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The salts K[AuCl2(CN)2]·H2O (1), K[AuBr2(CN)2]·2H2O (2) and K[AuI2(CN)2]· 1
3
H2O (3) were

synthesized and structurally characterized. Compound 1 crystallizes as a network of square planar
[AuCl2(CN)2]- anions separated by K+ cations. However, 2 and 3 feature 2-D sheets built by the
aggregation of [AuX2(CN)2]- anions via weak, intermolecular X ◊ ◊ ◊ X interactions. The mixed anion
double salts K3[Au(CN)2]2[AuBr2(CN)2]·H2O (4) and K5[Au(CN)2]4[AuI2(CN)2]·2H2O (5) were also
synthesized by cocrystallization of K[Au(CN)2] and the respective K[AuX2(CN)2] salts. Similarly to 2
and 3, the [Au(CN)2]- and [AuX2(CN)2]- anions form 2-D sheets via weak, intermolecular AuI ◊ ◊ ◊ X and
AuI ◊ ◊ ◊ AuI interactions. In the case of 5, a rare unsupported AuI ◊ ◊ ◊ AuIII interaction of 3.5796(5) Å is
also seen between the two anionic units. Despite the presence of Au(I) aurophilic interactions of
3.24–3.45 Å, neither 4 nor 5 exhibit any detectable emission at room temperature, suggesting that the
presence of AuI ◊ ◊ ◊ X or AuI ◊ ◊ ◊ AuIII interactions may affect the emissive properties.

1 Introduction

When designing molecule-based materials, intermolecular inter-
actions can play an important role in the orientation of the
constituents and introduce additional dimensionality into a sys-
tem, thereby impacting the physical properties.1–17 Intermolecular
halogen–halogen (X ◊ ◊ ◊ X; X = Cl, Br, I) interactions are one such
type which have been observed in many organic and inorganic solid
state materials.18–21 These are defined by an interatomic distance
which is shorter than the sum of their van der Waals radii (3.50 Å
for Cl, 3.70 Å for Br and 3.96 Å for I).22 Such interactions in
[AuBr2(CN)2]--containing coordination polymers have been useful
in inducing alignment of Br–Au–Br moieties, enhancing optical
properties such as birefringence.16

Another example of dimensionality-inducing intermolecular in-
teractions are metal-containing systems that contain metallophilic
interactions, which are generally restricted to closed-shell metals
such as d10 Au(I) and Ag(I), d10s2 Tl(I) and Pb(II) and the pseudo
closed-shell d8 Pt(II).2,4,15,23–28 In particular, Au ◊ ◊ ◊ Au interactions
(<3.6 Å) are commonly harnessed in Au(I)-containing materials to
increase structural dimensionality. This concept has been exploited
extensively with [Au(CN)2]--based coordination polymers,15,29,30

such as in Zn[Au(CN)2]2, where the changes in dAu–Au (e.g. from
the uptake of NH3 vapour) alter the emission properties, allowing
this material to function as a sensitive vapour sensor.31
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In contrast to the aforementioned AuI ◊ ◊ ◊ AuI interactions,
the participation of the pseudo closed-shell d8 Au(III) centre
in AuI ◊ ◊ ◊ AuIII or AuIII ◊ ◊ ◊ AuIII aurophilic interactions is much
more rarely observed.2,32–34 For example, in [Au(C14H22N4)][AuBr2],
a cationic Au(III) centre is observed in close proximity (3.5–
3.6 Å interatomic distance) to an anionic Au(I) centre,35 and
[Au(bipy)Cl2][AuBr4] contains AuIII ◊ ◊ ◊ AuIII contacts of 3.51 Å,36

however whether these are truly AuI ◊ ◊ ◊ AuIII or AuIII ◊ ◊ ◊ AuIII

interactions, or are supported mainly by electrostatic forces
remains in question. The explosive [NMe4][Au(N3)4] salt ex-
hibits weak AuIII ◊ ◊ ◊ AuIII interactions of 3.507(3)–3.584(3) Å
in a 1-D chain of anions, however DFT calculations sug-
gested that in the gas phase, the anions would bind to each
other.37 In other examples, intramolecular Au(I) and Au(III)
centres can form interactions, but their proximity is enforced
by the binding ligands, as is likely the case for the 3.53 Å
AuI ◊ ◊ ◊ AuIII distance in [S(Au2dppf){Au(C6F5)3}2] (dppf = 1,1¢-
bis(diphenylphosphino)ferrocene).38–41 Although theoretical stud-
ies toward better understanding the factors influencing the
strength and propensity of these rare interactions to form have
been underway,42,43 there are a distinct lack of examples of
materials that exhibit AuI ◊ ◊ ◊ AuIII interactions unsupported by
other stronger forces.

