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Despite the fact that a few examples of selective metal capture

ABSTRACT: A novel chiral 3D bioMOF exhibiting by MOFs have been reported,™ to the best of our knowledge, the
functional channels with thio-alkyl chains derived from important recovery of Au has not been studied. Aiming at
the natural amino acid L-methionine (1) has been expanding the scope of application of MOFs and taking
rationally prepared. The well-known strong affinity of advantage of the well-known strong affinity of gold for sulfur
gold for sulfur derivatives, together with the extremely high derivatives,**** we have focused our efforts on the rational design
flexibility of the thioether “arms” decorating the channels, of bioMOFs showing functional channels decorated with thio-
account for a selective capture of gold(Ill) and gold(I) alkyl chains derived from the natural amino acid*® L-methionine
salts in the presence of other metal cations typically found (Scheme S1). Thus, we have synthesized a robust and water-
in electronic wastes. The X-ray single-crystal structures of stable 3D bioMOF of formula {Ca"Cu'([(S,S)-me-
the different gold adsorbates Au™@1 and Au'@1 suggest thox];(OH),(H,0)}-16H,0 (1). The presence of thioether
that the selective metal capture occurs in a metal ion groups within the accessible void space of this porous material
recognition process somehow mimicking what haPPelfllls in encouraged us to evaluate its selectivity for the recovery of gold.
biologiclal systems and protein receptors. Both Au” @1 Indeed, 1 exhibited a great affinity for Au*" and Au" salts (such as
and Au'@1 display high activity as heterogeneous catalyst AuCl; and AuCl) in water, even in the presence of a wide variety
for the hydroalkoxylation of alkynes, further expanding the of other metal cations regularly present in electronic wastes (“e-
application of these novel hybrid materials. wastes”) like Pd>*, Ni**, Cu®*, Zn>* and AI**, yielding the novel

compounds (AuCl;);@{Ca''Cu'’([(S,S)-me-
thox];(OH),(H,0)}-9H,0 (Au'""@1) and
he consumerism that modern societies have developed (AuCl),@{Ca""Cu"([(S,S)-methox];(OH),(H,0)}-3H,0-

toward electronics devices has transformed the electronic 3CH,0H (Au'@1) (see Supporting Information (SI)).
waste into urban mines for noble metals. In particular, the Compound 1 was synthesized as green hexagonal prisms with
recovery of gold from electronic scraps is extremely important a slow diffusion technique (see experimental section in the SI).
from an economic and environmental perspective.' The high Thereafter, in order to find out the maximum gold uptake

capacity, we suspended 5 mg of 1 in 5 mL of a 0.02 M AuCl;
H,0/CH,0H (1:1) solution to obtain Au™@1. ICP-AES and
SEM analyses indicated a maximum loading of 3 mmol of Au(III)
per mmol of MOF after 1 h, which remained invariable after
further time suspension. This indicates a total recovery of 598 mg
of AuCl; per g of MOF in Au™@1. The same procedure was
repeated by soaking S mg of 1 in S mL of a 0.02 M AuCl aqueous
solution. A maximum uptake of two mmol of AuCl per mmol of
showing a wide variety of thrilling chemical and physical MOF was achieved after 3 h. The calculated total recovery of 300
properties and, consequently, find applications in very diverse mg of AuCl per g of MOF in Au'@1 is almost half-fold to that of
fields."°™"° Indeed, both MOF’s porosity and their fascinating Au'@1.

concentration of gold in electronic wastes has driven the quest of
environmentally friendly methods for the recovery of gold from
aqueous solutions. Although very few alternative methods to the
highly contaminating cyanide leeching” have been proposed,”*
further advances focusing on increasing gold-selectivity and
chemicals saving are mandatory.

Metal—organic frameworks (MOFs)*™ are porous materials

host—guest chemistry'* lie at the origin of most of these The crystal structures of 1, Au™@1 and Au'@1 could be
properties. In the same way that other porous materials,'®"” determined by single-crystal X-ray diffraction (XRD) (see SI for
MOFs have proven their efficiency as vessels to capture and host structural details). They crystallize in the chiral P6, space group
small molecules'® and, eventually, to separate mixtures of

molecules according to their steric and stereochemical features as Received: May 11, 2016

well as reactivity properties (functional substituent groups).'”~>* Published: June 13, 2016
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Figure 1. (a) Perspective views along the c axis of the porous structure of 1 (left), Au@1 (center), and Au'@1 (right) determined by single-crystal
XRD. Top (left) and lateral (right) views of one channel of Au™@1 (b) and Au'@1 (c). Copper and calcium atoms are represented by green and purple
octahedra, respectively, whereas gold and sulfur atoms have been depicted as yellow and blue spheres. Free solvent molecules and CI~ counterions are

omitted for clarity.

and consist of honeycomb-like three-dimensional (3D) calcium-
(II)—copper(II) networks (Figure 1).

