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ABSTRACT: The solid-state mechanochemical method was

proved to be a fast, simple, and efficient route to the synthesis of

heterometallic [Au(CN),]-based coordination polymers. Thus,
a series of mixed-metal complexes, such as KCo[Au(CN),]s,
KNi[Au(CN),]3, Cu(H,0),[Au(CN),],, and Zn[Au(CN),],,
was obtained by grinding stoichiometric amounts of K[Au-
(CN),] and transition metal(IT) chlorides. This solid-state
method rapidly yields pure dicyanoaurate-based compounds,
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also in cases when the aqueous solution synthesis leads to an unseparable mixture of products. In addition, in some cases, the solid
state reaction was faster than the corresponding solvent-based reaction. This mechanochemical method can be applied also to main
group metals to obtain various cyanoaurate-based heterometallic coordination polymers, such as Me,Sn[Au(CN),], and
Ph;Sn[Au(CN),]. For the 2:1 mixture of K[Au(CN),] and Me,SnCl,, the dramatic enhancement of the reaction rate by the
presence of a minor amount of water was noticed. In Ph3;Sn[Au(CN),], as was revealed by single-crystal X-ray diffraction, each
Ph;Sn unit is linked to two others by two Au(CN), bridges via Sn—N bonds to form an infinite cyanide-bridged chain. There are no
Au- - - Au contacts between the chains due to the sterical hindrance of the phenyl groups. A dehydrated blue Co[Au(CN),],
complex was obtained during grinding or heating of the moderate-pink Co(H,0),[Au(CN),], complex. This complex displays a
vapochromic response when exposed to a variety of organic solvents, as well as water and ammonia vapors.

B INTRODUCTION

The dicyanoaurate anion, [Au(CN),] ", has significant impor-
tance in practical and medical applications. In industry, dicya-
noaurate is used in electroplating processes, while in medicine, it
is considered as a pharmacologically active metabolite of gold(I)
drugs, such as auranofin, aurothioglucose, and myochrysine.2
Nowadays, this anion is also used in the design and synthesis of
cyano-bridged heterometallic coordination polymers (systems),
which are the focus of widespread research interest.” This is
due not only to their intriguing structural diversity but also to
their magnetism,4 luminescence,” Vapochromism,6 birefringence,7
and colossal thermal expansion® as well as ion-exchange properties.”
A popular approach to the synthesis of these materials is to use
the [Au(CN),] "~ building block as a bridging ligand in conjunc-
tion with a transition metal cation for the construction of 2D and
3D polymers. In these cyanoaurate-based mixed-metal complexes,
the dicyanoaurate moieties frequently undergo self-association
through aurophilic Au- « - Au interaction.'® These aurophilic inter-
actions have been used to increase the structural dimensionality of
these dicyanoaurate-based heterometallic polymers.’

Only a few examples of dicyanoaurate-based coordination
polymers containing a main-group metal have been reported so
far.”*~*° In addition to these lead(II) and organotin(IV) dicyano-
aurate-based coordination polymers,” % there are the M[Au-
(CN),] (M =K, Cs, Tl) complexes, which consist of layers of
linear [Au(CN),] ™ ions alternating with layers of M™ ions.” ¢
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These salts show interesting photoluminescence gro}gerties that
have been correlated with Au- - - Au interactions.”*~

The majority of heterometallic dicyanoaurate-based coordina-
tion polymers are usually synthesized by simple mixing of the
aqueous solutions of K[Au(CN),] with stoichiometric amounts
of transition metal salts.* " However, as it was highlightened in
the case of some transition metal(II) cations,> > special care
must be taken during the synthesis, since several different
dicyanoaurate-based heterometallic complexes can coexist in
solution, so that a mixture of products of different compositions
might be obtained."' '

