ cation (not shown) are assigned as described in compound 
1 (see Figure 1). All non-hydrogen atoms are shown with 40% proba
bility thermal ellipsoids, and hydrogen atoms are depicted as spheres with 
B set to 1 A2. 

structure factors (Table S3) are available as supplementary material. 
Figure 1 shows the structure and atom labeling scheme of the [Au(ter-
Py)Cl]2+ cation. 

[Au(terpy)Cl]2[AuCI2]3[AuCl4] (2). The positions of the four inde
pendent Au atoms in the unit cell were located using MULTAN.25 TWO 
of the Au atoms (AuI and Au4) lie on crystallographic inversion centers. 
As a consequence, the unique portion of the structure is half of that given 
above, [Au(terpy)Cl] [AuCl2] 15[AuCl4]0.5. A difference Fourier map, 
phased on the Au atoms, provided the positions of all non-hydrogen 
atoms. The structure was refined as described above with anisotropic 
thermal parameters for all non-hydrogen atoms and the hydrogen atoms 
were refined with constraints using a set of common isotropic thermal 
parameters for all hydrogen atoms of the terpyridine ring. 

Full-matrix least-squares refinement of the structure using 248 pa
rameters converged at R1 = 0.032 and R2 = 0.039.29 The weighting 
function used in the refinement was w = 1.0119/[a2(Fo) + 0.000625-
(F0)2], and the maximum parameter shift in the final cycle of refinement 
was O.OOlcr. The only residual peaks of significant height (<1.7 e A"3) 
that were observed in the final difference Fourier map were near the Au 
atoms (<1.1 A). The wA2 values for groups of data, sectioned as above, 
showed good consistency, and the weighting scheme was found to be 
acceptable. 

The final atomic positional parameters with their estimated standard 
deviations are reported in Table III. The interatomic distances with 
estimated standard deviations are presented in Table V. A complete 
listing of atomic positional and thermal parameters for compound 2 



4296 / . Am. Chem. Soc, Vol. 105, No. 13, 1983 Hollis and Lippard 

Table III. Final Positional Parameters for 
[Au(terpy)Cl]2 [AuCl2 ]3 [AuCl4] (2)a 

ATOM X It Z 

AuI 
Au2 
Au3 
Au4 
012 
014 
c m 
Ct 1 2 
0131 
0132 
HI 
H2 
»3 
01 
H1 
02 
H2 
C3 
H3 
04 
H4 
05 
06 
07 
H7 
08 
H8 
09 
H9 
010 
C11 
012 
H12 
013 
H13 
014 
H14 
015 
H15 

0 . 0 0 0 0 
0 . 7 2 1 5 4 ( 4 ) 
0 . 5 5 4 3 6 ( 6 ) 
0 .5000 
0 . 5 7 1 6 ( 3 ) 
0 . 4 4 2 4 ( 4 ) 
0 . 0 0 0 4 ( 4 ) 

- 0 . 1 8 3 8 ( 4 ) 
0 . 8 0 0 6 ( 4 ) 
0 . 3 1 1 9 ( 4 ) 
0 . 5 7 4 9 ( 9 ) 
0 . 8 5 3 2 ( 9 ) 
0 . 9 1 1 4 ( 9 ) 
0 . 4 3 0 8 ( 1 1 ) 
0 . 3 8 6 8 ( 1 1 ) 
0 . 3 4 8 4 ( 1 4 ) 
0 . 2 4 8 1 ( 1 4 ) 
0 . 4 1 2 6 ( 1 5 ) 
0 . 3 5 4 9 ( 1 5 ) 
0 . 5 5 4 6 ( 1 4 ) 
0 . 5 9 6 4 ( 1 4 ) 
0 . 6 3 6 8 ( 1 2 ) 
0 . 7 9 5 1 ( 1 2 ) 
0 . 8 8 8 7 ( 1 5 ) 
0 . 8 5 3 1 ( 1 5 ) 
1 . 0 3 4 6 ( 1 5 ) 
1 . 0 9 8 4 ( 1 5 ) 
1 . 0 9 1 1 ( 1 3 ) 
1 . 1 9 2 1 ( 1 3 ) 
0 . 9 9 4 8 ( 1 2 ) 
1 . 0 2 9 3 ( 1 1 ) 
1 . 1 6 7 1 ( 1 2 ) 
1 . 2 4 8 2 ( 1 2 ) 
1 . 1 8 2 9 ( 1 3 ) 
1 . 2 7 6 4 ( 1 3 ) 
1 . 0 6 6 9 ( 1 3 ) 
1 . 0 8 0 0 ( 1 3 ) 
0 . 9 3 0 0 ( 1 2 ) 
0 . 8 4 7 5 ( 1 2 ) 