In this light, we herein report the structures of a series of
simple potassium salts of the d8 ion [AuX2(CN)2]- (X = Cl,
Br, I); their general syntheses are known,17,44 but more detailed
syntheses are described herein. In addition, the cocrystallization
of [AuX2(CN)2]- (X = Br, I) and [Au(CN)2]- is shown to generate
networks supported by concerts of Au ◊ ◊ ◊ X, AuI ◊ ◊ ◊ AuI and
AuI ◊ ◊ ◊ AuIII interactions.
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2 Experimental

2.1 General procedures and materials

Caution! Chlorine, bromine and iodine should only be used in a
well-ventilated fumehood.

All reactions were performed in air. K[AuBr2(CN)2] was synthe-
sized as previously reported.17 All other reagents were obtained
from commercial sources and used as received.

Infrared spectra were measured with 2 cm-1 resolution on a
Thermo Nicolet Nexus 670 FT-IR spectrometer equipped with a
Pike MIRacle attenuated total reflection (ATR) sampling acces-
sory (4000–700 cm-1). Microanalyses (C, H, N) were performed
by Frank Haftbaradaran at Simon Fraser University on a Carlo
Erba EA 1110 CHN elemental analyzer.

Solid state luminescence data were collected at room tempera-
ture on a Photon Technology International fluorimeter using a Xe
arc lamp and a photomultiplier detector. Finely ground powder
samples were drop cast from hexanes onto a quartz slide and
placed at a ca. 22◦ angle.

2.2 Synthetic procedures

K[AuCl2(CN)2]·H2O (1). This synthesis was based on a litera-
ture procedure.44 Gaseous Cl2 was bubbled through a 20 mL aque-
ous solution of K[Au(CN)2] (1.071 g, 3.717 mmol) for ca. 5–10 min,
resulting in a yellow tinted solution. Excess Cl2 was removed by
bubbling N2 through the solution for several minutes, resulting in
a colourless solution. Any insoluble impurities were removed by
gravity filtration. The solvent was removed by rotary evaporation,
leaving a colourless powder of K[AuCl2(CN)2]·H2O (1) (1.073 g;
79% yield). Block-shaped X-ray quality crystals were obtained
by slow cooling of a heated, saturated iPrOH solution of 1. Any
remaining impurities can be removed by redissolving 1 in H2O
and gravity filtering the resulting solution. IR (cm-1): 2182 (s;
nCN), 3622 (s), 1605 (s), 741 (w). Anal. calcd for C2H2N2AuCl2KO:
C 6.37%, H 0.53%, N 7.43%. Found: C 6.60%, H 0.29%, N 7.45%.

K[AuI2(CN)2]· 1
3
H2O (3). This synthesis was based on a liter-

ature procedure.44 To a 10 mL methanol solution of K[Au(CN)2]
(106 mg, 0.367 mmol), a 20 mL ethanol solution of I2 (97 mg,
0.382 mmol) was added, resulting in an intense red solution.
This solution was stirred for two hours while covered with
aluminum foil. The solvent was removed by rotary evaporation,
leaving a brown powder of K[AuI2(CN)2]· 1

3
H2O (3) (172 mg; 86%

yield). Needle-shaped X-ray quality crystals were grown by slow
evaporation of a methanol solution of 3. IR (cm-1): 2163 (m; nCN),
2926 (w), 1630 (m). Anal. calcd for C2H0.67N2AuKI2O0.33: C 4.38%,
H 0.12%, N 5.11%; Found: C 4.55%, H 0.29%, N 4.87%.

K3[Au(CN)2]2[AuBr2(CN)2]·H2O (4). To a 10 mL methanol
solution of K[Au(CN)2] (28 mg, 0.097 mmol), a 10 mL methanol
solution of K[AuBr2(CN)2] (39 mg, 0.087 mmol) was added
dropwise, resulting in a yellow solution. This solution was partially
covered and left to slowly evaporate. Once dry, a mixture of orange
needle-shaped crystals of K3[Au(CN)2]2[AuBr2(CN)2]·H2O (4) and
a yellow powder consisting of starting materials and some AuCN
remained. The crystals were isolated manually (10 mg; ca. 10%
yield). Use of other stoichiometries yielded the same product, but
with lower yield. IR (cm-1): 2171 (w; nCN), 2145 (s; nCN), 1620 (w).