Removing organic solvents in chemical synthesis is an im-
portant issue in the rapidly emerging field of green chemistry."*
Solvent-free mechanochemical methods (grinding in a mortar with a
pestle or ball milling) represent viable green routes for the
preparation of novel molecular and s%)ramolecular solids."
Mononuclear coordination compounds,l metallamacr()cycles,17
and coordination polymers and networks'® as well as metal—
organic frameworks (MOFs) ' have been prepared by solvent-free
mechanochemical methods. The grinding can have several effects
on crystalline solids, including heating, local melting, particle size
reduction with a concomitant increase in surface area, amorphi-
zation, phase changes to different polymorphic forms, etc.'>®
Liquid-assisted grinding reactions have also been utilized to
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construct mononuclear coordination compounds,”® coordina-
tion networks,”! and metal—organic frameworks.”> Bowmaker
and co-workers demonstrated that the enhancement of reaction
by frictional heating is not necessary in some of the previously
reported mechanochemical reactions, as the presence of small
amounts of fortuitous solvent may accelerate the rate of these
reactions.”* Nevertheless, such mechanochemical methods have
been rarely used in the preparation of cyanometallates.”>”>*
Kaupp reported that, depending on the molar ratio of CuCN and
NaCN, different complex salts such as Na[Cu(CN),], Na,[Cu-
(CN);], and Na3[Cu(CN),] have been obtained in ball milling
experiments.”® In an early study, the formation of Prussian Blue
(KFe[Fe(CN)4]-H,0) by grinding FeCls-6H,O and K,[Fe-
(CN)] - 3H,0 powders has also been reported.”* A deep-blue
ferrocenium intercalate (Cp,Fe)(Me;Sn);[Fe(CN)g] has also
been synthesized by grinding of the orange-yellow (Me;Sn)s-
[Fe(CN),] with ferrocene (Cp,Fe).”® To our knowledge, solvent-
free solid-state reactions have never been used to produce [Au(CN),]-
based heterometallic compounds. We have applied, for the first time,
solid-state reaction methods to synthesize various dicyanoaurate-
based heterometallic polymers. We prepared under solvent-free or
solvent-assisted mechanochemical conditions a series of mixed-metal
complexes by reacting K[Au(CN),] with transition metal(II)
chlorides as well as organotin(IV) chlorides.

Vapochromic or vapoluminescent compounds display dramatic
color (optical) or luminescence changes upon exposure to vapors
of volatile organic compounds (VOCs).*° As a response to
solvents or VOCs, these compounds show significant changes
in their optical properties, which generally originate from mol-
ecular conformation changes in the solid state, the appearance of
new bonding interactions such as hydrogen-bonding, metal—
solvent bonds, and aurophillic interactions.”® Several vapochromic
Au(I) complexes have also been recently reported,”” where the
vapochromic behavior changes the visible absorption or emission
spectra. Among gold(I) dicyanoaurates, the green and blue Cu-
[Au(CN),],(DMSO), polymorphs display vapochromic behavior
with reversible changes of color when they are exposed to a variety
of organic vapors.® In this context, we have prepared by mechanical
grinding a new [Au(CN),]-based vapochromic complex, which in
response to solvent vapors displays visible color changes.

B EXPERIMENTAL SECTION

Materials and General Methods. All chemicals and solvents
used for the syntheses were of reagent grade. The solvents for synthesis
were used without further purification. All reactions were carried out at
room temperature.

General Procedure for the Solvent Free Synthesis of
[Au(CN),]-Based Heterometallic Compounds. A stoichiometric
mixture of K[Au(CN),] and the corresponding metal chloride
(CoCl,+6H,0, NiCl,-6H,0, CuCl,-2H,0, ZnCl,, Me,SnCl,, and
Ph;SnCl) was ground in a mortar with a pestle at room temperature
until the reaction was completed (monitored by FT-IR spectroscopy).
Then, the reaction mixture was washed with water to afford the pure
products.”®

Preparation of KCo[Au(CN),J5 (1). The color of the mixed K[Au-
(CN),] (0.45 g, 1.563 mmol) and CoCl, - 6H,0 (0.124 g, 0.521 mmol)
powder changed during the grinding from light-pink to light-purple.
After thoroughly washing with distilled water, a light-purple product was
obtained. Yield: 0.334 g (75.9%). IR data: 3410 (b, w), 2165 (s), 468 (m).
Anal. Calcd for 1:2H,0: C, 8.18; H, 0.46; N, 9.54. Found: C, 8.21; H,
0.77; N, 9.26.

