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Merging gold plasmonic nanoparticles and
L-proline inside a MOF for plasmon-induced visible
light chiral organocatalysis at low temperature+
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Light-driven asymmetric photocatalysis represents a straightforward approach in modern organic chem-
istry. In comparison to the homogeneous one, heterogeneous asymmetric photocatalysis has the advan-
tages of easy catalyst separation, recovery, and reuse, thus being cost- and time-effective. Here, we
demonstrate how plasmon-active centers (gold nanoparticles — AuNPs) allow visible light triggering of
chiral catalyst (proline) in model aldol reaction between acetone and benzaldehyde. The metal-organic
framework UiO-66—-NH, was used as an advanced host platform for the loading of proline and AuNPs
and their stabilization in spatial proximity. Aldol reactions were carried out at a low temperature (=20 °C)
under light illumination which resulted in 91% ee with a closed-to-quantitative yield, 4.5 times higher than
that without light (i.e. in the absence of plasmon triggering). A set of control experiments and quantum
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chemical modeling revealed that the plasmon assistance proceeds through hot electron excitation fol-
lowed by an interaction with an enamine with the formation of anion radical species. We also demon-
strated the high stability of the proposed system in multiple catalytic cycles without leaching metal ions,
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Introduction

The preparation of enantiomerically pure compounds rep-
resents a key feature and challenge of advanced modern
organic chemistry."” In this sense, enantioselective organoca-
talysis plays a central role, being considered a powerful tool,
complementing organometallic and enzymatic catalysis.>™®
The high degree of enantio-control, easiness of enantio-
selectivity prediction, functional group tolerance, and green
conditions make the implementation of chiral catalysts an
excellent approach.®
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which makes our approach especially promising for heterogeneous asymmetric photocatalysis.

Light-driven processes as an option for enantioselective cat-
alysis are advantageous due to the possibility of using clean,
affordable and inexhaustible solar energy.”’ Nowadays, there
are two main approaches for the design of photo-activated
enantioselective catalysts: homogeneous and heterogeneous
ones. The first one is connected with a combination of chiral
auxiliary units with photoredox moieties (Ru, Ir, Rh, and Ni
complexes) or organic photosensitive compounds®’® (see
Fig. 1A). Irrespective of the high efficacy of homogeneous cata-
lysts, considerable enantioselectivity, and desired product
yields, the described catalytic systems have high complexity
and require much synthetic efforts.'®'*

The obvious complexity and high cost of common organic
or organometallic catalysts forced the search for alternatives
with higher industrial potential. Recently, semiconducting
TiO, (or similar semiconductors) in the form of quantum dots
(QDs) was reported to work in tandem with chiral molecules to
give heterogeneous photocatalysts® (Fig. 1A). Heterogeneous
catalysts are distinguished by easy separation, recovery, and
reuse merits and in this respect they are cost- and time-
effective.” However, the potential of TiO, and QDs is limited
by their relatively low adsorption capacity, rapid electron-hole
recombination and high aggregation tendency."> Despite the
remarkable progress in heterogeneous chiral photocatalysts,
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Fig. 1 (A) Typical chiral photocatalytic system based on chiral centers and plasmon active centers; (B) L-proline combined with plasmon active

AuNPs inside a metal—-organic framework host platform in this work.

the challenge in minimizing the participation of uncontrolled
racemic background processes remains unchanged.” In hetero-
geneous photocatalysis, precise control of enantioselectivity is
hampered by the intrinsic properties of the generated inter-
mediate radicals and radical ions, such as high reactivity
and low stability. Another challenge, associated with hetero-
geneous catalysts, is insufficient utilization of the (sun)light
spectrum, since the used materials commonly absorb light
only in the UV (or closed) spectral range.>"*

Absorption of the visible part of the sunlight spectrum can
be ensured by the introduction of plasmon active nano-
structures (NSs), which have already been used widely in
plasmon assisted chemistry’®>™® (Fig. 1B). In this case, the
chiral centers are coupled with plasmon-active NSs, which play
a similar role as previously reported “light absorption”
centers, providing charge carriers and ensuring excitation state
transfer.”**® In addition, plasmon-assisted chemistry has
been demonstrated to be effective at low temperature(s),
which can positively affect the catalyst’s stability and reaction
enantioselectivity and prevents the reaction mixture contami-
nation by metal ions from hetero-catalysts."”"'