Anal. calcd for C6H2N6Au3Br2K3O: C 6.91%, H 0.19%, N 8.06%;
Found: C 6.85%, H 0.20%, N 7.49%.

K5[Au(CN)2]4[AuI2(CN)2]·H2O (5). To a 10 mL methanol
solution of K[Au(CN)2] (49 mg, 0.17 mmol), a 10 mL methanol
solution of K[AuI2(CN)2]· 1

3
H2O (22 mg, 0.041 mmol) was

added dropwise, resulting in an intense orange solution. This
solution was partially covered and left to slowly evaporate.
Once dry, a mixture of large red plate-shaped crystals of
K5[Au(CN)2]4[AuI2(CN)2]·2H2O (5) and a brown powder consist-
ing of starting materials and some AuCN remained. The crystals
were isolated manually (15 mg; ca. 23% yield). Use of other
stoichiometries yielded the same product, but with lower yield.
IR (cm-1): 2168 (w; nCN), 2144 (s; nCN), 1606 (m). Anal. calcd
for C10H4N10Au5I2K5O2: C 6.94%, H 0.23%, N 8.09%. Found: C
7.07%, H 0.25%, N 7.89%.

2.3 X-Ray crystallographic analysis

To grow crystals of K[AuBr2(CN)2]·2H2O (2), a minimum amount
(less than 1 mL) of boiling H2O was added to a small amount of
K[AuBr2(CN)2] and left to slowly cool. Once at room temperature,
large yellow needle-shaped crystals of 2 formed. These crystals
rapidly desolvate upon removal from the mother liquor. Therefore,
2 was mounted on a MiTeGen sample holder using paratone oil
and the data were collected at 150 K. Crystals of 1, 3, 4 and 5
were mounted on glass fibres using epoxy adhesive, and the data
were collected at room temperature. Additional crystallographic
information can be found in Table 1.

All diffraction data were processed with the Bruker Apex II
software suite. The structures were solved with Sir92. Subsequent
refinements were performed in CRYSTALS.45

Compound 2 crystallized as a twin. Twinning was accounted
for using Rotax analysis in CRYSTALS.

Diagrams were made using ORTEP-346 and POV-ray.47

3 Results and discussion

3.1 Synthesis and crystal structures of K[AuX2(CN)2] (X = Cl,
Br, I) salts

When an aqueous solution of K[Au(CN)2] reacts with Cl2 gas,
it undergoes oxidative addition to form K[AuCl2(CN)2]·H2O (1),
readily identified in the IR through a nCN shift from 2141 cm-1

to 2182 cm-1.44 The oxidation to Au(III) is further indicated
by a significant loss of intensity in this IR stretch.48–50 Our
recent structural studies of [nBu4N][AuX2(CN)2] (X = Br, I) salts
have shown that Br ◊ ◊ ◊ Br and I ◊ ◊ ◊ I interactions (as defined by
their interatomic distances being less than the sum of their
van der Waals radii) hold the [AuX2(CN)2]- anions together,
forming layers of anions separated by layers of cations.16 Here,
for K[AuCl2(CN)2]·H2O, the crystal structure reveals the square
planar [AuCl2(CN)2]- anions (with typical Au–C and Au–Cl
bonds)14,49,51,52 to be completely separated from each other; no
Cl ◊ ◊ ◊ Cl interactions exist in this structure.20,53 There have been
very few reports of Cl ◊ ◊ ◊ Cl interactions, although interactions
between Cl and other, larger halogens have been reported.11,19

Fig. 1 shows the separation of the [AuCl2(CN)2]- anions by K+

cations. The interatomic distances between the K+ and N(cyano)
moieties of 2.919(6)–2.963(6) Å as well as those between K+ and

1346 | Dalton Trans., 2012, 41, 1345–1351 This journal is © The Royal Society of Chemistry 2012
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Table 1 Crystallographic data for compounds 1 to 5

1 2 3 4 5

Empirical formula C2H2N2AuCl2KO C2H4N2AuBr2KO2 C3HN3Au1.5K1.5I3O0.5 C6H2N6Au3Br2K3O C10H4N10Au5K5I2O2