Preparation of KNi[Au(CN),]; (2). The color of the mixed K[Au-
(CN),] (045 g, 1.563 mmol) and NiCl, - 6H,0 (0.124 g, 0.521 mmol)
powder changed during the grinding from light-green to light-turquoise.
After thoroughly washing with distilled water, a turquoise product was
obtained. Yield: 0.336 g (76.4%). IR data: 3358 (b, w), 2171 (s), 1615
(vw), 472 (w). Anal. Calcd for 2-4H,0: C, 7.86; H, 0.88; N, 9.17.
Found: C, 7.94; H, 0.78; N, 9.06.

Preparation of Cu(H,0),[Au(CN),J]5 (3). The color of the mixed K[ Au-
(CN),] (0.300 g, 1.042 mmol) and CuCl,-2H,0 (0.089 g, 0.521 mmol)
powder changed during the grinding from turquoise to greenish-brown.
After thoroughly washing with distilled water, a light-green product was
obtained. Yield: 0.244 g (78.4%). IR data: 3179 (b, m), 2217 (m), 2172 (s),
706 (w), 568 (w), 470 (w). Anal. Caled for 3: C, 8.04; H, 0.67; N, 9.38.
Found: C, 8.10; H, 0.73; N, 9.26.

Preparation of Zn[Au(CN),], (4). The mixed powder of K[Au(CN),]
(0.300 g, 1.042 mmol) and ZnCl, (0.071 g, 0.521 mmol) formed a white
paste, which after 15 min of grinding started to solidify to yield a white
solid. After thoroughly washing with distilled water, a white product was
obtained. Yield: 0.212 g (72.3%). IR data: 2198 (s), 518 (m). Anal. Calcd
for 4: C, 8.53; N, 9.94. Found: C, 8.46; N, 9.70.

Preparation of Me,Sn[Au(CN),], (5). The color of the mixed K[Au-
(CN),] (0.300 g, 1.042 mmol) and Me,SnCl, (0.11S g, 0.521 mmol)
changed during the grinding from white to yellowish-green. After
thoroughly washing with distilled water, a white product was obtained.
Yield: 0.253 g (74.8%); IR data: 2169 (s), 814 (w), 596 (w), 458 (m). Anal.
Caled for 5: C 11.14; H 0.94; N 8.66; Found: C 11.32; H 0.65; N 8.59.

Preparation of Ph;Sn[Au(CN),] (6). The liquid-assisted grinding
of K[Au(CN),] (0.150 g, 0.521 mmol) and Ph;SnCl (0.201 g,
0.521 mmol) was performed with the addition of 2 drops of water
during grinding. After 10 min of grinding, the white powder was
thoroughly washed with water, and a white product was obtained. Yield:
0.263 g (84.3%). IR data: 2168 (s), 1483 (w), 1430 (m), 1079 (w), 999
(w), 735 (m, sh), 727 (m), 695 (m), 451 (m). Anal. Calcd for 6: C,40.1; H,
2.52; N, 4.68. Found: C, 39.73; H, 2.44; N, 4.63. This compound was
then recrystallized from methanol. The powder pattern simulated from
single crystal data agrees well with the experimental powder pattern of
this white product, 6; thus the recrystallized product is the same as the
initial compound.

Preparation of Co(H,0),{Au(CN),], (7). As-synthesized crystals of
Me;Sn[Au(CN),]® (0.2 g, 0.484 mmol) were immersed in a concen-
trated aqueous solution of CoCl, - 6H,O. After 2 days, the crystals were
turned into a microcystalline light-pink powder. The powder was
thoroughly washed with distilled water. Yield: 0.104 g (cca 73%). IR
data: 3015 (b, m), 2206 (m, sh), 2195 (s), 2173 (s, sh), 2161 (s), 1533
(m), 891 (m), 754 (b, w), 508 (w). Anal. Calcd for 7: C, 8.10; H, 0.68; N,
9.45. Found: C, 8.25; H, 0.68; N, 9.38.

Preparation of Co[Au(CN),], (8). Complex 8 was prepared by
grinding complex 7 (0.1 g, 0.168 mmol) for 75 min. The color of the
powder changed during the grinding from light-pink to blue. It can also
be prepared by heating 7 at 180 °C for 10 min. Yield: 0.089 g (94.7%). IR
data: 2183 (s), 538 (m), 517 (sh), 420 (w). Anal. Calcd for 8: C, 8.63; N,
10.06. Found: C, 9.17; N, 9.96.

