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ABSTRACT: We report the molecular recognition of the
Au(CN),” anion, a crucial intermediate in today’s gold mining
industry, by a-cyclodextrin. Three X-ray single-crystal super-
structures—KAu(CN),Ca-cyclodextrin, KAu(CN),C(a-cyclodex-
trin),, and KAg(CN),C(a-cyclodextrin),—demonstrate that the
binding cavity of a-cyclodextrin is a good fit for metal-coordination
complexes, such as Au(CN),” and Ag(CN),” with linear
geometries, while the K ions fulfill the role of linking a-
cyclodextrin tori together as a result of [K*--O] ion—dipole
interactions. A 1:1 binding stoichiometry between Au(CN),” and
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a-cyclodextrin in aqueous solution, revealed by 'H NMR titrations, has produced binding constants in the order of 10* M.
Isothermal calorimetry titrations indicate that this molecular recognition is driven by a favorable enthalpy change overcoming a small
entropic penalty. The adduct formation of KAu(CN),Ca-cyclodextrin in aqueous solution is sustained by multiple [C—H---x] and
[C—H---anion] interactions in addition to hydrophobic effects. The molecular recognition has also been investigated by DFT
calculations, which suggest that the 2:1 binding stoichiometry between a-cyclodextrin and Au(CN),” is favored in the presence of
ethanol. We have demonstrated that this molecular recognition process between a-cyclodextrin and KAu(CN), can be applied to the
stripping of gold from the surface of activated carbon at room temperature. Moreover, this stripping process is selective for
Au(CN),” in the presence of Ag(CN),”, which has a lower binding affinity toward a-cyclodextrin. This molecular recognition
process could, in principle, be integrated into commercial gold-mining protocols and lead to significantly reduced costs, energy

consumption, and environmental impact.

B INTRODUCTION

Gold, as a precious metal, is used"” not only in jewelry and
currency but also as an increasingly indispensable element in
chemical synthesis,s_10 nanotechnology,”_14 modern elec-
tronics,'>'® and medicine.'”™"" The recovery”’™** of gold
from ores and electronic waste has become an increasingly
active field of research, largely because of economic incentives.
One of the most commercially successful processes' for gold
mining from ores is heap leaching, where alkaline cyanide
lixiviants are used to solubilize gold as its dicyanoaurate salts,
NaAu(CN), or KAu(CN),. Activated carbon is introduced to
separate the dissolved dicyanoaurate salts from the leached
pulps—a technology known>*”° as carbon in pulp. The
dicyanoaurate salts are stripped subsequently from the
activated carbon, producing a concentrated solution for the
final gold recovery by so-called electrowinning.' To strip the
dicyanoaurate salts from the activated carbon, harsh con-
ditions,”” " including high temperatures (95—140 °C), high
pressures (70—400 kbar), and concentrated cyanide and
hydroxide solutions, are required. We envision that if the
gold-stripping process can be performed at room temperature
under mild conditions using nontoxic reagents, a significant
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drop in energy consumption, as well as reduced costs and
environmental impacts, can be realized.

To achieve room-temperature stripping of gold, we
hypothesized that a molecular receptor for Au(CN),” in
aqueous solution might facilitate (Scheme 1) gold transfer
from the surface of activated carbon into solution. There are
several reports of molecular receptors for gold halide anions
relying on the use of cyclodextrins,’** crown ethers,*
cucurbiturils,** ¢ amides,””™* cationic cyclophanes,44
metal—organic frameworks,” > which either form precipitates
selectively with gold ions or function as gold extraction agents.
Anion recognition51_65 has witnessed a blossoming during the
past two decades, where strong binding affinities and high
selectivities have been achieved for a wide range of anions.
Molecular recognition of Au(CN),”, the most relevant anion

and
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Scheme 1. Structural Formula of a-CD with Numerical
Labels, a Tubular Representation of a-CD, a Space-Filling
Representation of Au(CN),”, and a Graphical Ilustration of
Gold Stripping from the Surface of Activated Carbon into
Aqueous Solution Using a-CD*

a-CD/RT

E——
Supramolecular
Stripping

Au on Carbon Au in Aqueous Solution

“C = light blue, N = dark blue, and Au = golden yellow.

in the gold-mining industry, however, has been explored®®™">

hardly if at all. There are only three reported molecular
receptors for Au(CN),” using metal—organic cage569’70 or
biotin[6]uril.”* There are no reports of molecular receptors for
Au(CN),”, to our knowledge, within the context of
commercial gold recovery. The first aim of the present
research was to identify molecular receptors for Au(CN),” in
aqueous solution with the ultimate goal of achieving efficient
gold stripping from the surface of activated carbon at room
temperature.