Results and discussion

To take advantage of heterogeneous chiral photocatalysis, we
chose a metal organic framework (MOF) as an advanced host
platform because of its long-range ordered structure, highly
accessible surface area, and easily achievable structure'®
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(Fig. 1B). We combined UiO-66-NH, with gold nanoparticles
(AuNPs) to ensure the close vicinity of the chiral catalyst
(proline) and light-sensitizing AuNPs and achieve their
effective cooperative work. For loading UiO-66-NH, with
plasmon active AuNPs, a MOF was synthesized in the presence
of AuNPs (a detailed description of the hybrid photocatalyst
qualitative and quantitative optimization is described in the
ESI - see Fig. S1t and related discussion). In this synthetic
route, AuUNPs can be entrapped by growing MOFs or serve as
growth nucleation centres, resulting in the placement of
AuNPs on the UiO-66-NH, surface or inside its pores. In both
cases, a close contact between AuNPs and semiconductive
UiO-66-NH, was achieved. In such a case, a scenario of the
transfer of hot electron(s) to the conductive band of MOFs (or
an excited energy state(s) with the excitation of the inner MOF
electrons) can be realized, as was reported previously.>°

Proline was chosen as a chiral catalyst because of its simple
structure and relatively small molecular size suitable for
loading into MOFs. The perfect combination of a secondary
amine and a carboxylic acid makes it an efficient and versatile
organocatalyst for a series of asymmetric catalytic processes,
including the aldol reaction, the Mannich reaction, the
Michael reaction, the Diels-Alder reaction, a-amination of
aldehydes, and a-alkylation of aldehydes.*""*> Au@UiO-66-NH,
powder was loaded with proline via post-synthetic
modification**** by direct interaction of the MOF with the
proline solution. The carboxylic groups of proline can proto-
nate NH, groups with the formation of anilinium salt (Fig. 1B)
to achieve a high degree of catalyst loading and maintain its

This journal is © The Royal Society of Chemistry 2024
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functionality (in particular by prevention of racemization).>*>>2
After proline entrapping, the created material was further
referred to as Au@UiO-66/proline.

The characterization of the structure of the optimized
hybrid catalyst is presented in Fig. 2 and partially in the ESI
(the optimization procedure is described in the ESI}). First,
the XRD results (Fig. 2A) of separately prepared UiO-66-NH,
and AuNPs@UiO-66-NH, indicate the presence of the main
characteristic pattern of the metal organic framework and the
Au pattern (in the case of AuNPs@UiO-66-NH,), which corres-
pond to the (111) and (200) crystalline phases. The presence of
both AuNPs and the MOF is also evident through the charac-
teristic peaks in the X-ray photoelectron spectroscopy (XPS)
survey spectrum (as shown in Fig. 2B and listed in Table S17).
Despite the screening of the Au surface using the UiO-66-NH,
layer, the intensity of the Au-related signal is still noticeable.
The porosity of UiO-66-NH, and AuNPs@UiO-66-NH, was
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determined from the N, adsorption-desorption isotherms at
77 K (Table S27). UiO-66-NH, shows typical microporosity with
820 m” ¢! surface area®” and the synthesis of UiO-66-NH, in
the presence of AuNPs produces a material with a similar
surface area. Since the preparation route of Au@UiO-66-NH,
is different from the common route (synthesis in the presence
of NPs), its pore size distribution is different compared to that
of pristine UiO-66-NH, or previously reported results
(Fig. S21).198