Vapochromic Studies. The sample of 8 was placed in a small,
open container that, in turn, was placed in a larger vial containing the
volatile oxygen- or nitrogen-donor solvent. Then, the larger container
was tightly closed. The exposure of 8 to vapors of the volatile solvent
vapors leads to a perceptible change in the color of the samples.

In a parallel test, the powdered sample of 8 was deposited on filter
paper and was exposed to selected organic vapors. This also leads to
quick and perceptible change in the color of the samples.

IR data for H,O-treated 8: 3015 (b, m), 2206 (m, sh), 2195 (m), 2172
(s), 2162 (s), 1534 (m), 890 (m), 794 (w).

IR data for MeOH-treated 8: 3564 (w), 3455 (b, w), 2952 (w), 2180
(s), 1445 (w), 1388 (w), 1074 (w), 1016 (m), 975 (w).
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Table 1. Crystal Data and Structure Refinement Parameters
for Complex 6

empirical formula CyoH;sAuN,Sn

fw 599.0

cryst size [mm] 0.24 X 0.24 x 0.34

color colorless

cryst syst monoclinic

space group C2/c

temp. (K) 11

0 range for data collection (deg) 19 <60 =250

A (A) 071073

a[A] 14.6109(6)

b [A] 18.7252(6)

¢ [A] 7.4017(3)

B [deg] 113.806(2)

V [A%] 1852.75(13)

VA 4

deae [Mg/m®] 2.148

u [mm '] 9.259

F(000) 1112

index ranges —17=h=17
—22<k=22
—8=<1=<8

no. of collected reflns 16687

no. of indep. reflns/R;, 1643/0.058

no. of obsd. reflns I > 20(I) 1639

no. of params 108

GOF 1.43

R1 (obsd. data) 0.0259

wR2 (all data) 0.1100

largest diff. peak/hole (e A7) — 1.43/1.00

IR data for EtOH-treated 8: 3387 (b, m), 2980 (m), 2901 (w), 2185
(s), 1395 (w), 1269 (w), 1091 (w, sh), 1039 (m), 879 (w).

IR data for DMF-treated 8: 2182 (m), 1657 (s), 1435 (w), 1380 (w),
1110 (m), 687 (m). The synthesis, crystal structure and spectral
characterization of this complex, namely, Co(DMF),[Au(CN),], has
been previously reported.”

IR data for DMSO-treated 8: 2177 (s), 1419 (w, sh), 1409 (w), 1031
(m), 997 (s), 957 (m).

IR data for THF-treated 8: 2960 (b, w), 2887 (w), 2183 (s), 1039
(m), 888 (m).

IR data for py-treated 8: 2172 (s), 2142 (m), 1601 (s), 1577 (w), 1489
(m), 1445 (s), 1217 (m), 1068 (m), 1042 (m), 1011 (m), 776 (w, sh),
768 (m), 756 (m), 707 (s), 630 (m).

IR data for NH;-treated 8: 3328 (b, s), 2168 (m, sh), 2143 (s), 1608
(b, m), 1290 (b, m), 1216 (m, sh), 1201 (m), 819 (b, w), 603 (b, w).

Single Crystal X-Ray Diffraction. Crystal data, data collection,
and refinement details for 6 are listed in Table 1. A crystal of 6 was
mounted in Paratone-N oil within a conventional cryo-loop, and
intensity data were collected on a Rigaku R-AXIS RAPID image plate
diffractometer, fitted with an X-stream low temperature attachment.
Several scans in the ¢ and @ direction were made to increase the number
of redundant reflections, which were averaged over the refinement cycles.
The structures were solved by direct methods (SIR92)*® and refined by
full-matrix least-squares (SHELXL-97).3" All calculations were carried
out using the WinGX package of crystallographic programs.*> The
anisotropic displacement parameters for C(3B) and C(4B) atoms were
constrained to be the same (EADP). All non-hydrogen atoms were

Scheme 1

3 K[Au(CN),] + MCly-:6H, 0 — KM[Au(CN);]s +2 KC1 + 6 H,O
1: M =Co; and 2: M =Ni
2 K[Au(CN),] + MCly #H,0 — M(H,0),[Au(CN),], + 2 KCI
3:M=Cun=2
4M=7Znn=0

Figure 1. Photographs showing the colors of complexes 1—4 obtained
in solvent-free solid-state reactions between K[Au(CN),] and transition
metal(II) chlorides.

refined anisotropically in F* mode. The riding model was applied for the
hydrogen atoms.