0 . 0 0 0 0 
0 . 1 9 4 2 0 ( 3 ) 
0 . 3 4 5 8 2 ( 3 ) 
0 . 5 0 0 0 
0 . 0 8 6 5 2 ( 1 9 ) 
0 . 5 5 5 3 ( 2 ) 
0 . 0 3 8 8 ( 3 ) 
0 . 0 6 4 5 ( 2 ) 
0 . 4 3 1 6 ( 2 ) 
0 . 2 4 9 5 ( 3 ) 
0 . 1 8 2 1 ( 6 ) 
0 . 2 8 4 7 ( 5 ) 
0 . 2 3 1 1 ( 6 ) 
0 . 1 2 4 3 ( 3 ) 
0 . 0 8 7 3 ( 8 ) 
0 . 1 1 9 5 ( 9 ) 
0 . 0 7 7 9 ( 9 ) 
0 . 1 7 5 7 ( 1 0 ) 
0 . 1 7 1 0 ( 1 0 ) 
0 . 2 3 6 6 ( 9 ) 
0 . 2 7 6 0 ( 9 ) 
0 . 2 3 8 1 ( 7 ) 
0 . 2 9 9 3 ( 7 ) 
0 . 3 6 2 4 ( 9 ) 
0 . 3 7 4 6 ( 9 ) 
0 . 4 0 9 2 ( 8 ) 
0 . 4 5 3 9 ( 8 ) 
0 . 3 9 3 1 ( 8 ) 
0 . 4 2 5 1 ( 8 ) 
0 . 3 2 8 3 ( 7 ) 
0 . 2 9 7 9 ( 7 ) 
0 . 3 3 2 0 ( 8 ) 
0 . 3 7 9 7 ( 8 ) 
0 . 2 9 6 5 ( 9 ) 
0 . 3 1 9 8 ( 9 ) 
0 . 2 2 8 1 ( 9 ) 
0 . 2 0 2 4 ( 9 ) 
0 . 1 9 4 9 ( 8 ) 
0 . 1 4 7 9 ( 8 ) 

0 . 0 0 0 0 
0 . 1 6 5 3 7 ( 5 ) 
0 . 2 2 8 5 6 ( 6 ) 
0 . 0 0 0 0 

i 0 . 2 8 0 7 ( 4 ) 
0 . 2 3 5 7 ( 6 ) 

- 0 . 7 1 6 5 ( 4 ) 
- 0 . 1 1 6 2 ( 5 ) 

0 . 3 6 3 9 ( 5 ) 
0 . 1 1 4 0 ( 4 ) 

- 0 . 0 8 5 1 ( 1 1 ) 
0 . 0 6 5 8 ( 1 1 ) 
0 . 3 8 0 4 ( 1 2 ) 

- 0 . 1 4 9 4 ( 1 6 ) 
- 0 . 0 7 1 8 ( 1 6 ) 
- 0 . 3 2 6 1 ( 1 6 ) 
- 0 . 3 7 1 6 ( 1 6 ) 
- 0 . 4 3 5 7 ( 1 7 ) 
- 0 . 5 5 8 4 ( 1 7 ) 
- 0 . 3 7 3 6 ( 1 5 ) 
- 0 . 4 4 9 6 ( 1 5 ) 
- 0 . 1 9 4 8 ( 1 4 ) 
- 0 . 1 0 7 2 ( 1 4 ) 
- 0 . 1 7 7 0 ( 1 8 ) 
- 0 . 2 9 7 3 ( 1 8 ) 
- 0 . 0 7 1 3 ( 2 0 ) 
- 0 . 1 1 9 9 ( 2 0 ) 

0 . 1 0 4 9 ( 1 8 ) 
0 . 1 7 7 3 ( 1 6 ) 
0 . 1 7 1 8 ( 1 6 ) 
0 . 3 5 0 2 ( 1 4 ) 
0 . 4 8 9 1 ( 1 8 ) 
0 . 4 7 1 5 ( 1 8 ) 
0 . 6 4 7 2 ( 1 7 ) 
0 . 7 4 1 5 ( 1 7 ) 
0 . 6 7 4 8 ( 1 7 ) 
0 . 7 8 4 8 ( 1 7 ) 
0 . 5 3 6 2 ( 1 5 ) 
0 . 5 5 2 3 ( 1 5 ) 

a Atoms are labeled as shown in Figure 2. The atom labels of 
the carbon and hydrogen atoms of the terpyridine ligand are 
numbered as shown in compound 1. 

Figure 3. ORTEP illustration of the [Au(terpy)Cl]2+ cation in 1 showing 
the axial ligand contacts to C12 and water molecule 01. The carbon and 
hydrogen atom labels are omitted for clarity (see Figure 1 caption). 

(Table S2) and a listing of final observed and calculated structure factors 
(Table S4) are available as supplementary material. Figure 2 shows the 
coordination geometry and atom labeling scheme for compound 2. 