Research on cyclodextrins’>~’® has been of particular
interest to us.”’ "’ Not so long ago, we demonstrated’"**
that a-cyclodextrin (a-CD) can encapsulate tetrabromoaurate
in the presence of potassium ions, resulting in selective
precipitation of a gold adduct, leading to a green gold-recovery
technology. It is also well-known®"™® that a-CD can
encapsulate selectively substrates with a linear geometrg,
such as poly(ethylene glycol)® and polyiodide complexes.®**

The linear geometry of Au(CN),” suggests that this substrate
could be a good fit inside the cavity of a-CD. Herein, we
report the molecular recognition of Au(CN),”, a critical
intermediate in today’s gold-mining industry, using @-CD in
water with a binding affinity on the order of 10* M™". The
binding mechanism has been investigated extensively by using
X-ray crystallography, 'H NMR titrations, isothermal calorim-
etry titrations, and density functional theory (DFT) calcu-
lations. In proof-of-principle investigations, we have demon-
strated that this anion-recognition process can be applied to
strip KAu(CN), from the surface of activated carbon at room
temperature. We also describe a selective stripping process for
KAu(CN), in the presence of KAg(CN),, which has a lower
binding affinity with @-CD. With further optimization, this
process could be integrated into present gold-mining protocols
and lead to significantly reduced costs, energy consumption,
and environmental impact.

B RESULTS AND DISCUSSION

Single crystals of a 1:1 adduct were obtained®’ by slow
evaporation of an aqueous solution containing a mixture of a-
CD and KAu(CN),. The solid-state superstructure of the 1:1
adduct between @-CD and Au(CN)," is illustrated in Figure 1.
The Au(CN),”, which is encapsulated (Figure 1a,b) inside a-
CD, is tilted by about 14° relative to its principal axis. Because
the length (9.6 A) of Au(CN), is slightly longer than the
depth (7.9 A) of the binding cavity, one of the cyanide ligands
protrudes outside the primary face of a-CD. Five of the H-5
protons in @-CD are in close contact with the Au atom. The
[Au---C-5] distances are in the range 4.0—4.3 A. One of the H-
3 protons in a-CD is in close contact with a cyanide carbon,
[N=C--C-3] distance: 4.1 A. Two of the H-3 protons in a-
CD have close contacts with the cyanide nitrogens, [C=N--
C-3] distances: 3.9 and 4.4 A. These short distances (Table 1
and Table S1) suggest that the supramolecular adduct
Au(CN), Ca-CD is sustained by multiple [C—H--z]**"%

a)
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Figure 1. Space-filling (a) and tubular (b) representations of the solid-state superstructures of Au(CN),”Ca-CD obtained from single-crystal X-ray
diffraction studies. The inward-facing H-3, H-5, and H-6 protons of a-CD are directed toward the Au(CN),” anion, establishing multiple [C—
H---x] and [C—H---anion] interactions that stabilize the adduct. (c) Tubular and space-filling representations of two types of K" ions, forming seven
[K*---O] coordinative bonds with glucose residues and two water molecules with a capped trigonal prismatic coordination geometry. The K* ions
are located on both the primary and secondary faces of a-CD. Each K" ion connects three @-CDs together. (d) Tubular (a-CD) and space-filling
(KAu(CN),) representations of the crystal packing between Au(CN),” anions and a-CDs, showing the positions of K* cations and Au(CN),~

anions as well as the relative dispositions of the a-CD tori.
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Table 1. Intermolecular Distances (A)” between KAu(CN), and a-CD in the Solid-State Superstructures with 1:1 and 1:2

Stoichiometries
[Au---C-5] [Au--C-6] [NC--C-3]
Au(CN), Ca-CD” 4.0-4.3/5 >4.5 4.1/1
Au(CN), C(a-CD),” >4.5 3.9-4.5/5 >4.5

[CN--C-3] [NC-C-5] [CN--C-$] [K*--0]
3.9-44/2 40-42/3 43-4.4/2 2.7-32/7
>4.5 40-4.5/9 3.7-4.5/9 2.7-32/7

“These short distances suggest that the supramolecular complexes are sustained by multiple [CH---z] and [CH---anion] interactions. ®The number
of protons from the glucose subunits involve in short contacts (distance <4.5 A) with Au(CN),” is presented after the slash symbol.