Infrared spectra were recorded in the 450 or 550 to 4000 cm™
spectral range on a Bio-Rad (Digilab Division) FTS-60A FT-IR spectro-
meter equipped with a UMA-500 infrared microscope with a Ge plate.
Powder diffractograms were produced with Cu Kot radiation on a vertical
high-angle Philips PW 1050 powder diffractometer. The elemental
analysis was carried out with an Elementar Vario EL III apparatus at
the Analytical Laboratory for Organic Chemistry, Chemical Research
Center, Hungarian Academy of Sciences.

1

B RESULTS AND DISCUSSION

Preparation of Transition Metal Dicyanoaurates. As part of
our studies on cyanometallate coordination polymers,” now we
report a solid-state mechanochemical route to the synthesis of
heterometallic [Au(CN),]-based coordination polymers. These
solvent-free solid-state reactions between K[Au(CN),] and
transition metal(II) chlorides occur within minutes of grinding
(Scheme 1), and after thorough washing with water they
give pure microcrystalline dicyanoaurate-based heterometallic
polymers (Figure 1).

These solid-state reactions imply extensive solid-state rearrange-
ment and the formation of new metal—cyanide M—NC—Au
bonds. The presence of the cyanide group provides a useful probe
to monitor these solid-state reactions via FTIR spectroscopy.

Cobalt(Il) dicyanoaurates are usually prepared in solutions;
however, for example, the aqueous reactions of K[Au(CN),]
with Co(ClO,),*6H,0 vyield a mixture of 1products of different
compositions that cannot be separated.”'" The potassium co-
balt(Il) dicyanoaurate(I) is a component in the electrodeposition
processes for cobalt-hardened gold and precipitates as a side-
product from concentrated solutions of K[ Au(CN), ] and cobalt(IT)
salt.”® Although the crystallization and structure of KCo[Au-
(CN),]5 was reported previously, no further structural charac-
terization was performed.33b Furthermore, to our knowledge, the
solvent-based synthesis of KCo[Au(CN),]; has also never been
reported. Mechanochemical methods could represent an alter-
native route to preparing pure cobalt(II) dicyanoaurate com-
plexes in high yields. Grinding of 2:1 or 3:1 powdered mixtures of
K[Au(CN),] and CoCl, - 6H,0 at room temperature for 35 min
produces a pink microcrystalline product. Inspection of the
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Figure 2. Powder X-ray diffraction patterns of 1 (a) prepared by
solvent-free grinding and (b) its simulated diffraction pattern based
on the single crystal structure (ICSD 201056).%%

bands in the vy region shows that after ca. S min of grinding the
reaction is practically completed. The IR spectrum of the pure
product 1 shows a single cyanide vibration at 2165 cm ™',
suggesting that all of the cyanide groups are in an identical
coordination environment. The powder diffractogram of 1
(Figure 2) was observed to be similar to that of KCo[Au(CN),];
calculated from single crystal data.**® Elemental analysis of this
pink powder 1 is also consistent with KCo[Au(CN),].

The aqueous solution synthesis of KNi[Au(CN),]; (2) took
more than 4 days, as long as the pale-green Ni(H,0),[Au-
(CN),], complex converted into a pale-blue powder.'* Complex
2 has also been synthesized hydrothermally over more than 8 h."?
In striking contrast, we found that on simply grinding together
stoichiometric amounts of K[Au(CN),] and NiCl,-6H,0 for
30 min, compound 2 was obtained. After washing the reaction
mixture with water, 2 is isolated in its pure form. This was
confirmed by the vy value 0f 2172 cm ™' and powder diffraction
patterns as well as elemental analysis. These mixed-metal potassium
cobalt(II) and nickel(II) dicyanoaurates obtained in these solid-
state reactions (Scheme 1) may also be found as side products in
the aqueous solution synthesis of aqua-bridged Co(H,0),[Au-
(CN),], or Ni(H,0),[Au(CN),], complexes, if a slight excess
of K[Au(CN),] is used or if the reaction mixture is very
concentrated.'' '