Discussion 
Description of the Structures. [Au(terpy)Cl]Cl2-3H20 (1). 

ORTEP illustrations of the [Au(terpy)Cl]2+ cation are shown in 
Figures 1 and 3. The coordination geometry of the gold atom 
is distorted slightly from that found in normal square-planar 
Au(III) complexes. While the [Au(terpy)Cl]2+ cation is planar 
(the root-mean-square deviation of the 17 non-hydrogen atoms 
from the plane is 0.033 A), the bond angles between the adjacent 
donor atoms in the plane deviate significantly from 90° (Table 
IV). The Au-N bond lengths within the cation are also in-
equivalent, with the Au-N distance trans to CIl being 0.09 A 
(9<r)30 shorter than the Au-N distances found for the two nitrogen 
atoms cis to CIl. A similar distorted square-planar geometry, 

(30) The esd is calculated using a = (o\ + ai)l/2, where O1 and <r2 are the 
errors in the bond lengths or angles being compared. 

Table IV. Interatomic Distances (A) and Angles (deg) for 
[Au(terpy)Cl]Ci2-3H2O(I)0 

Coordination Sphere 
Au-Nl 

Au-»2 
AU-N3 

N1-AU-B2 
N2-AU-N3 
NI-Au-CH 
N2-AU-C11 
N3-AU-C11 
N1-AU-N3 
N1-Au-01 
N2-AU-01 

2.029(6) 

1.931(7) 
2.018(6) 

81.4(3) 
81.4(3) 
98.7(2) 

176.9(2) 
98.5(2) 

162.7(3) 
95-2(2) 
80 .4(2) 

Au-Cl! 

AU-C12 
Au-01 

N3-AU-01 
011-Au-01 
N1-AU-C12 
N2-AU-012 
N3-AU-C12 
C1-AU-C12 
01-AU-C12 

2.269(2) 

3-049(2) 
3.022(8) 

81.3(2) 
96.5(2) 
91.5(2) 
82 .0(2) 
86 .2(2) 

101.0(1) 
160.0(2) 

Ligand Geometry 

N1 -C l 

N1-C5 
N2-C6 
N2-C10 
N3-C11 
S3-C15 
C1-C2 
C2-C3 
C3-C4 
C4-C5 

A u - N l - C l 
AU-N1-C5 
C1-S1-C5 
N1-C1-C2 
N1-C5-C4 
N1-C5-C6 
Au-82-06 
AU-N2-C10 
C6-N2-C10 
N2-C6-C5 
N2-C6-C7 
N2-C10-C9 
N2-C10-C11 
AU-N3-C11 
AU-N3-C15 
C11-N3-C15 

1 .329(11) 
1 .367(10) 

1 .351(9 ) 
1 .345(10) 
1 .362 (11 ) 
1 .336 (9 ) 
1 .369(12) 
1 .384(15) 
1 .361(15) 
1 .398 (11 ) 

1 2 6 . 5 ( 6 ) 
1 1 2 . 0 ( 5 ) 
1 2 1 . 5 ( 7 ) 
1 2 0 . 6 ( 9 ) 
1 1 8 . 8 ( 8 ) 

1 1 6 . 2 ( 7 ) 
1 1 8 . 3 ( 5 ) 
1 1 3 . 2 ( 5 ) 
1 2 3 . 4 ( 7 ) 
1 1 2 . 0 ( 7 ) 
1 1 9 . 1 ( 7 ) 
1 1 8 . 5 ( 7 ) 
1 1 2 . 0 ( 7 ) 
1 1 2 . 1 ( 5 ) 
1 2 6 . 8 ( 6 ) 
1 2 1 . 1 ( 7 ) 

C5-C6 

C6-07 
C7-C8 
C8-C9 
C9-C10 
C10-C1 1 
C11-C12 
C12-C13 
013-014 
C14-C15 

N3-C11-C10 
N3-C11-C12 
N3-C15-C14 
C1-C2-C3 
C2-C3-C4 
C3-C4-C5 
C4-C5-C6 
C5-C6-C7 
C6-07-C8 
C7-C8-C9 
C8-C9-C10 
C9-C10-011 
C10-C11-C12 
C l1-C12-C13 
C12-013-C14 
013-014-015 

1.471(11 ) 
1 .380(11) 

1 -374(13) 
1 .374 (13 ) 
1 .373 (11 ) 
1 .469 (10 ) 
1 .381 (12 ) 

1 .381 (13 ) 
1 .350 (15 ) 
1 .392 (13 ) 