The network of 1 shows hexagonal channels of ~0.3 nm as
virtual diameter featuring highly flexible ethylenethiomethyl
arms, belonging to the amino acid residues of methionine-
disubstituted oxamidato ligand, which remain confined, together
with lattice water molecules, in the pores of the MOF (Figure 1a,
left and Figures S1 and S2a). The structures of Au™@1 and
Au'@1, determined by single-crystal XRD, confirm the
preservation of the network of 1 even after gold capture.
Delightfully, both of them host in the pores Au' (Au'@1) and
Au" ions (Au™@1) clenched by methionine derivative arms
(Figure 1b,c).

The gold(I) atoms in Au'@1 are two-coordinated, clutched by
the sulfur atom from the two thioether arms and additional
bridging chlorine atoms in a quite linear geometry of the S—Au—
Cl type at the distended arm, whereas highly distorted, likely for
steric constrains imposed by the network, at the more bent ones
(Figures S2b and S3a). In contrast, the gold(III) atoms in Au™@
1 are connected to the sulfur atom from only one of the two
thioether arms and further bounded to three chloride atoms (two
of them were not found from AF map, see crystallographic
section in SI) in an expected distorted square planar coordination
geometry (Figures S2b and S3b). The average Au—S bond
distances of 2.75(7) (Au'@1)/2.80(3) A (Au™@1) are
somewhat longer than those reported so far for Au'", whereas
the Au—Cl ones 0f2.50(7) (Au'@1)/2.19(2) A (Au™@1) fall in
the typical range of related gold(I) and gold(IlI) compounds
found in the literature.””’~*’ Aurophilic interactions™ are present
in Au'@1, the shortest Au--Au separations being 3.04(2) A
(Figures S4 and SS).

As a striking structural uniqueness of this series of bioMOFs,
they showed a permanent highly stable 3D net, featuring highly
flexible arms able to arrange in different conformations of the
thioether chains depending on the different chemical environ-
ments of the metal guests. The amino acid methionine side-

7865

chains remain available in the accessible voids of the bioMOF
getting ready for metal ions recognition processes (Figure S6).
The thioether “arms” are shown to adopt a stable conformation
and target metals with high affinity, which is reminiscent of that
seen in biological systems and protein receptors. They feature a
sulfur available linkage which finally coordinates the desired
metal assuming the favorite conformation. In fact, even if the
honeycomb-like hexagonal 3D Ca"Cu" network of Au™'@1 and
Au'@1 is basically the same of 1, the thioether-containing arms
exhibit a different conformation when holding the Au** and Au*
ions compared to the original material (see SI for structural
details and Figures S1, S2, S6, and S7). Besides, only one of the
two arms binds directly Au®* in Au™'@1, the other being weakly
bounded to Cl [S--Cl = 2.50(1) A] and thus contributing
through chlorine bridges to capture Au*" in its second sphere of
coordination (Figure S8) and forcing the folding of the flexible
ethylenethiomethyl chains in a highly bent conformation of
methyl groups and their overall arrangement pointing along c axis
and not inward the pores (Figures S2c, S3b, and S6¢). Hence, the
virtual diameter of the channels is slightly increased after metal
loading in Au™'@1 (likely at the origin of disordered chloride
atoms) in comparison to 1 and Au'@1 [~0.3 (1), 0.2 (Au'@1),
and 0.6 nm (Au™@1)], even if the estimated empty volumes
without the crystallization solvent molecules decrease as
expected in both Au™'@1 and Au'@1 adsorbates [1101.4 (1),
776.2 (Au'@1) and 609.8 A* (Au™@1) (Figures S1 and S7).

The experimental powder XRD (PXRD) patterns of 1, Au™'@
1, and Au'@1 are shown in Figure S9b,d f, respectively. They are
in agreement with the theoretical ones (Figure S9a.ce),
confirming the purity and homogeneity of the bulk samples.
Solvent contents of both materials were estimated by
thermogravimetric analysis under dry N, atmosphere (see Figure
$10). Finally, Figure S11 shows the N, adsorption isotherms of 1,
Au"@1, and Au'@1 at 77 K. They are consistent with the
decrease in accessible void space in Au@1 and Au'@1
estimated from the analysis of the crystal structure.
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Aiming at evaluating the selectivity of 1 in gold(III) capture as
well as the kinetics of the process, we then monitored the
insertion of AuCl; within the pores of 1, through ICP-AES and
SEM, by soaking both powder and single-crystals of 1 in an
equimolar aqueous solution of AuCly, [Pd(NH;),]Cl,, NiCl,
CuCl,, ZnCl,, and AICl; (see Figure 2 and SI). The kinetics of
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Figure 2. Kinetic profile of the selective gold(Ill) recovery by 1
represented as the mmol M/mmol MOF vs time (a) and the remaining
% of metal cations in the aqueous solution vs time (b).

insertion was followed through both the increase of the mmol
M/mmol MOF ratio (M = Au"™, Pd", Ni", Cu", Zn" and AI™)
within the MOF (Figure 2a and Table S2) and the metal ratio
(%) within the aqueous solution (Figure 2b and Table S3) at
specific time intervals (0—60 min) of immersion of 1 in the
aqueous solutions. A very selective and fast insertion of AuCl,
within the MOF was observed, whereas all the other metal salts
remained in solution. After only S min, a 67% of the maximum
loading is achieved (Figure 2a). The maximum loading is finally
reached after 30 min of soaking (3 mmol AuCl, per mmol MOF).
In good agreement with solid data, ICP-AES and SEM indicate a
continuous decrease of [AuCl;] within the aqueous solution,
almost to a halt after 30 min of soaking (Figure 2b). Overall, the
recovery efficiency of this material is close to 100%.