Complexes 3 and 4 were also prepared under solvent-free
conditions (Scheme 1). The IR spectra of the green product
resulting from the 2:1 reaction of K[Au(CN),] and CuCl,-2
H, O showed that after 35 min of grinding only a small portion of
the K[Au(CN),] remained unreacted. This mixture was thorough
washed with water, and the vy values (2217 and 2172 cm ™ ') of
the as-obtained green compound 3, its powder diffraction
pattern, and elemental anal?fsis are consistent with those of
Cu(H,0),[Au(CN),],.*"!" As we already mentioned, the
DMSO analogues of this complex, namely, the blue and green
polymorphs of Cu(DMSO),[Au(CN),],, display vapochromic
properties when exposed to a variety of solvents as well as
ammonia vapors. "

The formation of the & polymorph of 4™ was confirmed by
IR spectrum (Vcy = 2201 cm™ ') and powder X-ray diffraction
patterns. The previously reported four polymorphs of Zn[Au-
(CN),], can reversibly bind NH; vapor with very high sensitiv-
ities and act as vapoluminescent sensors for ammonia.®”

Preparation of Organotin(lV) Dicyanoaurates. We probed
the mechanochemical method to synthesize organotin(IV) di-
cyanoaurates (Scheme 2), such as § and 6.

9,34

Scheme 2

2 K[Au(CN);] + MeaSnCl, — MeSn[Au(CN), |, + 2 KCl

5
KJAu(CN);] + Ph3SnCl — Ph;Sn[Au(CN),] + KCI
6
35 min
T w

2143

2170 30 min
2143

2170 25 min
2143

2170 20 min
H’l 2143

2170 15 min
2143

2170 10 min
2143

2170 5 min

2170 2143 0 min

2171 ]I VT
2142
4000 3000 2000, 1000
wavenumber (cm”)

Figure 3. FT-IR spectra of a 2:1 powdered mixture of K[Au(CN),]
with Me,SnCl, measured at different times of grinding.

The IR spectrum of the product resulting from the 2:1 reaction
of K[Au(CN),] and Me,SnCl, showed that after 35 min of
grinding only a portion of the K[Au(CN),] remains unreacted
(Figure 3). This mixture was thoroughly washed with water to
yield the pure compound 5 (vcn = 2170 cm™'). The experi-
mental powder pattern agrees well with those simulated from
single crystal data and obtained on a sample prepared by aqueous
(solution-based) synthesis.9 In striking contrast, there is an
immediate and complete reaction if a trace of water is added to
form a paste during the 2:1 mechanochemical reaction of K[Au-
(CN),] and Me,SnCl,. Thus, the addition of a few drops of
water resulted in the complete conversion of the mixture into
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10 min
T
2170 5 min
IR e
2169 2 min
2169 0 min

W v

4000 3000 2000 1000
wavenumber (cm")

Figure 4. FT-IR spectra ofa2:1 powdered mixture of K[Au(CN),] and
Me,SnCl, (after the addition of a few drops of water) measured at
different times of grinding.

Figure S. Ortep view of the cyanide-bridged zigzag chains of 6. Ellipsoids
are shown at the 50% probability level. Equivalent atoms generated by i =
(=%9,1/2—z) andii=(—1/2 — x,1/2 — y, —1 — z). Selected distances
(A) and angles (deg): Sn(1)—N(1) 2.333(6); Sn(1)—C(1A) 2.137(8);
Sn(1)—C(1B) 2.138(9); Au(1)—C(1) 1.987(8); N(1)—Sn(1)—N(1)’
174.8(2); C(1A)—Sn(1)—C(1A)" 117.4(3); C(1A)—Sn(1)—C(1B)'
121.3(2); C(1B)—Sn(1)—C(1A) 121.3(2); C(1)—Au(1)—C(1)" 180.0.

complex S after only 2 min of grinding (Figure 4). The water
content of the paste was evaporated after 10 min of grinding.
Recently, it was shown that grinding the reactants (metal
compounds and ligands) in the presence of a catalytic amount
of solvent dramatically increased the rate of formation of metal
coordination compounds.*

Since the powdered mixture of K[Au(CN),] and Ph;SnCl
(1:1 molar ratio) is highly electrostatically charged and tended to
stick to gloves, we performed the grinding only after the addition
of a few drops of water (Scheme 2). The IR spectrum of the
mixture shows complete consumption of the starting materials
after only 10 min of grinding. The IR spectrum of the pure
product 6 shows a single cyanide vibration at 2168 cm ™.