and [C—H:-anion]*" """ interactions between Au(CN),” and
the inward-facing H-3, H-5, and H-6 protons. These
noncovalent interactions are revealed””> (Figure S8) by a
reduced-density gradient analysis. The K" ions are located on
both the primary and secondary faces of @-CD. Each K* jon is
linked to three a-CDs with a capped trigonal prismatic
coordination geometry and a coordination number of seven,
two of which are involved with water molecules as ligands.
Two types of K* ions are found (Figure 1c) in the packing of
the crystals. Type 1 K' ions link one primary a-CD face and
two secondary faces, while type 2 K' ions connect one
secondary face and two primary faces of the a-CDs. The [K*--
0] ion—dipole distances are in the range 2.7—3.2 A. It is worth
noting that the [K*---N=C] distances are in the range 5.4—7.9
A, suggesting the existence of relatively weak electrostatic
attractions, stabilizing the adducts in the solid state. The
alignment (Figure 1d and Figure S1) of a-CDs is in the
repeating order of HT-HH—TT where H (head) represents
the secondary face and T (tail) represents the primary face of
the @-CDs. The HT and TT plane-to-plane distances ([O--O]
from the OH groups on the opposing faces) are in the range
2.9-3.6 A, and the HH plane-to-plane distances ([O---O] from
the OH groups of the primary faces) are around 3.8 A.
Single crystals of a 2:1 adduct were also obtained”” (Figure
2) as a result of slow diffusion of EtOH into an aqueous
solution containing a mixture of @-CD and KAu(CN),. The
solid-state superstructure of the 2:1 adduct between a-CD and
Au(CN), is illustrated in Figure 2. The Au(CN),” is located
between two @-CD primary faces and is tilted by about 22°
relative to its principal axis (Figure 2a,b). There are nine H-S
protons from a-CD in close contact (Table 1 and Table S2)
with the cyanide nitrogen atoms with [C=N---C-5] distances
in the range 3.7—4.5 A. Five of the H-6 protons in a-CD have
[Au--C-6] contact with the distance in the range 3.9—4.5 A
(Figure S9). The multiple [C—H--2]**"% and [C—H--
anion]®”~"" interactions, which stabilize the 2:1 adduct
between a-CD and Au(CN),”, are associated mainly with
the inward-facing H-5 and H-6 protons. Next to each of the
cyanide ligands is located an EtOH molecule, forming (Figure
2c) a hydrogen bond with Au(CN),”. The [O-+N=C]
distance was found to be 2.8 A, suggesting the existence of
strong hydrogen-bonding interactions between the EtOH
molecules and Au(CN),". The binding energies of Au(CN),~
in the single-crystal superstructure were determined by DFT
calculations and are shown (Table S7) to be (i) to one a-CD
(—42.4 kcal mol™), (ii) to both a-CDs (—79.4 kcal mol™),
(iii) to one EtOH (—12.9 kcal mol™), (iv) to both EtOH
(=22.5 keal mol™), (v) to one EtOH and one a-CD (—62.8
keal mol™), and (vi) to all, that is, two a-CDs and two EtOH
molecules (—119.8 kcal mol™'). The EtOH molecules, which
occupy part of the internal cavities of the a-CDs, enhance the
overall stability of the 2:1 adduct and thus facilitate the shift in
the binding stoichiometry from 1:1 to 2:1. The K ions are
only found at the secondary faces of the a-CDs. Each K ion is
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Figure 2. Space-filling (a) and tubular (b) representations of the
solid-state superstructures of Au(CN), C(a-CD), obtained from
single-crystal X-ray diffraction studies. The inward-facing H-S and H-
6 protons of a-CD are directed toward the Au(CN),” anion,
establishing multiple [C—H:--z] and [C—H---anion] interactions that
stabilize the adduct. (c) Tubular representations of two EtOH
molecules associated with the Au(CN),” anion in a space-filling
representation. (d) Tubular and space-filling representations of a K*
ion, forming seven [K"---O] coordinative bonds with glucose residues
with a capped trigonal prismatic coordination geometry. The K' ions
are only located at the secondary faces of a-CDs. Each K' ion
connects four a-CDs together. (e) Tubular (a-CD) and space-filling
(KAu(CN),) representations of the crystal packing between Au-
(CN),™ anions and a-CDs, showing the position of K* cations and
Au(CN),” anions as well as the relative disposition of the a-CD tori.

linked (Figure 2d) to four @-CDs with a capped trigonal
prismatic coordination geometry and a coordination number of
seven. The [K*--O] ion—dipole distances are in the range
2.7—3.2 A. The relative arrangement (Figure 2e and Figure S3)
of a-CDs repeats in the order HH and TT with plane-to-plane
distances ([O--O] from the OH groups on the opposing
primary faces and secondary faces) of 2.7—3.2 and 3.8—4.1 A,
respectively.

