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Cu(I)-Glutathione Assembly Supported on ZIF-8 as Robust and
Efficient Catalyst for Mild CO, Conversions

Wenjuan Wang', Tiansheng Wang', Shuang Chen, Ying Lv, Lionel Salmon, Bruno Espuche,
Sergio Moya, Oksana Morozova, Yapei Yun, Desiré Di Silvio, Nathalie Daro,
Murielle Berlande, Philippe Hapiot, Jean-Luc Pozzo, Haizhu Yu,* Jean-René Hamon,* and

Didier Astruc*

/Abstract: The Cu-glutathione (GSH) redox system,
essential in biology, is designed here as a supramacro-
molecular assembly in which the tetrahedral 18e Cu(I)
center loses a thiol ligand upon adsorption onto ZIF-8,
as shown by EXAFS and DFT calculation, to generate a
very robust 16e planar trigonal single-atom Cu(I)
catalyst. Synergy between Cu(I) and ZIF-8, revealed by
catalytic experiments and DFT calculation, affords CO,
conversion into high-value-added chemicals with a wide
scope of substrates by reaction with terminal alkynes or
propargyl amines in excellent yields under mild con-
ditions and reuse at least 10 times without significant
decrease in catalytic efficiency. )

The Cu-glutathione(GSH) redox system plays a key role in
cellular homeostasis, detoxification and signaling due to the
GSH affinity for Cu(I), present in the intra-cellular environ-
ment, GSH being the most abundant thiol in cells.!"

In this context, we report here the new suprametallo-
macromolecular ensemble Cu(I)-GSH supported on ZIF-8
as a remarkably robust catalyst for the very efficient
carboxylation reactions of terminal alkynes and cyclization
of propargyl amines under atmospheric CO, pressure and

mild conditions. This includes strong positive synergetic
effect between Cu(I)-GSH and ZIF-8. Indeed, in order to
fulfill the circular carbon economy, immense effort has been
dedicated to CO, capture and utilization.”!’. Up to now,
various in-depth investigations have been implemented on
producing, from CO,, products such as terminal alkyne
acids, polycarbonates, cyclic carbonates, etc.”! The carbo-
xylation of terminal alkynes with CO, and the cyclization of
propargyl amines with CO, appear to be a good global
market value, because of wide applications of propionic acid
derivatives and oxazolidinones in cosmetics, pharmaceuti-
cals, and plastics.”! Therefore, known catalysts include inter
alia nanoparticles (NPs) in metal-organic frameworks
(MOFs) and covalent organic frameworks (COFs).’! Most
catalysts are noble-metal-based, but, for wide applications,
the use of such costly and rare noble metals should, as much
as possible, be avoided. Recently, Zhao’s group reported the
catalyst Cu,O@ZIF-8 for conversion of propargylic alcohols
and propargylic amines with CO,.I’! However, copper oxides
have long been known to increase the level of toxic reactive
oxygen species (ROS) in human tissues” and contribute to
cell death by inflicting toxic effects on two of the most
important cell organelles including the mitochondria and
lysosome. Concentration of copper oxide NPs facing human
exposure levels can suppress the human immune system by
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cell death induction in lymphocytes.” In order to overcome
these obstacles, we have envisaged the design of “green”
oxide-free Cu(I)-GSH supported on zeolitic imidazolate
framework (ZIF)-8, GSH being known as an inhibitor of
Cu-induced toxicity in living organisms./

Although, under biological conditions, an adamantane-
like Cu(I)4(GS), structure was proposed with deprotonated
GS sulfhydryl groups as ligands, the Cu(I)-GSH structure
depends on reaction conditions.'"d Thus, Cu(I)-GSH/ZIF-8
(Figure 1) was synthesized by first reducing Cu(NO;), with
Na ascorbate to produce 1.9+0.5 nm nanoparticles (Fig-
ure Sla), etching with GSH to form Cu(I)-GSH," then wet-
impregnation onto ZIF-8!' at 20°C (Figure 1a). Extended
X-ray absorption fine structure (EXAFS, Figure lc—e and
X-ray photoelectron spectroscopy (XPS, Figure 1f) of both
Cu(I)-GSH and Cu(I)-GSH/ZIF-8, transmission electron
microscopy (TEM) and electrochemistry (Figure 1c—g, S1b-d
and S9) show the absence of cluster or metal-metal bonded
structure and the presence of Cu(I). EXAFS (Table S1)
reveals the presence of two strong Cu—O or Cu—N bonds in
both nanomaterials, and a number of C—S bonds decreasing