As was revealed by single-crystal X-ray diffraction, each Ph3Sn
unit is linked to two others by two Au(CN), bridges via Sn—N
bonds [2.33(2) A] to form an infinite cyanide-bridged chain
(Figure S). Therefore, the tin center adopts a trigonal-bipyr-
amidal C3SnN, arrangement. In contrast to the crystal struc-
ture of Me;Sn[Au(CN),], where the infinite cyanide-bridged

7 8

Figure 6. Photographs showing the color of complexes 7 and 8. Complex
8 was obtained by grinding 7 in a mortar.

Scheme 3

Co(H>0),[Au(CN);J> — Co[AUCN); > + 2 Hr0
7 8

chains are joined through aurophilic interactions,” there are no
Au---Au contacts between the chains due to the sterical
hindrance of the phenyl groups. The observed PXRD pattern
of compound 6 obtained in the water-assisted mechano-
chemical reaction closely matched the pattern simulated from
the crystal structure; thus the same compound was obtained by
recrystallization.

We successfully applied this liquid-assisted grinding or sol-
vent-assisted mechanochemical method in the synthesis of
compounds § and 6, and as pointed out by a reviewer, other
reactions use a hydrated reagent (synthesis of compounds 1—3)
or a deliquescent reagent (synthesis of compound 4). In most of
these reactions, the products contain no water, or less water than
the reactants, so that water is produced as a byproduct of the
reaction, and this water could function in the same way as added
water to accelerate the reaction as it progresses.20C

Vapochromic Behavior. As we already mentioned, in the
aqueous solution syntheses of cobalt(Il)- or nickel(II)-dicyano-
aurates, a mixture of products of different compositions, such as
hydrated, dehydrated, and other mixed metal(Il) dicyanoaurates,
are obtained."' ™" Thus, the aqueous reaction of K[Au(CN),]
with cobalt(II) salts yields a red-colored mixture of 1,>* Co-
(H,0),[Au(CN),], (7)," and Co[Au(CN),], (8)*° complexes
that cannot be separated.l’11 Although, the change in solvent
from water to acetonitrile leads to the exclusive formation of a
hydrated 7 compound.'' Previously, we performed metal-ex-
change experiments in which the Me;Sn[Au(CN),] complex
was soaked in aqueous solutions of bivalent transition-metal M**
(M = Co, Ni, Cu, Zn) cations.” After 2 days, the crystals of
Me;Sn[Au(CN),] in the presence of cobalt(Il) chloride were
completely converted into the moderate-red 7 complex (Figure 6).
Thus, the change in the starting material from K[Au(CN),] to
Me;Sn[Au(CN),] also leads to the exclusive formation of
hydrated complex 7.

As analogues of the vapochromic Cu(DMSO),[Au(CN),],*
and Zn[Au(CN),],* complexes, we targeted these cobalt(II)
dicyanoaurates, as the coordination geometry of the Co(II)
cation in these complexes shows flexibility when converting
between octahedral and tetrahedral forms.">*** To probe the
vapochromic behavior of 7, the sample was ground in a mortar
with a pestle at room temperature until its color changed from
pale-pink to blue (Scheme 3).

The progress of the solid-state reaction was monitored by
measuring the IR spectra; as the grinding time proceeded, the
splitting of the vcy cyanide vibrations faded with concomitant
water loss. The IR spectrum of the resulting blue compound 8
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DMSO THF

Figure 7. Colored 8-v samples changed by adding various solvent
vapors to the powdered blue sample of 8.

Table 2. Characteristic vcy Frequencies (cm™ ') of Vapor-
Treated 8-v Complexes

vapor color after exposure Ven

water pale-pink 2206 (m), 2195 (s), 2173 (s), 2161 (s)
MeOH pale-pink 2179 (s)

EtOH light-violet 2185 (s)

DMF pale-pink 2182 (s)

DMSO pale-pink 2177 (s)

THF light-violet 2183 (s)

pyridine pale-pink 2172 (s), 2142 (m)