To confirm the successful loading of proline to materials,
we performed FTIR analysis at each stage of preparation of
Au@UiO-66-NH,/proline. Loading of proline leads to the
appearance of several additional vibration bands, evident from
the FTIR spectra (Fig. 2C). The appearance of additional peaks
in the 800-1200 cm™" spectral region, as well as the widening
(with a characteristic tooth appearance) of the initial narrow
absorption peak of Au@UiO-66 located at 670, 1383, and
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Fig. 2 Characterization of the catalyst structure: (A) XRD patterns of separately prepared UiO-66—NH, powder and Au@UiO-66—-NH, powders

before and after proline entrapping; (B) XPS survey spectra of UiO-66—NH,
prepared UiO-66—NH,, proline and Au@UiO-66—NH, powders before and

and Au@UiO-66—NH, powders; (C) FTIR absorption spectra of separately
after proline entrapping; (D) SEM-EDX characterization of Au@UiO-66—

NH, (morphology and elemental composition); (E) UV-Vis spectra of Au@UiO-66—-NH, dispersion and separately prepared AuNPs or UiO-66—NH,
dispersions (the LED emission spectrum is also presented, the insert shows the photos of UiO-66—-NH, and Au@UiO-66—NH, powders); (F) TEM

images of UiO-66—NH, (F1) and Au@UiO-66—NH; (F2) samples.
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1577 cm™', indicates the successful proline loading by
Au@Ui0-66.>° Moreover, salt formation is proved by shifting of
the N-H stretching vibration from 3476, 3557 cm™" to 3468,
3353 cm™ ' and broadening of the peak at 1434 cm™" (sym-
metric COO™ stretching).?® In addition, the total organic
carbon (TOC) analysis of the supernatant solution after proline
entrapping into Au@UiO-66-NH, shows <0.05 mg mL ™" con-
centration (Fig. S3t1 and related discussion). The extremely low
TOC confirms the successful proline entrapping too. We also
did not observe any XRD pattern from the proline powder
(Fig. 2A vs. Fig. S4f - the absence of characteristic proline-
related reflexes located at 15.2, 18.2, 19.6, 22.7, and 24.9 26° is
evident). This finding confirmed that proline formed a salt
with the amino groups of the MOF. Proline loading into the
accessible pores of Au@UiO-66-NH, leads to the suppression
of the surface area and pore volume, which also confirms the
successful proline entrapping (Fig. S2, Table S21). As a result,
we obtained an architecture, where ~ 40 nm AuNPs are located
outside of the pores of UiO-66-NH,, while proline as a small
molecule is localized inside the pores. In this system, proline
cannot interact directly with AuNPs; however, plasmonic
metal/MOF heterostructures utilize the MOF substrate to
capture the generated hot carriers on the MOF’s conduction
band and inject it to the reactant.®'

The morphology of Au@UiO-66-NH, and that of separately
prepared UiO-66-NH,, (given for comparison) are presented in
Fig. 2B and F. The in situ preparation of Au@UiO-66-NH,, gives
a relatively small MOF crystal size with an irregular mor-
phology, where AuNPs are located at the same place as MOFs
(Fig. 2F (1) vs. (2), - the TEM images of the pristine MOF and
the MOF synthesized in the presence of AuNPs were com-
pared). The corresponding SEM-EDX mappings also reveal a
good spatial overlap of the characteristic Au and Zr signals,

>

100
—0O—550 nm o)
304 @®- Dark /
=
=
U
S
(<]
>
S
]
(&} L

0 10 20 30 40 50 60 70
Time (h)

Fig. 3

View Article Online

Nanoscale

indicating that UiO-66-NH, is formed in close vicinity to
AuNPs (Fig. 2D). Considering the synthetic route (MOF prepa-
ration in the presence of AuNPs), it can be expected that the
nanoparticles are captured by the MOF or absorbed onto its
surface. In both cases, the main goal was achieved - i.e. the
spatial proximity of UiO-66-NH, (and proline) and AuNPs,
which is a key factor in the plasmon triggering/activation of
the MOF/proline system.