Formula weight (g mol-1) 377.02 483.94 821.87 1042.12 1730.34
Crystal system Monoclinic Monoclinic Monoclinic Triclinic Triclinic
Space group C2/c Cc P21/c P1̄ P1̄
a (Å) 17.345(10) 21.332(4) 4.3182(3) 8.1153(16) 7.3196(6)
b (Å) 7.712(4) 4.2229(4) 24.4306(18) 10.1791(16) 9.8319(8)
c (Å) 6.126(3) 13.474(3) 13.312(1) 12.875(3) 11.5992(9)
a (deg) 90 90 90 70.416(2) 99.936(1)
b (deg) 101.399(6) 117.087(2) 90.850(1) 88.834(2) 92.457(1)
g (deg) 90 90 90 70.991(1) 111.249(1)
V (Å3) 803.3(8) 1080.7(4) 1404.21(18) 942.7(3) 761.26(11)
Z 4 4 4 2 1
T (K) 296(2) 150(2) 296(2) 296(2) 296(2)
rcalcd (g·cm-3) 3.100 2.950 3.883 3.664 3.765
m (mm-1) 19.420 21.349 22.682 28.190 26.743
Reflections (all, unique) 4668, 950 1260, 1260 16403, 3363 10973, 4332 8751, 3540
Reflections [I 0 ≥ 2.50s(I 0)] 671 1060 2253 2960 2746
Rint 0.040 0.046 0.062 0.045 0.050
R, Rw [I 0 ≥ 2.50s(I 0)]a 0.0191, 0.0269 0.0467, 0.0643 0.0344, 0.0448 0.0328, 0.0436 0.0391, 0.0549
Goodness of fit 0.9723 1.1468 0.9847 1.0811 1.1557

a Function minimized: R w(|F o| - |F c|)2, where w-1 = [s 2(F o) + (nP)2], with n = 0.02 for 1, 3 and 4, n = 0.05 for 2 and n = 0.03 for 5, and where P = 1
3
(F o +

2F c). R = R (|F o| - |F c|)/R |F o| and Rw = [R w(|F o| - |F c|)2/R w|F o|2]
1
2 .

Fig. 1 Crystal structure of 1 showing the separation of [AuCl2(CN)2]-

anions by K+ cations (H2O molecules not shown). Au, gold; Cl,
light green; C, gray; N, blue; K, dark green. Selected bond lengths
(Å): Au(1)–Cl(1): 2.2963(18), Au(1)–C(1): 2.036(6), C(1)–N(1): 1.074(7),
K(1)–Cl(1): 3.410(3), K(1)–N(1): 2.919(6), K(1)¢–N(1): 2.963(6).

Cl of 3.410(3) Å (cf. dK–N = 2.75 Å for KCN54 and dK–Cl = 3.41 Å
for KCl55) indicate relatively strong interactions between the K+

cations and the [AuCl2(CN)2]- anions, leaving no room for Cl ◊ ◊ ◊ Cl
interactions.

Similarly, when neat Br2 is added to an aqueous solution of
K[Au(CN)2], K[AuBr2(CN)2] is formed.17,44 Slow cooling of a
saturated H2O solution of K[AuBr2(CN)2] results in the formation
of crystals of K[AuBr2(CN)2]·2H2O (2),48 which rapidly desol-
vate upon removal from the mother liquor. Fig. 2 shows the
[AuBr2(CN)2]- anions forming an overall 2-D sheet by virtue of
Br ◊ ◊ ◊ Br interactions (Table 2). In one dimension, the Br ◊ ◊ ◊ Br
interactions lead to zig-zag chains of [AuBr2(CN)2]- anions (dBr–Br =
3.494(5) Å, cf. sum of van der Waals radii for two bromine
atoms: 3.70 Å22). These chains then interact with each other via
a different set of Br ◊ ◊ ◊ Br interactions (dBr–Br = 3.508(4)). Thus,

Table 2 X ◊ ◊ ◊ X interaction distances (Å) and angles (◦) in 2 and 3

Interaction distances (Å) Interaction angles (◦)

K[AuBr2(CN)2]·2H2O (2)
Br(1)–Br(2) 3.494(5) Au(1)–Br(1)–Br(2) 107.29(16)
Br(1)–Br(2)a 3.508(4) Au(1)–Br(1)–Br(2)a 170.11(16)

K[AuI2(CN)2]· 1
3
H2O (3)

I(1)–I(2) 3.9296(12) Au(1)–I(1)–I(2) 112.49(3)
I(1)–I(3) 3.8111(12) Au(2)–I(3)–I(1) 115.84(3)
I(2)–I(3) 3.8009(12) Au(2)–I(2)–I(3) 119.26(3)

a Symmetry operation: x, -y, z + 1/2.