1 1 6 . 3 ( 7 ) 
1 1 9 . 2 ( 7 ) 
1 2 0 . 4 ( 9 ) 
1 1 9 - 7 ( 9 ) 
1 1 9 . 7 ( 9 ) 
1 1 9 . 7 ( 9 ) 
1 2 4 . 9 ( 8 ) 
1 2 8 . 8 ( 7 ) 
1 1 8 . 2 ( 8 ) 
1 2 1 . 4 ( 9 ) 
1 1 9 . 4 ( 8 ) 
1 2 9 . 5 ( 8 ) 
1 2 4 . 5 ( 8 ) 
1 1 9 . 6 ( 1 0 ) 
1 2 0 . 2 ( 9 ) 
1 1 9 . 3 ( 8 ) 

Poss ib le Hydrogen Bonds 

01-C12' = 3-147(8) 02-012 - 3.120(9) 
01-013 - 3-251(9) 03-C13 • 3.128(9) 
02-03 - 2 . 7 9 ( 0 03-M3 - 3.189(9) 

0 See Figure 1 for atom labeling scheme. Bond distances have 
not been corrected for thermal motion. 

which is a result of the steric requirements of the terpyridine 
ligand, also occurs in the related terpyridine complexes of pal
ladium^) and platinum(II), [Pd(terpy)Cl]Cl-2H20,31 [Pt(ter-
Py)(SC2H4OH)](NO3),

3 and [Pt(terpy)Cl]2[PtCl4].
32 The Au-N 

bond lengths in compound 1 are comparable to the Au-N distances 
(1.97-2.14 A) found in other four-coordinate Au(III) amine 
complexes, such as [Au(dien)Cl]2+19 and [Au(en)(S03)2]~;33 the 
Au-CIl bond distance [2.269 (2) A] is within the 2.26-2.42 A 
range normally found for Au-Cl bonds in Au(III) complexes.19,34 

The geometry of the terpyridine ligand is also normal.3 As shown 
in Figure 3, space above and below the planar cation is occupied 
by a chloride anion (C12) and a water molecule of hydration (01). 
Although the Au-C12 and Au-Ol distances of 3.049 (2) and 3.022 
(8) A, respectively, are longer than normal Au-Cl (~2.27 A)19,34 

and Au-O (~2.04 A)35 bond lengths, they are much shorter than 
the usual nonbonded contacts between these atoms (4.0 A for 
Au-Cl and 3.6 A for Au-O).19 A similar situation occurs in the 
structure of [Au(dien)Cl](Cl)(ClO4),19 in which the planar 
[Au(dien)Cl]2+ cation has an axial chloride anion [d{Au-Cl) = 
3.05 A] and an axial oxygen atom from the ClO4" group [d(Au-O) 
= 3.10 A]. 

A stereoview of the unit-cell packing of compound 1 is shown 
in Figure 4. The cations in the unit cell are oriented in the lattice 
with their planes oriented roughly parallel (±24°) to the (010) 

(31) Intille, G. M.; Pfluger, C. E.; Baker, W. A., Jr. J. Cryst. MoI. Struct. 
1973, 3, 47. 

(32) Intille, G. M. Ph.D. Dissertation, Syracuse University, Syracuse, NY, 
1967. 

(33) Dunand, A.; Gerdil, R. Acta Crystallogr., Sect. B 1975, B31, 370. 
(34) Robinson, W. T.; Sinn, E. J. Chem. Soc, Dalton Trans. 1975, 726. 
(35) Jones, P. G.; Rumpel, H.; Schwarzmann, E.; Sheldrick, G. M.; Paulus; 

H. Acta Crystallogr., Sect. B 1979, B35, 1435. 
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Figure 4. Stereoview of the unit-cell packing diagram for [Au(terpy)Cl]Cl2 

Table V. Interatomic Distances (A) and Angles (deg) for 
[ Au(terpy)Cl] a [AuCl2 ] 3 [AuCl4 ] (2)" 

Coordination Spheres 

AuI-ClH 
Au1-Ci12 
Au2-N1 
Au2-N2 
Au2-N3 
Au2-Cl2 

0111-AaI-Cl 12 
Otl l -Aul-0112 ' 
Au1-0I12-Au2 

N2-AU2-N3 
N1-Au2-Cl2 
N2-Au2-Cl2 
N3-Au2-Cl2 
NI-AU2-N3 
N1-AU2-CI12 
K2-Au2-CJ12 
N3-Au2-Ct12 
Cl-Au2-Cl12 

2.271(3) 
2.272(3) 
2.030(8) 
1 .941(8) 
2.022(9) 
2.259(3) 

90.5(1) 
39-5(1) 

119-4(1) 
81.4(4) 
81.3(4) 
99.0(3) 

178.6(2) 
98.3(3) 

162.6(4) 
72.7(3) 
76.4(3) 

101.1(3) 
102.4(1) 