To probe the plasmonic activity of Au@UiO-66-NH,/
proline, we recorded UV-Vis spectra to estimate the wavelength
position of plasmon absorption bands, which was found to be
in the 500-600 nm range (Fig. 2E). As can be expected, the
presence of AuNPs causes distinct changes in the color of the
Au@UiO-66 powder (Fig. 2E - insert) when compared to pris-
tine UiO-66-NH,, due to the emergence of a characteristic
plasmon absorption band. Thus, for all further experiments
we used an LED with 550 nm (100 mW c¢m™?) emission wave-
length, which overlaps well with the plasmon absorption band
of UiO-66@AuNPs/proline (the full LED emission spectrum is
also presented in Fig. 2E). It should be noted that our system
allows for the utilization of less energetic light compared to
TiO,-based catalysts commonly used for enantioselective
transformations.’>*® Moreover, the used wavelengths well
overlap with the energy distribution maximum of the sunlight
spectrum - the maximum of the solar energy flux belongs to
photons with a wavelength(s) near 550 nm.

In the next step, we proceed with the utilization of
Au@UiO-66-NH,/proline for plasmon-assisted triggering of
enantioselective catalysis (Fig. 3) performed at low temperature
(except for several control cases). We used a model reaction of
aldol condensation between 4-nitrobenzaldehyde and acetone
at —20 °C.** Without light activation, the reaction proceeds at
low temperature very slowly and only 20% conversion was
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(A) Time-resolved conversions of 4-nitrobenzaldehyde in aldol reactions with acetone; (B) control experiments: conversion of 4-nitrobenzal-

dehyde in the aldol reaction catalyzed by UiO-66—NH,/proline (absence of AuNPs), AuNPs/proline (without UiO-66—NHo, i.e. the absence of the
spatial proximity of AUNPs and proline), and AuNPs@UiO-66—NH, (absence of proline).
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achieved after 72 hours (Fig. 3A). The enantioselectivity (ee) of
the aldol reaction without light was 93%, which is obviously
connected with the low conversion. However, under illumina-
tion at 550 nm wavelength, the reaction is accelerated by a
factor of about 4.5, confirming in this way the importance of
plasmon active nanoparticles. In addition to the reaction
enhancement, we also observed the ee conservation, which
was found to be above 90%. Similar results were also obtained
using 4-chlorobenzaldehyde, where a very slow reaction pro-
gress at low temperature (conversion below 20%) was signifi-
cantly accelerated (conversion above 80%) under plasmon
assistance. In addition, the proline-catalyzed aldol reaction of
acetone and 4-chlorbenzaldehyde led to the formation of a
thermally unstable 4-(4-chlorophenyl)-4-hydroxybutan-2-one,
which tends to eliminate water with the formation of an unde-
sired Mannich product.’® In our case, the utilisation of
plasmon assistance at low temperatures prevents such a
process, and only a trace of the Mannich product has been
observed (Fig. S5t). We also checked the ability to perform
plasmon activation at low temperature for alternative sub-
strates (Au@UiO-66-NH,/proline-catalysed reaction between
benzaldehyde and 2-butanon). Like in the previous case, the
reaction was performed at low temperature (—20° C) with
or without plasmon triggering. In both cases, we observed a
significant enhancement of the reaction rate under
plasmon assistance - Fig. S6t (without the formation of by-
products, but with the loss of water molecules, unlike the pre-
vious case).