The same methodology was followed to test the selectivity of 1
in gold(I) capture by using the same equimolar aqueous solution
but replacing AuCl, by partially dissolved AuCl (Figure S12). As
expected, 1 also showed a great affinity and selectivity for AuClin
the presence of other metal salts. A maximum loading of 2 mmol
of AuCl per mmol of MOF was achieved after 3 h, with a
concomitant redissolution of the excess of suspended AuCl
(Figure S12a and Table S4). The kinetic profile for the insertion
of AuCl within the MOF indicates a somewhat slower process
when compared to what happens to AuCl; (Figure S12b and
Table SS). More likely, this fact can be attributed to the poor
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solubility of AuCl. Finally, both gold(III) and gold(I) salts were
easily extracted from Au™@1 and Au'@1 by soaking them in a
sulfur-containing solvent (ie., dimethylsulfide), so that the
resulting starting material (1) was completely reusable as
confirmed by ICP and elemental analyses as well as the PXRD
pattern of the material (1”) after the extraction process (Figure
S13).

The extremely high loading of gold cations (15—20 wt %)
supported on Au™@1 and Au'@1 is unprecedented in solids, as
far as we know.”’ Thus, these new materials could be high-
throughput heterogeneous catalysts in AuCl- and AuCl;-
catalyzed reactions, such as the hydroalkoxylation of alkynes®"~*

or the formation of related spiroketals, which have shown the
highest turnover numbers in the field of homogeneous gold
catalysis.** >

Figure 3a shows that Au™'@1 and Au'@1 catalyze the
cyclization/ketalization of 4-pentyn-1-ol under standard con-

a) Au"@1 or Au'@1
)
(5 mol%) 0. o oH Au, @1 82:/°
///\/\OH _ (_7% — Av'@1 81%
wet CH,Cl, (1 M), (fifth reuse: 75%)
25°C,8h
b)

AuCl, after 5 min.

Au'@1, reused 5 times

Au'@1, fresh

Absorbance (a.u.)

AuClI, initial time
L P i

500 600 700

A (nm)

200
Figure 3. (a) Hydroalkoxylation of 4-pentyn-1-ol in wet CH,CL,

catalyzed by Au™@1 and Au'@1. (b) Visible region of the UV—vis
and RD measurements.

ditions (wet CH,Cl, as a solvent, 1 M, room temperature) in
good yield and selectivity, even after five reuses and without any
leaching of gold detected by a filtration test (Figure S14). Kinetic
experiments show that Au™@1 gives higher initial rates than
Au'@1, in accordance with the higher Lewis acidity and wider
porous size of the former. A first-order reaction with respect to
the gold catalyst with a smooth langmuirian curve only saturated
at yields >70% is also observed (Figure S15a).

Comparatively, the homogeneous reaction with AuCl shows
an abrupt stopping of the conversion at around 60% yield,
regardless the amount of gold salt employed (Figure S15b). This
homogeneous reaction was followed by in situ UV—vis
spectroscopy measurements (Figure 3b). A new band in the
visible region at ~500 nm denotes the generation of spherical
plasmonic nanoparticles in just S min, which suggests that the
reaction stops as consequence of the very fast agglomeration of
AuCl in the form of catalytically inactive nanoparticles. In
contrast, diffuse-reflectance spectroscopy measurements of the
reused Au'@1 material show the absence of this plasmonic band
(see also Figure S16), demonstrating the advantage of site
isolation upon anchoring the Au salts to the thioether groups
within the MOF structure. The small peak at ~620 nm can be
related to the reduction of a negligible amount of Au' cations to
plasmonic gold nanorods.*
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In summary, we report an environmentally friendly, cheap, and
easy-to-prepare in large-scale MOF whose channels are
decorated with thioether groups. This material exhibits a high
selectivity for AuCl; and AuCl, even in the presence of other
metal cations regularly present in “e-wastes” such as Pd**, Ni**,
Cu?*, Zn**, and Al**, in a fully reversible process. The nature and
kinetics of these postsynthetic selective processes have been
evaluated. The structural stability of the 3D network of 1,
maintaining the crystallinity over the inclusion processes,
allowed the resolution of the crystal structures of the
corresponding final products Au'@1 and Au'@1, permitting
structural insights into the nature of the Au—S interaction and
the flexibility and adaptability of the material. In addition, both
compounds show excellent performance as reusable heteroge-
neous catalysts for the intramolecular hydroalkoxylation of
alkynes. These results demonstrate the great versatility of MOFs
in separation and further expand the scope of application of these
unique class of porous materials.
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