AU2-C112 
Au2-Au3 
Au3-C«31 
Au3-Cl32 
Au3-Au4 
Au4-CH 

N1-Au2-Au3 
N2-Au2-Au3 
N3-Au2-Au3 
C12-Au2-Au3 
Ct12-Au2-Au3 
Cl31-Au3-"32 
Ct31-Au3-Au2 
Cl32-Au3-Au2 
Ct31-Au3-Au4 
Cl32-Au3-Au4 
Au2-Au3-Au4 
Ct4-Au4-Au3 

3.401(4) 
3-2997(8) 
2.273(3) 
2.276(4) 
3-0932(5) 
2.276(4) 

79.2(3) 
89.4(3) 

102.7(3) 
91.99(9) 

150.01(6) 
174.0(1) 
80.4(1) 
96.6(1) 
90.93(9) 
94.9(1) 

128.31(2) 
8 5 - 3 ( 0 

Ligand Geometry 

N l - C l 
N1-C5 
K2-C6 
N2-C10 
»3-011 
N3-C15 
C1-C2 

C2-C3 
C3-C4 
C4-C5 

AU2-N1-C1 
AU2-N1-C5 
C1-M1-C5 
N1-C1-C2 
N1-C5-C4 
N1-C5-C6 
Au2-N2-C6 
AU2-N2-C10 
C6-H2-010 

N2-C6-C5 
N2-C6-C7 
S2-C10-C9 
N2-C10-C11 
AU2-N3-C11 
Au2-N3-C15 
011-N3-C15 

1-353(13) 
1-370(13) 
1-363(12) 
1-388(12) 
1-378(13) 
1-343(14) 
1 -370(15) 
1 .381(18) 
1 .356(17) 
1-392(14) 

1 2 6 . 6 ( 8 ) 
1 1 3 . 2 ( 7 ) 
120 .1 (9 ) 
120 .0 (12 ) 
121 .2 (10 ) 
1 1 4 . 8 ( 9 ) 
117 .7 (7 ) 
1 1 7 . 7 ( 7 ) 
124 .5 (9 ) 

1 1 2 . 7 ( 9 ) 
117 .4 (11 ) 
1 1 9 . 1 ( 1 1 ) 
113 -4 (9 ) 
1 1 2 . 5 ( 7 ) 
126 .5 (8 ) 
1 2 1 . 0 ( 9 ) 

C5-C6 
C6-C7 
C7-C8 
C8-C9 
C9-C10 
C10-C11 
C11-C12 

C12-C13 
C13-C14 
C14-C15 

113-011-010 
N3-C11-C12 
N3-C15-C14 
C1-02-C3 
C2-C3-C4 
C3-C4-C5 
C4-C5-C6 
C5-C6-C7 
C6-C7-C8 

C7-C8-C9 
08-C9-C10 
C9-C10-C11 
010-011-012 
011-C12-C13 
012-013-014 
C13-C14-C15 

1 .488(15) 
1 .365(15) 
1 .376(17) 
1 .389(19) 
1 .380(15) 
1 .464(15) 
1 . 400 (14 ) 
1 .355(16) 
1 .370(18) 
1 .392(15) 

115 .1 (9 ) 
118 .9 (11 ) 
1 2 0 . 5 ( 1 1 ) 
119 .4 (12 ) 
1 2 2 . 0 ( 1 2 ) 
117 .3 (12 ) 
123 .9 (10 ) 
123 .7 (10 ) 
119 .6 (12 ) 

121 .9 (12 ) 
117 -5 (12 ) 
1 2 7 . 5 ( 1 1 ) 
1 2 6 . 0 ( 1 0 ) 

119 .4 (11 ) 
121.5(11 ) 
1 1 8 . 7 ( 1 2 ) 

a See Figure 2 for the atom labeling scheme. Bond distances 
have not been corrected for thermal motion. 
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-3H2O (1). The long axial contacts to C12 and Ol are shown as solid lines. 

plane. The chlorine anion (C13) and the water molecules of 
hydration (02 and 03) are packed in channels between the planar 
cations. A listing of the possible hydrogen bonds is given in Table 
IV. The axial water molecule Ol has short contacts to the chloride 
anion C13 and to the axial chlorine atom (C12) of an adjacent 
cation (see the bottom pair of cations in Figure 4). The two water 
molecules of hydration also appear to be hydrogen bonded to one 
another [^(02-03) = 2.79 (1) A]. These water molecules also 
have additional short contacts to the axial chlorine atom (02-C12) 
and to the lattice chloride anion (03-C13). 

[Au(ICrPy)Q]2[AUa2MAuCl4] (2). This mixed-valent compound 
crystallizes such that two of the four crystallographically inde
pendent gold atoms (AuI and Au4) lie on inversion centers (Figure 
2). Three [AuCl2]" anions, arranged in a spiral, bridge two 
[Au(terpy)Cl]2+ cations through long axial contacts. The distance 
between the Au3 atom in the linear [AuCl2]" anion, and the axial 
site of the Au2 atom in the [Au(terpy)Cl]2+ cation is 3.300 (1) 
A. The other axial position of the [Au(terpy)Cl]2+ cation is 
occupied by chlorine atom C112 of the [AuCl4]- anion at distance 
of 3.401 (4) A. An infinite chain of gold containing anions and 
cations is thereby generated (Figure 2). 