Fig. 2 2-D sheets of 2 formed via Br ◊ ◊ ◊ Br interactions (shown as dashed
lines) in two dimensions (K+ cations and H2O molecules not shown). Au,
gold; Br, scarlet; C, gray; N, blue. Selected bond lengths (Å): Au(1)–Br(1):
2.438(5), Au(1)–Br(2): 2.434(5).

every Br atom is interacting with two other Br atoms to form this
network, whereas in the related [nBu4N][AuBr2(CN)2], only 1-D
chains formed via pairs of Br ◊ ◊ ◊ Br interactions. This is likely a
factor of the size of the cation.

Whereas in 1 the K+ cations interact with all N(cyano) and
chloro moieties, in 2 the K+ cations solely interact with N(cyano)
groups, separating the layers of [AuBr2(CN)2]- anions, as shown

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 1345–1351 | 1347
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in Fig. 3. Approximate interatomic distances (due to poor crystal
quality) between K+ and the N(cyano) groups of 2.7–3.2 Å indicate
relatively strong interactions.

Fig. 3 Layers of [AuBr2(CN)2]- anions are shown separated by K+ cations
interacting with the N(cyano) moieties of the [AuBr2(CN)2]- anions. Au,
gold; Br, scarlet; C, gray; N, blue; K, dark green. Selected bond lengths
(Å; approx.): K–N: 2.7–3.2.

When a stoichiometric ethanol solution of I2 is added to a
methanol solution of K[Au(CN)2], an orange solution forms, from
which K[AuI2(CN)2]· 1

3
H2O (3) is isolated. Similar to 1 and 2,

oxidation of Au(I) to Au(III) is observed through a nCN shift to
2163 cm-1, comparable to the [nBu4N]+ salt at 2165 cm-1.16

As in 2, 3 crystallizes as 2-D sheets of [AuI2(CN)2]- anions held
together by I ◊ ◊ ◊ I interactions (Table 2), separated by K+ cations.
As shown in Fig. 4, a group of three [AuI2(CN)2]- anions is oriented
such that I1, I2 and I3 all have close contacts, forming a triangle
of I ◊ ◊ ◊ I interactions, resulting overall in a 2-D sheet. At d I–I =
3.9296(12) Å, 3.8111(12) Å and 3.8009(12) Å for I1–I2, I1–I3 and
I2–I3, respectively, these interactions are all less than the sum of
their van der Waals radii (3.96 Å).22

Fig. 4 2-D sheets of 3 formed via triangles of I ◊ ◊ ◊ I interactions (shown
as dashed lines; K+ cations and H2O molecules not shown). Au, gold; I,
violet; C, gray; N, blue. Selected bond lengths (Å): Au(1)–I(1): 2.6387(8),
Au(2)–I(2): 2.6361(10), Au(2)–I(3): 2.6291(9), Au(1)–C(1): 1.953(15),
Au(2)–C(2): 2.005(13), Au(2)–C(3): 1.985(13), C(1)–N(1): 1.163(17),
C(2)–N(2): 1.098(15), C(3)–N(3): 1.146(16).

The interactions between K+ cations and [AuI2(CN)2]- anions
in 3 are more complicated. As in 2, the interactions are primarily

with N(cyano) groups, with interaction distances of 2.824(15)–
3.223(17) Å. However, some long K–I interactions (dK–I = 3.951(4)–
4.094(4) Å; cf. dK–I = 3.52 Å for KI56) also exist, as shown in Fig. 5.
This does not preclude the formation of I ◊ ◊ ◊ I interactions, as only
one out of three crystallographically unique iodide centres are
bound to K+ cations.

Fig. 5 Interactions between the K+ cations and the iodo and cyano groups
of the [AuI2(CN)2]- anions. Au, gold; I, violet; C, gray; N, blue; K, dark
green. Selected bond lengths (Å): K(2)–I(1): 3.951(4), K(2)–I(3): 4.094(4),
K(2)–N(1): 3.223(17), K(2)–N(2): 2.834(13), K(2)–N(3): 3.021(14).