The association between a-CD and KAu(CN), in D,O was
investigated by '"H NMR titrations. The resonances for H-3
and H-5 (Scheme 1) of @-CD undergo downfield shifts (Figure
3a) upon titration with KAu(CN),. In comparison, a mixture
of KCI (25 mM) and a-CD does not show (Figure S19) any
chemical shift of the resonances for these protons, suggesting
these chemical shifts are induced by the binding between a-
CD and the Au(CN),” anion. Following the chemical shift of
H-3, the titration curve reveals (Figure 3b,c) a 1:1 binding
stoichiometry commensurate with the solid-state super-
structure obtained from the single crystal of the 1:1 adduct
grown from aqueous solution. The binding constant (K,)
between Au(CN),” and a-CD in D,O was determined”*
(Figures S15—S18) to be 8.1 X 10* M.
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Figure 3. (a) '"H NMR (600 MHz, D,0, 25 °C) spectra of a-CD (5 mM) titrated with KAu(CN),. Proton numerical labels refer to the structural
formula in Scheme 1. (b) Changes in chemical shift of H-3 caused by addition of KAu(CN),. Red trace represents curve fitting using a 1:1
receptor—substrate binding model. (c) Calculated changes in mole fractions for a-CD (blue trace) and Au(CN), Ca-CD (red trace) in D,O as a
function of the substrate—receptor mole ratio, suggesting a 1:1 binding stoichiometry.
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To shed more light on the driving force for the 1:1 adduct molecular recognition between a-CD and Au(CN),” is
formation between Au(CN),” and a-CD in water, isothermal accompanied (Figure 4a,b) by an exothermal process, where
titration calorimetry (ITC) was performed” at 25 °C. The the binding enthalpy (AH) is found to be —8.0 kcal mol™".
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Figure S. Histograms showing the average concentrations of metals stripped from the surface of activated carbon by cyclodextrins. Effect of the
concentrations of (a) a-CD and (b) 7-CD on the stripping of KAu(CN),. (c) Effect of the concentration of @-CD on the stripping of KAg(CN),
and (d) effect of the concentration of a-CD on selective stripping of KAu(CN), from a mixture of KAu(CN), and KAg(CN), loaded on the

surface of activated carbon.

The titration curve follows a 1:1 binding model and produces a
binding constant of 1.5 X 10* M~". The Gibbs free energy of
binding was determined to be —5.7 kcal mol ™}, which allows us
to deduce a binding entropy that is associated with a TAS
value of —2.3 kcal mol™". These results suggest that the binding
between Au(CN),” and a-CD is driven” by a favorable
enthalpy change overcoming a small entropic penalty.

The binding affinity (K, = 1.4 X 10° M™') between
Ag(CN),” (Figure 4c,d) and @-CD is an order of magnitude
weaker compared with that of Au(CN),”. The binding
enthalpy (AH = —7.9 kcal mol™") of Ag(CN)," is similar to
that of Au(CN),”, which is reasonable considering their
similarities in size and shape. This similarity is corroborated
(Table S4) by DFT calculations. The binding energy of the
optimized Au(CN), Ca-CD is —35.6 kcal mol™', and that of
the Ag(CN), Ca-CD is —36.2 kcal mol™".

The decrease in binding affinity of a-CD for Ag(CN),” in
H,O is the result of a larger entropic penalty associated with a
TAS value of —3.7 kcal mol™!, which can be attributed to the
difference in hydration states of the Au(CN),” and Ag(CN),~
ions in water. This result suggests that the binding of
Au(CN),” in water is most likely aided and abetted by
hydrophobic effects,”’ ™ which provide a favorable binding
enthalpy by (i) releasing high-energy water from inside the a-
CDs, (ii) while reducing the entropic penalty resulting from
the transfer of surface-bound water from the CDs and
Au(CN),” anions into the bulk solution.