With the exception of the axial site contacts, the geometry of 
the [Au(terpy)Cl]2+ cation is nearly identical with that found in 
the structure of compound 1. The [Au(terpy)Cl]2+ cation in 
compound 2 is planar (the root-mean-square deviation of all 
non-hydrogen atoms from the plane is 0.046 A), and the Au2 atom 
is displaced slightly (0.098 A) from the plane toward Au3. 

The square-planar geometry of the [AuCl4]" anion and the 
linear geometry of the [AuCl2]" anions in compound 2 are typical 
for complexes of Au(III) and Au(I), respectively. The Au-Cl 
bond lengths and the Cl-Au-Cl bond angles in the planar [AuCl4]" 
anion are equivalent to those found in the structure of K[Au-
C14]-2H20.36 The [AuCl4]" anion in compound 2 is required by 
crystallographic symmetry to be planar since it lies on an inversion 
center. The linear [AuCl2]" anions also have Au-Cl bond distances 
and angles comparable to those found in a number of structures 
of complexes containing this anion.37"39 

(36) Theobald, P. F.; Omrani, H. Acta Crystallogr., Sect. B, 1980, B36, 
2932. 
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Figure 5. Stereoview of the unit-cell packing diagram for [Au(terpy)Cl]2[AuCl2]3[AuCl4] (2). 

A stereoview of the packing of compound 2 in the crystal lattice 
is shown in Figure 5. The Au-Au distance [3.093 (1) A] between 
the two unique gold atoms in the linear chain of [AuCl2]" anions, 
situated between the [Au(terpy)Cl]2+ cations, is similar to the 
Au-Au distances found in a number of Au(I) complexes. For 
example, the structure of the polymeric dialkyldithiophosphate 
bridged digold(I) complex, ([Au(Z-C3H7O)2PS2I2L

40 which consists 
of a linear chain of [Au((-PrO)2PS2J2 dimers that are stacked with 
a staggered conformation about the interdimer Au-Au vector, 
contains Au-Au distances that range from 2.914 (5) to 3.109 (6) 
A. A similar linear chain arrangement of AuL2 molecules, which 
contain short Au(I)-Au(I) distances, is found in the structures 
of [CIAu(PhSCH2CH2SPh)AuCl]n,

41 where the Au-Au distances 
are 3.187 (2)-3.209 (2) A, and of {[(/-C3H7NH2)Au(C=C-
C6H5)I2Sn,

42 where the Au-Au distances are 3.27 A between the 
chains and 3.72 A along the chain. The Au(I)-Au(I) distance 
in compound 2 is significantly longer than the Au-Au distances 
in gold metal, 2.884 A,43 and in the metal-metal bonded gold 
atoms in the cluster complexes Au,,X3(PR3)7, 2.612 (4)—2.716 
(4) A.44 Distances in the 3.0-3.1 A range in Au(I) complexes 
indicate weak metal-metal interactions.45 

The enhanced positive charge in the [Au(terpy)Cl]2+ cation, 
compared to the corresponding complexes of Pt(II) and Pd(II), 
is probably responsible for its weak association with axial ligands 
such as Cl" or H2O. Such a feature is not observed in the 
structures of [Pd(terpy)Cl]Cl-2H20 and [Pt(terpy)-
(SCH2CH2OH)](NO3), where the planar cations are found to 
pack in layers within the unit cells.3 In the structure of the 
[Pd(terpy)Cl]+ complex, the cations pack in columnar stacks with 
an average interplanar separation of 3.4 A. The closest approach 
to the axial sites of the Pd atom is 3.13 A, to a nitrogen atom in 
an adjacent ring. The [Pt(terpy)(SCH2CH20H)] + cation also 
stacks with overlapping terpyridine rings, and the closest axial 
contacts for the Pt atom in this molecule are to adjacent Pt [3.572 
(8) A] and N (3.60 A) atoms in a neighboring cation. The fact 
that the planar [Au(terpy)Cl]2 + cation does not form stacked 
structures with interactions between adjacent rings suggests that 

(37) (a) Elliot, N. J. Chem. Phys. 1934, 2, 419. (b) Elliot, N.; Pauling, 
L. / . Am. Chem. Soc. 1938, 60, 1846 (c) Arai, G. J. Reel. Trav. CUm. 
Pays-Bas 1962, Sl, 307. 

(38) Rundle, R. E. J. Am. Chem. Soc. 1954, 76, 3101. 
(39) Dell'Amico, D. B.; Calderazzo, F.; Marchetti, F.; Merlino, S. J. 