The structural behaviour of these three salts clearly demon-
strates the propensity of different halogens to form interactions
with each other. An increase in the number of X ◊ ◊ ◊ X interactions
is seen moving from X = Cl to X = Br and I, where chains and
triangles of interactions are seen, respectively. This behaviour is
consistent with the increasing atomic radius and polarizability
of the halogens,22,57 and has been well studied from both an
experimental and theoretical standpoint.11,20,21

3.2 Synthesis and crystal structures of mixed
Au(I)/Au(III)-containing salts

In the above examples, it has been demonstrated that
[AuX2(CN)2]- (X = Br, I) anions can aggregate via weak X ◊ ◊ ◊ X
interactions, despite electrostatic repulsion. However, no au-
rophilic AuIII ◊ ◊ ◊ AuIII interactions were observed in any of the
salts, consistent with the general absence of such interactions
in the literature.15,26,27 We thus targeted a mixed Au(I)/Au(III)
system to examine the structural impact of introducing significant
Au(I)-aurophilicity into the array. Hence, simple double salts
containing a mixture of Au(I)-based [Au(CN)2]- and Au(III)-based
[AuX2(CN)2]- anions were prepared.

Slow evaporation of a methanol solution containing a nearly
1 : 1 mixture of K[Au(CN)2] and K[AuBr2(CN)2] resulted in
orange crystals of K3[Au(CN)2]2[AuBr2(CN)2]·H2O (4) alongside a
yellow powder consisting of separately precipitated K[Au(CN)2],
K[AuBr2(CN)2] and AuCN (as confirmed by IR17,44,58). Crystals
of 4 can also be obtained by slow evaporation of a stoichio-
metric solution, but in a much smaller yield. IR analysis of the
crystals shows a weak nCN stretch at 2171 cm-1 and a strong
nCN stretch at 2145 cm-1 corresponding to Au(III) and Au(I)
anions, respectively.48–50 Although small, the shift from 2176 cm-1

and 2142 cm-1 (the nCN stretches corresponding to the parent

1348 | Dalton Trans., 2012, 41, 1345–1351 This journal is © The Royal Society of Chemistry 2012
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Table 3 Selected interaction distances (Å) and angles (◦) in 4 and 5

Interaction distances (Å) Interaction angles (◦)

K3[Au(CN)2]2[AuBr2(CN)2]·H2O (4)
Au(2)–Au(2)a 3.2883(10) Au(2)a–Au(2)–Au(3) 72.59(2)
Au(2)–Au(3) 3.4456(9)
Au(3)–Au(3)a 3.3873(10) Au(3)a–Au(3)–Au(2) 74.31(2)
Au(2)–Br(2) 3.2420(13) Au(1)–Br(2)–Au(2) 175.60(5)

K5[Au(CN)2]4[AuI2(CN)2]·2H2O (5)
Au(1)–Au(2) 3.5796(5) Au(2)–Au(1)–Au(2)a 179.997
Au(2)–Au(3) 3.4220(5) Au(1)–Au(2)–Au(4) 111.276(13)
Au(2)–Au(4) 3.4454(5) Au(3)–Au(2)–Au(4) 64.405(10)
Au(2)–I(1) 3.4518(10) Au(2)–I(1)–Au(1) 158.74(5)

a Symmetry operation: -x, -y, -z.

K[AuBr2(CN)2] and K[Au(CN)2] precursors, respectively17,44) is
consistent with the presence of new crystallographic environments
of the [Au(CN)2]- and [AuBr2(CN)2]- units in 4.

In a similar fashion to 2 and 3, 4 forms layers of [Au(CN)2]- and
[AuBr2(CN)2]- anions separated by layers of K+ cations. However,
rather than being supported by a network of X ◊ ◊ ◊ X (X = Br, I)
interactions, these anions aggregate via both AuI ◊ ◊ ◊ AuI and weak
intermolecular AuI ◊ ◊ ◊ Br interactions (Table 3), yielding a square
planar geometry for the Au(I) and Au(III) centres. As shown in
Fig. 6, AuI ◊ ◊ ◊ AuI interactions of 3.2883(10)–3.4456(9) Å lead to
the formation of 1-D zig-zag chains of [Au(CN)2]- anions. Pendant
[AuBr2(CN)2]- units interact with these chains via intermolecular
AuI ◊ ◊ ◊ Br interactions59 of 3.2420(13) Å (cf. sum of van der Waals
radii: 3.51 Å22). Such interactions have been observed in simple
salts such as Cs2AuIAuIIIBr6, with dAu–Br = 3.05–3.25 Å,60 and
have been claimed in some molecular structures such as AuI

(PPh3){bis(4-Br-benzosulfonyl)amide} with dAu–Br = 3.597 Å.61

Fig. 6 1-D chains of 4 built up of [Au(CN)2]- and [AuBr2(CN)2]- anions
held together by a system of AuI ◊ ◊ ◊ AuI and AuI ◊ ◊ ◊ Br interactions (K+

cations and H2O molecules removed for clarity; AuI ◊ ◊ ◊ AuI interactions
shown as yellow bonds, AuI ◊ ◊ ◊ Br interactions shown as dashed lines). Au,
gold; Br, scarlet; C, gray; N, blue.