Cu(l)-GSH Polymer
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from two for Cu(I)-GSH to only one in Cu(I)-GSH/ZIF-8.
This latter variation upon adsorption onto ZIF-8 suggests
weakness of these Cu—S bonds. The Cu—S bond is shown by
the restricted rotation around the S-linked cysteine (Cys)
CH—-CH, bond, each of the two diastereotopic CH, protons
Hg and Hg, in Cu(I)-GSH, appearing as four lines at
2.9 resp. 3.1 ppm in '"HNMR (D,0) resulting from mutual
coupling (*J=14.3 Hz) and distinct coupling with the viscinal
CH proton (*Jey_cna =4.6 Hz; *Joyy_cne = 9.4 Hz, Figure S4).
The time-of-flight mass spectrum shows a single major peak
for Cu,L, (L =Cys thiol), consistent with Cu(I) coordination
at two GSH sites assigned to thiol and aminocarboxyl
insuring the metalllopolymer structure (Figure la, S1 and
S7). The latter is confirmed by irradiation of the UV/Vis.
absorption band at 280 nm resulting in the appearance of a
broad emission signal around 400 nm characterizing an
assembly™!! represented in Figure 1a and S8. From the two
CO,H groups of glutamic acid (Glu) and glycine (Gly) of
GSH, the deprotonated one (infrared: 1638 cm™) is coordi-
nated to Cu, the Glu one being much favored, because it
forms the robust 5-membered chelating aminocarboxylate

H H H
- —O\ \S‘ _ S/\ B ’0\ B s/ B ,O\
g T . _Jou—s == _ Cu
N "H °N \ °N
2 ' Ha Hy

tetrahedral 18e”
Cu(l)-GSH

planar trigonal 16e”
Cu(l)-GSH/ZIF-8

“open site” 14e”
Cu(l)-GSH/ZIF-8

Figure 1. a) Proposed structures of the supramolecular metallopolymer Cu(l)-GSH and Cu(l)-GSH /ZIF/8. b) Coordination changes at the Cu(l)
sites. Due to severe bulk around Cu, the weakly bonded thiol (2-electron ligand) readily dissociates in Cu-GSH/ZIF-8 in which additional steric
constraints are imposed due to adsorption on ZIF-8 in the solid state. Substrate activation may occur by planar trigonal 16e Cu(l) species, possible
after full thiol decoordination and ZIF-8 imidazole coordination. Here, the 18-electron (18e”) abbreviated structure (left) represents the Cu sites in
Figure 1a. c) Cu K-edge XANES. The inserted figure is the enlarged region of the orange frame of Figure 1c, showing that the oxidation state of the
Cu catalysts is intermediate between 0 and 2. d) Fourier-transformed EXAFS spectra for the Cu K-edge of the sample. e) Corresponding EXAFS
fitting curves of Cu(l)-GSH and Cu(l)-GSH /ZIF-8 at R space. f) Cu 2p XPS of Cu(l)-GSH (bottom) and Cu(l)-GSH/ZIF-8 (top). Corresponding
TEM (g), HR-TEM (h, i), HAADF-STEM (j) and EDS mapping images of Cu(l)-GSH/ZIF-8 (scale bar: 500 nm).
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with Cu. The Gly CO,H (infrared: 1720 cm™, Figure S5)
remains in polymeric Cu(I)-GSH that is only very weakly
soluble in water and ethanol, contrary to zwitterionic GSH.
The Cu(I) coordination"? is tetrahedral due to the absence
of ligand-field stabilization energy,'? becoming planar
trigonal in Cu(I)-GSH/ZIF-8, i.e. ideal for substrate coordi-
nation and activation.