Chem. Soc, Chem. Commun. 1977, 31. 
(40) Lawton, S. L.; Rohrbaugh, W. J.; Kokotailo, G. T. lnorg. Chem. 

1972, 11, 2227. 
(41) Drew, M. G. B.; Reidl, M. J. J. Chem. Soc, Dalton Trans. 1973, 52. 
(42) Corfield, P. W. R.; Shearer, H. M. M. Acta Crystatlogr. 1967, 23, 

156. 
(43) Pauling, L. "The Nature of the Chemical Bona™, 3rd ed.; Cornell 

University Press: Ithaca, NY, 1960; p 410. 
(44) Albano, V. G.; Bellon, P. L.; Manassero, M.; Sansoni, M. J. Chem. 

Soc, Chem. Commun. 1970, 1210. 
(45) Piovesana, 0.; Zannazzi, P. F. Angew. Chem., Int. Ed. Engl. 1980, 

19, 561. 

this complex may interact differently with DNA than the known 
metallointercalation reagents [P t ( te rpy) (SCH 2 CH 2 OH)] + and 
[Pt(terpy)Cl]+. The DNA binding properties of [Au(terpy)Cl]2+ 

are presently being investigated. 
Solution Chemistry of [Au(terpy)Cl]2+, The reaction between 

tetrachloroauric acid and terpyridine in aqueous solution yields 
a number of products. The pH of the solution during the reaction 
is important in determining the product distribution. The reactions 
between equimolar ratios of HAuCl4 with terpyridine, as a function 
of pH, are summarized in eq 1-3. When the initial pH of the 

pH 1.8-2.5 
HAuCl 4 + terpyridine • [Hterpy] [H2terpy] [AuCl4J3 

3 
+ [Au(terpy)Cl]2[AuCl2]3[AuCl4] (1) 

HAuCl 4 + terpyridine • 
pH 3-5 

[Au(terpy)Cl]Cl2-3H20 + 

[Au(terpy)Cl]2[AuCl2]3[AuCl4] (2) 
2 

pH >7 
HAuCl 4 + terpyridine «• Au0 (3) 

reaction is adjusted in the range 1.8-2.5, the primary product is 
the tetrachloroaurate salt of mono- and diprotonated terpyridine 
(3). It should be noted that the identity of compound 3 is based 
solely on elemental analysis and its reaction with base to form 
1. The insolubility of 3 precluded the collection of confirmatory 
spectroscopic or conductometric data. While other formulations 
are conceivable, the double salt one used here is believed to be 
correct. Insoluble tetrachloroaurate salts of protonated amines 
are quite common.'7 While terpyridine is found to form mono-
protonated salts32 with [PtCl4]2", the acidic conditions of the 
reaction promote the precipitation of the mixed [Hterpy]"1", 
[H2 terpy]2 + salt of [AuCl4]". The formation of the [H2 terpy]2 + 

species under these conditions is expected on the basis of the weak 
basicity of terpyridine (pA^ = 4.7 and pK2 = 3.3).46 A small 
amount (<5% yield) of the mixed-valent complex 2 is also obtained 
under these conditions. This product presumably results from the 
reduction of [AuCl4]", or a related chloroaquo species of Au(III),14 

to form the [AuCl2]" complex; the standard reduction potential 
for the [AuCl 4]- / [AuCl 2]- couple is +0.926 V.47 Although the 
mechanism of the redox process remains to be established, aqueous 
solutions of [AuCl4]" have been found to undergo reduction to 
Au(I) and Au(O) in related reactions with amines.14,18 The 
mixed-valent complex [Au(dmg)2] [AuCl2] is also produced in a 

(46) Offenhartz, P. OD.; George, P.; Haight, G. P., Jr. / . Phys. Chem. 
1963, 67, 116. 

(47) Skibsted, L .H.; Bjerrum, J. Acta Chem. Scand., Ser. A 1977, Ail, 
155. 
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similar fashion from the reaction of HAuCl4 with dimethylgly-
oxime.38 

When the initial pH of the reaction is adjusted between 3 and 
5, [Au(terpy)Cl]Cl2-3H20 is obtained in good yield (~75%). The 
mixed-valent complex 2 is also a byproduct of this reaction (<5% 
yield). When the pH of the reaction is initially adjusted to 7 or 
above, complete reduction to gold metal is observed. Formation 
of the metal must result from the reduction of [AuCl4]" since 
solutions of [Au(terpy)Cl]Cl2 are stable under these conditions. 