NH; ochre 2168 (m), 2143 (s)

shows only a single cyanide vibration at 2181 cm ™', suggesting
that all of the cyanide groups are in an identical coordination
environment. Moreover, there are no traces of water in the
spectrum (for details, see the Supporting Information). The
PXRD pattern of this mechanochemically obtained 8 showed the
formation of a partially crystalline material. The heating of 7 at
180 °C in a vacuum for 10 min also yields this dehydrated
complex 8. The PXRD pattern of this material differs from that of
hydrated 7. This, taken together with the large changes in the
Ven frequencies, indicates that structural changes also occur in
response to the removal of water molecules. Thus, as a con-
sequence of mechanical grinding or heating, the cobalt-aqua
bonds were broken and the water molecules were lost, and this
was accompanied by a dramatic and rapid color change from
light-pink to blue (Figure 6). Nevertheless, the peaks in the
powder diffractogram of 8 do not match those of Co[Au(CN), ],
calculated from single crystal data.®* Therefore, this phase
formed upon dehydration might correspond to a possible poly-
morph of cobalt(II) dicyanoaurate. This dehydrated blue complex
8 is stable over 10 days in the presence of ambient water vapor
and temperature. However, upon exposure to water vapors for 20
h, the PXRD pattern of the as-obtained sample is identical to that
of the hydrated pink powder of 7.

Upon exposure of blue 8 to the vapors of MeOH, EtOH,
DMF, DMSO, THE, pyridine, and NHj3, under ambient tem-
perature, vapochromic responses were observed in which the
solid changes to the pale-pink, light-violet, or ochre color of 8-v
samples (Figure 7).

The IR spectrum of all of these 8:v samples contains
characteristic bands associated with corresponding oxygen- and
nitrogen-donor ligands. As previously reported for metal-cyanide-
based vapochromic materials, the ¥y region in the IR spectrum
is sensitive to the presence of volatile vapors of oxygen and

nitrogen donors.**° Despite the presence of different oxygen

donors, such as MeOH, EtOH, DMF, DMSO, and THF, the vy
vibration of these 8 - v complexes is shifted by only £1 to 4 cm ™'
wavenumbers as compared with 8 (Table 2). Thus, owing to
these narrow changes in the vy frequencies, the vy region in
the IR spectrum of these oxygen-donor complexes is not a
sensitive and characteristic signature for the corresponding
solvent. The only exceptions occur with very strong nitrogen
donors, such as pyridine and ammonia, when the spectrum of
these samples contains two Vcy bands. The pyridine complex
shows a strong peak at 2172 and a medium one at 2142 cm ™',
while the NH; comlplex exhibits a medium and a strong peak at
2168 and 2143 cm™ , respectively. The bands at higher frequencies
may be attributed to the coordinated cyanide and those at 2142
or 2143 cm™ ' to terminal or uncoordinated cyanide ligands of
the [Au(CN),] anion. For comparison, the K[Au(CN),] and
Na[Au(CN),] com?lexes display vy stretching frequencies at
2140 and 2153 cm ™', respectively.>’ In contrast, exposure of 8 to
vapors of acetonitrile did not induce any changes in the IR
spectrum of 8; thus the vapochromic response is negative for this
nitrogen-donor ligand.

All of these vapochromic responses are fully reproducible with
conversion from 8- v samples back to 8, accomplished by heating
the sample under vacuum conditions.

Bl CONCLUSIONS

In summary, the solid-state mechanochemical method using
K[Au(CN),] and transition metal(II) chlorides was proved to be
a fast, simple, and eflicient route to the synthesis of heterome-
tallic dicyanoaurate-based coordination polymers. A surprising
aspect of our studies is that, in some cases, the solid state reaction
is faster than the corresponding solvent-based reaction. In
addition, this solid-state method rapidly yields pure cyanoau-
rate-based complexes also in cases when the aqueous solution
synthesis leads to an unseparable mixture of products. This
mechanochemical method can be applied not only to transition
metals but also to main group metals to obtain various dicya-
noaurate-based heterometallic polymers. For the 2:1 mixture of
K[Au(CN),] and Me,SnCl,, the dramatic enhancement of the
reaction rate by the presence of a minor amount of solvent was
noticed. Complex 8, obtained as an additional result of the
present study, displays a vapochromic response when exposed to
a variety of organic solvents, as well as water and ammonia vapors.
Now, we focus on understanding the factors that influence the
vapochromic response and on experiments aimed at tuning the
sensitivity and specificity of optical response for possible sensor
application.
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