Elemental C, H and N analysis shows a Cu(I): GSH
stoichiometry close to 1:1, confirmed by inductively coupled
plasma (ICP) Cu analysis (Table S2 and S3). Cyclic
voltammetry in DMF shows the expected irreversible Cu(I)
oxidation wave, unlike in Cu, clusters,'*l around 0.65 V vs.
saturated calomel electrode (SCE, Figure S9). XPS confirms
the presence of C, N, O, S and Cu elements in Cu(I)-GSH,
and one more element, Zn, is shown in Cu(I)-GSH/ZIF-8
(Figure S10 and S11), in line with energy-dispersive spectro-
scopy (EDS) mapping images. XPS of Cu 2p (Figure 1f)
shows Cu(I) oxidation state in Cu(I)-GSH (two peaks at
952.4 and 932.7eV for Cu 2pl/2 and 2p3/2 respectively,
absence of Cu(II) satellite peak around 942 eV, and a peak
at 916 eV for Cu LMM Auger spectra; see Figure S10e)."”
After loading onto ZIF-8, the Cu(I) oxidation state remains
unchanged, just with a 0.2eV left shift to 952.6eV and
another 0.1 eV shift to 932.8eV due to the interaction
between Cu(I)-GSH and the ZIF-8 N atoms (Figure 1f).
TEM, high-resolution TEM, high-angle annular dark-field
scanning TEM (HAADF-STEM) and EDS mapping images
confirm the loading of Cu(I)-GSH onto ZIF-8 (Figure 1g-i
and S2).

The Brunauer-Emmet-Teller (BET) surface and pore
volume of ZIF-8 hardly undergo any change from
1260.0 m*-g"' and 0.633 cm®-g ", before, to 1251 m*-g~" and
0.626 cm®-g~', respectively, after introduction of 0.3 wt %
Cu(I)-GSH, and 1256.4m’.g' and 0.637 cm’-g™' after
introduction of 0.45wt% Cu(I)-GSH (Table S4 and Fig-
ure S12), showing Cu(I)-GSH polymer loading onto ZIF-8,
not inside ZIF-8. Compared to the X-ray diffraction (XRD)
pattern of ZIF-8 (Figure S13), Cu(I)-GSH/ZIF-8 with
0.3 wt % and 0.45 wt % of Cu exhibits similar shapes to that
of ZIF-8, indicating that the morphology of ZIF-8 is
unchanged after introduction of Cu(I)-GSH. Interestingly,
the EXAFS data show that, upon adsorption onto ZIF-§,
the Cu(I) coordination number decreases upon loss of one
thiol ligand involving a low energy gap of <10 kcal/mol,
from density functional theory (DFT) calculation, to planar
tricoordinate Cu(I), favoring catalytic substrate coordination
(Figure 1b). ZIF-8 not only acts as a support in Cu(I)-GSH/
ZIF-8, but also as a CO, capping agent promoting its
diffusion to substrates,”! improving CO, fixation catalysis.

Both Cu(I)-GSH and Cu(I)-GSH/ZIF-8 in 0.39 resp.
0.47 mmol% catalyze the carboxylation of phenylacetylene,
PhC=CH, to PhC=CCO,H, both in 98 % yield of isolated
product, in DMF with Cs,COj; (1.5 equiv.) at 80°C in 1d at
atmospheric CO, pressure (balloon, Table S5). Optimization
with Cu(I)-GSH/ZIF-8 provides a 94 % yield in 6h, and
under these conditions, it was reused 10 times without
obvious decrease in catalytic activity (Figure S14a). Further-
more, after removing Cu(I)-GSH/ZIF-8 (Figure S14b), the
reaction no longer works, which shows the absence of
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catalyst leaching. Various techniques were employed to
analyze the recovered catalyst after 10 catalytic cycles to
confirm their structural stability and phase purity. The XRD
pattern of the recycled Cu(I)-GSH/ZIF-8 (Figure S13)
matches well with that of the fresh sample. The reused
catalyst shows a slight decrease in the BET surface area
(1050.7 m*-g !, Table S4, entry 2 vs. 3) implying preservation
of the ZIF-8 structure morphology even after 10 catalytic
cycles. The recycled Cu(I)-GSH/ZIF-8 with slightly wider
peaks in the range from 21 to 36 degrees than those of fresh
catalyst is ascribed to some fractional loss of crystallinity of
the ZIF-8 support after 10-time usage, consistent with
HAADF-STEM and EDS mapping images (Figure S15).
The oxidation state Cu(I) remained unchanged after
10 cycles (Figure S16e). Remarkably, Cu(I)-GSH/ZIF-8 was
stored in air for several days before re-use, then still
reproducibly providing 93 to 96 % yields, showing that
Cu(I)-GSH/ZIF-8 presents excellent recyclability and very
efficiently catalyzes the linear CO, carboxylation of terminal
alkynes (Table S5, entry 9 and 10).