The aqueous solution chemistry of [Au(terpy)Cl]2+ can be 
compared to that of the structurally analogous [Au(dien)Cl]2+ 

complex. The reaction between HAuCl4 and dien similarly 
produces a variety of products as a function of pH.18 In the low 
pH range (<2), the tetrachloroaurate salt of dien, [H3dien]-
[AuCl4], is produced in a reaction which resembles reaction 1. 
When the reaction is carried out at pH ~ 4 , the main product is 
the [Au(dien)Cl][AuCl4]2 salt. Although the analogous [Au-
(terpy)Cl] [AuCl4J2 complex has yet to be isolated, it is possible 
that this product is one of the unidentified materials obtained in 
small quantities from reaction 1. 

Conclusion 
The structure of the cation in [Au(terpy)Cl]Cl2-3H20 is similar 

to those of the analogous terpyridine complexes of Pd(II) and 
Pt(II). The planar [Au(terpy)Cl]2+ cation contains elongated axial 

We present here the results of our investigation of nitric 
acid/nitronium ion equilibrium using 14N NMR spectroscopy. 
Our findings reveal inconsistencies between the accepted mech
anism and the observed rates and orders of aromatic nitration. 
The classical studies of Ingold and Co-workers2 established that 
nitration of aromatic compounds in nitric acid-sulfuric acid 
mixtures proceeds through the intermediacy of the nitronium ion 
(Scheme I), where kj and fc_, are respectively the pseudo-first-

Scheme I 

HNO 3 === NO2
+ (1) 

K 
NO2

+ + ArH —• products (2) 

(1) Part 1: Schmitt, R. J.; Ross, D. S.; Buttrill, S. E., Jr. J. Am. Chem. 
Soc. 1981, 103, 5365-5267. 

(2) Ingold, C. K. "Structure and Mechanism in Organic Chemistry"; 2nd 
ed.; Cornell University Press: Ithaca, NY, 1969. 

ligand contacts to H2O and Cl" in the crystal lattice, however, 
and does not form a stacked arrangement of planar cations as 
found in the structures of the related Pd(II) and Pt(II) complexes. 
The chemistry of [Au(terpy)Cl]2+ in water resembles that of the 
structurally analogous Au(III) complex of diethylenetriamine, 
[Au(dien)Cl]2+. The insoluble mixed-valent Au(III)-Au(I) 
compound [Au(terpy)Cl]2[AuCl2]3[AuCl4], which forms as a 
byproduct of the reaction used to prepare [Au(terpy)Cl]2+, is 
composed of a chain of three linear [AuCl2]" anions that link two 
[Au(terpy)Cl]2+ cations through long axial, Au(III)-Au(I), 
contacts. The [Au(terpy)Cl]2+ cations in the mixed-valent salt 
are further linked together through axial interactions to the 
chlorine atoms of the square-planar [AuCl4]" anion. 

Acknowledgment. This work was supported by National In
stitutes of Health Research Grant CA-15826 from the National 
Cancer Institute. We thank Paul Chang for experimental as
sistance. 

Registry No. 1, 85719-47-7; 2, 85709-76-8; 3, 85709-77-9. 

Supplementary Material Available: Atomic positional and 
thermal parameters for compounds 1 and 2 (Tables Sl and S2) 
as well as final observed and calculated structure factors (Tables 
S3 and S4) (31 pages). Ordering information is given on any 
current masthead page. 

order rate constants for the formation and hydration of nitronium 
ion and kT is the specific rate of reaction of the nitronium ion with 
the aromatic substrate. The formalism used in this paper is that 
of Moodie, Schofield, and Taylor.3 

Nitric acid in an acid-catalyzed step is first reversibly trans
formed into nitronium ion, which then reacts with the aromatic 
to form products. Such a scheme leads to the following rate 
expression for the formation of nitro products: 

£,/UArH] [HNO3] 

An independent determination of the rate constants ^1 and &_] 
is thus of crucial importance to the mechanism of aromatic ni
tration. 

(3) Moodie, R. B.; Schofield, K.; Taylor, P. G. J. Chem. Soc, Perkin 
Trans. 2 1979, 133-136. 

Studies in Aromatic Nitration. 2.1 14N NMR Study of the 
Nitric Acid/Nitronium Ion Equilibrium in Aqueous 
Sulfuric Acid 
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Abstract: The nitric acid/nitronium ion equilibrium at 25 0C in aqueous sulfuric acid (81-96%) has been studied by 14N 
NMR spectroscopy. In contrast to observations by Seel et al. (1972), who obtained only one NMR signal, we observed separate 
signals for nitric acid and nitronium ion. A 50% conversion of added nitric acid into nitronium ion is observed in 88% sulfuric 
acid, a value in good agreement with that obtained by others using Raman spectroscopy. From the line-shape analysis of 
these spectra, pseudo-first-order rate constants for the formation and hydration of nitronium ion were obtained. Examination 
of these data reveals certain inconsistencies between the currently accepted mechanism and observed rates and orders of aromatic 
nitration. 
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