On the other hand, when a methanol solution containing
a 4 : 1 mixture of K[Au(CN)2] and K[AuI2(CN)2]· 1

3
H2O

is allowed to slowly evaporate, red crystals of
K5[Au(CN)2]4[AuI2(CN)2]·2H2O (5) form alongside a brown
powder consisting of separately precipitated K[Au(CN)2],
K[AuI2(CN)2]· 1

3
H2O and AuCN. Consistent with the presence of

both Au(I) and Au(III) cyano groups, the IR spectrum shows nCN

stretches shifted to 2168 cm-1 and 2144 cm-1 (corresponding to
[AuI2(CN)2]- and [Au(CN)2]-, respectively). Other stoichiometries
result in the same product, but in much lower yields.

X-Ray crystal structure analysis of 5 reveals another set of
2-D sheets of [Au(CN)2]- and [AuI2(CN)2]- anions separated by
layers of K+ cations. In this case, the network is assembled mostly
from Au ◊ ◊ ◊ Au interactions (Table 3). Much like in 4, zig-zag
chains of [Au(CN)2]- units connected by AuI ◊ ◊ ◊ AuI interactions of
3.4220(5)–3.4454(5) Å form in one dimension, with each segment
being made up of three [Au(CN)2]- units. However, instead of
having these chains connected by Au ◊ ◊ ◊ I interactions in the other
dimension (as in 4), this is accomplished via rare, weak AuI ◊ ◊ ◊ AuIII

interactions of 3.5796(5) Å, resulting in the overall 2-D structure
seen in Fig. 7. Additional intermolecular AuI ◊ ◊ ◊ I interactions59

of 3.4518(10) Å (cf. van der Waals radius: 3.64 Å22) can also be
seen. Like the AuI ◊ ◊ ◊ Br interactions discussed earlier, AuI ◊ ◊ ◊ I
interactions of 3.21–3.46 Å have also been previously observed
in other simple salts such as Cs2AuIAuIIII6.62 These additional
interactions do not increase dimensionality in this case, but lend
support to the existing 2-D structure.

Fig. 7 2-D structure of 5 supported by AuI ◊ ◊ ◊ AuI, AuI ◊ ◊ ◊ I and
AuI ◊ ◊ ◊ AuIII interactions (K+ cations and H2O molecules removed for clar-
ity; AuI ◊ ◊ ◊ AuI interactions shown as yellow bonds, AuI ◊ ◊ ◊ I interactions
shown as black dashed lines and AuI ◊ ◊ ◊ AuIII interactions shown as yellow
dashed lines). Au, gold; I, violet; C, gray; N, blue.

The K+ cations in 4 and 5 play a very similar role to that in 1, that
is, they interact solely with the cyano groups of the [Au(CN)2]- and
[AuX2(CN)2]- anions, separating the anionic layers in the crystal
structure (not shown). With interatomic K–N(cyano) distances of
2.918(12)–3.316(13) Å for 4 and 2.767(11)–3.074(11) Å for 5, these
are fairly strong interactions, consistent with the results of 1–3.

In contrast to 4 and 5, slow evaporation of a solution of
K[Au(CN)2] and K[AuCl2(CN)2]·H2O does not yield mixed salts
containing both [Au(CN)2]- and [AuCl2(CN)2]- anions, and simply
results in the return of the K[Au(CN)2] and K[AuCl2(CN)2]·H2O
starting materials. This suggests that the propensity of the
[AuCl2(CN)2]- anions to participate in AuI ◊ ◊ ◊ Cl or AuI ◊ ◊ ◊ AuIII

interactions is very low, as it is through these types of interactions
that the Au(III) anions aggregate with the Au(I) anions in 4 and 5.
With the X ◊ ◊ ◊ X interaction trend observed with 1–3 (and in the
literature),18–21 it is clear that the size and polarizability of the halide
ligand affects the propensity and strength of these interactions. The
fact that [Au(CN)2]- and [AuCl2(CN)2]- anions do not aggregate
via these interactions is therefore consistent with this trend.