This carboxylation reaction was successfully extended
under these conditions, (Eq.1) always in high yields around
90 %, to a variety of arylalkynes, containing electron-with-
drawing or electron-releasing groups as well as to other
alkynes and polyalkynes (Eq.1, R=aryl, pyridyl, 2-thio-
phenyl, aryl ether, see compounds 1a-1n, Table S6).

Cu()GSH/ZIF-8, Cs,CO
R—= + u® C9C0;, HA | p=—coon (Eq.1)
80 °C, DMF, 6 h

CO, balloon

The catalyst Cu(1)-GSH/ZIF-8 was also employed in the
cycloaddition of propargyl amines with CO,. The conditions
with N-propylamine were optimized with 5% Cu(I)-GSH/
ZIF-8 in 6h at 60°C, yielding 98 % of cyclic carbamate
product (Table S7, Ri=CH,Ph, R)/R;=H), as confirmed by
"H NMR spectra (Figure S17). In comparison, Cu(I)-GSH,
ZIF-8 and Cu/ZIF-8 taken separately only provided 23 %,
2%, and 70 % respectively (Table S7), under similar con-
ditions, hinting a significant synergy between Cu(I)-GSH
and ZIF-8, and a different reactive site in Cu(I)-GSH/ZIF-8
from those involved in former CO, conversion reactions.

With these optimized reaction conditions, various sub-
strates were used to further verify the suitability of Cu(I)-
GSH/ZIF-8 (Table 1). In the majority of cases (entry 2a—
2h), Cu(I)-GSH/ZIF-8 was smoothly applied in CO, con-
version into 2-oxazolidinone synthesis with high yields under
atmospheric pressure. Cu(I)-GSH/ZIF-8 shows a good
tolerance to electron-withdrawing or electron-donating
groups on the N-benzyl unit of propargylic amines (2b and
2¢). Although steric hindrance in N-(prop-2-yn-1-
yl)cyclohexanamine (2h) induces a negative effect on
conversion, a 90 % yield was obtained in 8 h. For N-(prop-2-
yn-1-yl)aniline (21i), only a 55 % yield is obtained even after
3 days due to both the strong steric hindrance and the weak
nucleophilicity of nitrogen directly connected to the phenyl
group. For 2j, to obtain a 94 % yield, 12h are required
owing to a significant decrease in the electrophilicity of
internal alkyne carbon (=C—CH), caused by the presence of
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Table 1: Cycloaddition of various propargyl amine derivatives with
€O,

R, o
R, 4 Cu@GSH/ZIF-8 't
2 N DBU, CH5CN, 60 °C _/S—IQ\I—RI
3
CO# balloon Ry R,
(0] (©) (0]
O)LN/@ OJJ‘N/b\ o)LN/b\
// // F 4 OMe
bl bl B
2a, 98% 2b, 98% 2c, 92%
9 0 0 OMe
O)LN/\/\ o’U‘N/\/© OJLN/\/@
[b] o) [b]
2d, 99% 2e,97% 2f, 93%
i SO S SIS
O)LN O)LN O)LN O)LN/\/\
/ ) ) Phh
0] [ . @ _ fe]
2g, 99% 2h, 90% 2i, 55% 2j, 94%

[a] Reaction conditions: substrates (0.2 mmol), 130 mg catalyst
(5 mol % relative to substrate based on Cu), DBU (0.4 equiv.), CH;CN
(2 mL), CO, (balloon), 6 h. [b] Yield based on isolated product. [c] & h.
[d]3d.[e] 12h.