We have demonstrated that a-CD, given a high-affinity for
Au(CN),” anions in H,O, can be applied as a stripping agent
to remove KAu(CN), from the surface of activated carbon at
room temperature. The KAu(CN), stripping experiments were
performed at room temperature. An aqueous solution (S mL)
of a-CD at a range of concentrations (1—10% w/v) was mixed
(Supporting Information, section 6) with KAu(CN),-loaded
carbon (50 mg, containing 0.6 mg of gold), and the suspension
was stirred for 30 min, after which time the carbon was isolated
by filtration. The concentration of gold in the filtrate was
determined by inductively coupled plasma mass spectrometry.

1988

The concentration of the stripped gold increases (Figure Sa)
when higher concentrations of @-CD are employed. When the
concentration of gold reaches 23 ppm, the corresponding
KAu(CN), recovery efficiency is 19%. As a comparison, a
blank aqueous solution elutes <0.1 ppm gold from the carbon,
corresponding to a much lower recovery efficiency of 0.08%. In
the presence of a-CD, the KAu(CN), recovery efficiency is
enhanced by a factor of 237. When using y-CD, a low-affinity
receptor for Au(CN),”, we observed (Figure Sb) little
enhancement of the KAu(CN), stripping. The high affinity
of a-CD is crucial for the successful stripping of KAu(CN),
from the surface of activated carbon.

We have also tested KAg(CN), stripping using the same
protocol. Compared with KAu(CN),, the recovery (Figure Sc)
of KAg(CN), is much less efficient. The highest concentration
of silver stripped from the surface of activated carbon by using
10% w/v a-CD is 1.8 ppm on account of the low binding
affinity of a-CD with Ag(CN),™. This result encouraged us to
investigate selective KAg(CN), stripping from the surface of
activated carbon loaded with KAu(CN), and KAg(CN),. The
concentration of stripped gold reached (Figure Sd) as high as
37 ppm, while the concentration of silver was below 1.2 ppm in
all samples, suggesting a high stripping selectivity in favor of
KAu(CN),. In addition, we have noted that a higher
KAu(CN), stripping efficiency (31%) is achieved in the
presence of KAg(CN),, which could compete with KAu(CN),
on the carbon surface and promote its desorption. The high
stripping selectivity of KAu(CN), over KAg(CN), from the
surface of activated carbon could make the carbon-in-pulp
process particularly attractive for gold mining with high silver-
containing ores.

B CONCLUSIONS

We have reported the molecular recognition of Au(CN),” by
a-cyclodextrin in aqueous solution with a binding affinity on
the order of 10* M™". The binding is driven by a favorable
enthalpy against a small entropic penalty. The 1:1 and 2:1
adducts between a-cyclodextrin and KAu(CN), are sustained
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by multiple [C—H-z] and [C—H--anion] interactions in
addition to hydrophobic effects. These findings expand the
scope of second-sphere coordination'’"~'%* of transition-metal
complexes by a-cyclodextrin beyond those already recorded in
the literature'®*'® for (i) the neutral anticancer chemo-
therapeutic agent, carboplatin, (i) the cationic [Rh(cod)-
NH,)]** as its hexaﬂuorophoslphate,106 and (iii) the anionic
AuBr,” as its potassium salt.” **’%”" Second-sphere coordi-
nation adducts involving f- and y-cyclodextrins—as well as
their methylated derivatives—with transition metal complexes,
such as ferrocene,'”” [Rh(cod)Cl],, [Pt(cod)X,] (X = Cl, Br,
and 1),'**'% cobalt clusters,"'" and the neutral phosphane—
transition metal complexes,"'" trans-[Pt(PR;)ClL,(NH;)]
where R = Me and Et, were reported in the literature in the
1980s. It would appear that the ability of the readily available
cyclodextrins and their methylated derivatives to form adducts
with neutral and charged transition metal complexes in
aqueous solution is wide in its scope.

We have demonstrated that the molecular recognition
between a-cyclodextrin and Au(CN),” can be applied to
strip gold from the surface of activated carbon at room
temperature. We also show that a-cyclodextrin can strip
selectively Au(CN),” in the presence of Ag(CN),”, a process
that is difficult to achieve using the current carbon-in-pulp
process. These findings could, in principle, be integrated into
commercial gold-mining protocols and lead to significantly
reduced costs, energy consumption, and environmental impact.
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