Although Au ◊ ◊ ◊ X interactions are present in both 4 and
5 and undoubtedly play a role in the generation of the 2-D
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networks seen, the main factor holding the anions together is the
presence of several Au ◊ ◊ ◊ Au interactions. In both salts, chains of
[Au(CN)2]- anions are generated via well-known d10–d10 aurophilic
interactions. In the case of 4, the Au(III)-containing [AuBr2(CN)2]-

unit incorporates itself into the [Au(CN)2]- network through
AuI ◊ ◊ ◊ Br interactions. With 5, however, the unusual AuI ◊ ◊ ◊ AuIII

interaction is also seen. In the case of AuI ◊ ◊ ◊ AuI interactions,
theoretical studies (supported by experimental observations) have
correlated the ancillary ligands on the Au(I) centre to the
strength of the interaction.27,63,64 Such studies suggest that softer,
more polarizable ligands lead to an increased tendency to form
aurophilic interactions, hence the AuI ◊ ◊ ◊ AuIII interactions are only
seen with the softest of ligands here (X = I).

A noteworthy structural feature of 4 and 5 is the relative
orientation of the cyano groups in pairs of [Au(CN)2]- units.
Whereas in 4 the trans-cyano groups of interacting Au(I) centres
are parallel to each other, they are staggered in 5. This reflects
that such AuI ◊ ◊ ◊ AuI interactions are rotationally flexible, with a
very small energy difference between conformations.2 The cyano
groups in Au(I)/Au(III) pairs, however, are seen to always be nearly
parallel. This may be related to the larger size of the iodo groups
on the [AuI2(CN)2]- units.

The AuI ◊ ◊ ◊ AuIII distance of dAu–Au = 3.5796(5) Å suggests that
it is likely much weaker than any of the AuI ◊ ◊ ◊ AuI interactions
present. Despite this, the few reported AuI ◊ ◊ ◊ AuIII interactions
have only been observed either between cationic and anionic
species,34,35 such as in the aforementioned [Au(C14H22N4)][AuBr2]35

or in a complex where proximity of the Au atoms is enforced
by the ligand system,32,33,38,39 such as [S(Au2dppf){Au(C6F5)3}2]38

or [Au(C6F5)2{PN(AuPPh3)2}]ClO4
39 whereas in this case, two

independent anions are held in proximity against their inher-
ent electrostatic repulsion by a combination of AuI ◊ ◊ ◊ I and
AuI ◊ ◊ ◊ AuIII interactions.

3.3 Emission properties of the mixed Au(I)/Au(III)-containing
salts

One property of interest for AuI ◊ ◊ ◊ AuI containing materials is
their emission, which depends on the metal–metal distance.15,30,31,65

Since both 4 and 5 have abundant AuI ◊ ◊ ◊ AuI interactions, solid
state emission measurements were conducted. However, in both
cases, the compounds displayed no emission at room temperature
despite the presence of these aurophilic interactions. This may
be a result of AuI ◊ ◊ ◊ AuIII or AuI ◊ ◊ ◊ X interactions providing non-
emissive pathways back to the ground state. There are virtually no
experimental or theoretical studies of this issue to our knowledge.

4 Conclusions

The crystal structures of three dihalodicyanoaurate(III) salts were
obtained and the propensity of the various halides to form
X ◊ ◊ ◊ X interactions were examined. In keeping with the trend
of increasing van der Waals radii and polarizability going from
Cl to Br to I, the number of such interactions also increased. In
addition, two double salts containing cocrystallized [Au(CN)2]-

and [AuX2(CN)2]- anions were synthesized, showing similar
2-D motifs demonstrated by the K[AuX2(CN)2] salts held together
by a network of AuI ◊ ◊ ◊ X and Au ◊ ◊ ◊ Au interactions. These
structures demonstrate how influential such weak interactions

can be in determining the overall structure, as well as their
utility in structural design. Amongst these interactions was a rare
AuI ◊ ◊ ◊ AuIII interaction.

In previous examples, proximity of the Au centres was enforced
or encouraged either through a ligand framework or electrostatics.
Here, such an interaction is found in 5 in the absence of strong
supporting factors.

Finally, these building blocks provide opportunities to target
new types of coordination polymers with increased structural
dimensionality with the assistance of weak Au ◊ ◊ ◊ Au, Au ◊ ◊ ◊ X and
X ◊ ◊ ◊ X interactions, an avenue which we are currently exploring.
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