the phenyl group connected to the terminal alkyne. The
catalyst Cu(I)-GSH/ZIF-8 was recycled up to 10 times with
only minute reactivity loss (Figure S18a). Removal of Cu(I)-
GSH/ZIF-8 from the medium stopped further reaction
(Figure S18b), indicating absence of catalyst leaching. The
XRD pattern of the recycled catalyst Cu(I)-GSH/ZIF-8
(Figure S13) is in line with that of the fresh sample, and the
BET surface area of 1217.5m?-g ' for the recycled sample
(Table S4, entry 4 vs. 5) was close to that of the parent
sample (1256.4 m*-g~'). All the results above, XPS of Cu 2p
(Figure S16f), HAADF-STEM and EDS mapping images
(Figure S19) suggest that, even after 10 catalytic cycles, the
original MOF structure and Cu(I) oxidation state were still
retained. The above results indicate that Cu(I)-GSH/ZIF-8
effectively catalyzes the cycloaddition of propargylamines
with carbon dioxide under 1 atm and mild conditions with
excellent stability and reusability.

Based on these results and previous reports,'® the
proposed mechanism is shown in Figure 2 and S20. Follow-
ing experiments, Cu 2-aminobutyrate (I) is first used as
model catalyst in (DFT) calculations (Figure S20). Due to
the steric hindrance of the GSH ligand, the substrate N
atom favorably coordinates to Cu. Then, after deprotona-
tion, N-carboxylation produces intermediate A. Subse-
quently, A easily isomerizes to Cl-coordinated B. In the
rate-limiting step, cyclization to C (Figure 2 and S20) occurs,
and the formed intermediate D undergoes H transfer to
regenerate I and the base, and releases the product. In order
to clarify the effects of ZIF-8, catalyst coordination environ-
ment and electronic state, we constructed the new models
16e-I* (imidazole coordinated Cu 2-aminobutyrate), 14e-I°
(cuprous acetate) and 16e-I°* (imidazole coordinated cupr-
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Figure 2. Reaction mechanism of carboxylative cyclization of N-benzyl-
prop-2-yn-1-amine catalyzed by Cu(l)-GSH/ZIF-8; completed 16e~ Cu(l)
state along the mechanism shows the role of the reversiible GSH
chelation and ZIF-8 imidazole coordination. 3D model of Cu(l)-GSH/
ZIF-8 in the center, ZIF-8 is in blue.

ous acetate) with the single O-coordination, O-NH, coordi-
nation and O(carboxyl)-N(imidazole) coordination, (Fig-
ure S21). Calculations indicated that the barriers of the
cyclization step for 1%, I°, and I°% are similar to I (18.0 vs.
19.0 vs. 17.1 vs. 19.3 kcal/mol), in which imidazole coordina-
tion slightly reduced the energy barrier of the rate-limiting
step. The synergy between Cu(I)-GSH and ZIF-8, charac-
terized by slight shifts in the XPS data, partly resulted from
local CO, concentration in ZIF-8 via its capture and sink
capacity."” This synergy is shown by DFT calculation
indicating lowering of the energy barrier of the rate-limiting
cyclization step via imidazole coordination and by large
carboxylation yield increase upon Cu(I)GSH adsorption
onto ZIF-8.

In conclusion, the novel, remarkably robust, fully air
stable heterogeneous Cu(I)-GSH/ZIF-8, in which the ZIF-8
framework stabilizes the bio-relevant supra-metallopolymer
Cu(I)-GSH, is highly efficient for CO, conversion at
atmospheric pressure into fine linear and cyclic chemicals.
Compared with the catalyst Cu(I)-GSH alone that cannot be
recycled, the heterogeneous “single-atom” catalyst Cu(I)-
GSH/ZIF-8 shows excellent recyclability (at least 10 times)
with synergetic effects detailed above between Cu(I)-GSH
and the ZIF-8 support. This work involving the biosystem
Cu(I)-GSH combines greenness and high efficiency. Con-
trary to the biological tetranuclear Cu,(I)(GSH)4 clusters
and other known Cu, catalysts,'®! Cu(I)-GSH/ZIF-8 brings a
new, counter-intuitive structure involving an extraordinarily
robust, air-stable, yet coordinatively flexible supramolecular
metallo-polymer with an active planar trigonal mononuclear
Cu(I) catalytically active species, a bio-related concept that
might be usefully extended to a number of other catalytic
processes.
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Supporting Information

Supporting Information (SI, 77 pages) contains details of the
syntheses, characterization, and reactivity, including Figur-
es S1-822 and Tables S1-S7.
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