So, our systems overperform other catalytic systems based
on MOFs and c-proline in terms of the balance between con-
version, enantioselectivity and reaction time (Table 13679,
Au@UiO-66-NH,/proline shows higher ee then r-proline itself
and other proline-based catalysis systems based on polymers
or graphene oxide.**'** It is therefore evident that compared
to alternative approaches, the merging of plasmonics and
chiral centers inside the host MOF allows us to achieve similar
or even higher reaction yields, with improved enantioselectivity
and the ability to prevent the formation of undesired products.
It should also be noted that the reaction enantioselectivity was
achieved through the utilisation of proline as a chiral auxirally
agent. The low temperature of the reaction mixture allows for
achieving a higher value of ee, but simultaneously leads to a
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lower reaction yield and an increase of required reaction time.
To compensate for this drawback and to achieve both high
reaction yield and high ee values, the non-thermal plasmon-
based triggering of proline activity is proposed.

The importance of Au@UiO-66-NH,/proline architecture is
demonstrated by several control experiments performed under
550 nm light irradiation. Firstly, the key role of plasmon active
centers is proven by the four-times decrease of conversion in
the absence of light illumination and under light illumination
of UiO-66-NH,/proline but without the addition of AuNPs
(Fig. 3B). The spatial proximity of AuNPs and proline was
ensured by the porous nature of UiO-66-NH, itself. To check
this notion, we performed a reaction using the Au/proline
system, which also exhibits four-times lower conversion (in
this case the AuNPs and MOFs are not situated in close vicinity
and thus the electron or excited state transfer is not allowed or
significantly restricted, leading to the “common” proline cata-
lysis). In other word, the low efficiency is explained by the low
probability of event, where AuNPs, the excited plasmon,
proline and the substrate are met simultaneously to accom-
plish the reaction. Similarly, the absence of AuNPs in the reac-
tion system (UiO-6-NH,/proline case) also leads to the absence
of plasmon triggering. As a result, the reaction is catalysed
solely by “non-activated” proline and proceeds with a similar
efficiency as in the previous case. As could also be expected,
the complete absence of proline (Au@UiO-66-NH, utilization)
leads to complete reaction interruption. Summarizing the
results of control experiments allow us to conclude that: (i) the
activation of AuNPs as light absorption centers and (ii) the
proximity of plasmon active nanoparticles and chiral centers
are quite critical for obtaining high conversion and ee.

The mechanism of the plasmonic reaction is still a very
debatable question. Three dominant hypotheses are presently
considered: (1) reactions are accelerated by plasmonic heating,
(2) by transfer of hot carriers to the organic molecule followed
by the formation of highly reactive species, or (3) by intra-
molecular excitation. To understand the mechanism of plas-
monic asymmetric aldol condensation in our case, we first
examined if plasmonic heating (plasmon-assisted light to heat
conversion) contributes to the reaction. The direct measure-
ments of reaction heating under light show that the reaction
mixture was slightly heated by 4 °C after 72 hours of treatment

Table 1 Comparative results of proline-based catalysis: conditions, conversion, yield and ee

Catalyst Substrate Conditions Yield ee Ref.
Metalloporphyrinc framework loaded with proline Acetone HBF,, H,O, DMF, 4 days 82 29 36
1-Proline-modulated UiO-66 Cyclohexanone Methanol, 1 day 95 70 37
Zn-MOF-1 covalently coupled with r-proline Cyclohexanone Water, 7 days 75 70 38
IRMOF-pro covalently coupled with L-proline Acetone 4 days 100 52 39
Cr-MIL-101 with polymerized proline® Cyclohexanone 3 days 63 87 40
L-Proline Acetone 1 day 68 76 4
Polystyrene derivatives carrying r-proline Acetone 2 days 69 28 41
L-Proline/GO Acetone 6h 95 68 42
Hyperbranched polyethylene (HBPE)-supported r-proline” Cyclohexanone 1 day 94 88 43
Au@UiO-66-NH,/proline Acetone 550 nm, 3 days 81 91 This work

% 4-Chlorobenzaldehyde.

This journal is © The Royal Society of Chemistry 2024
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(Fig. S71). One can argue that the local heating (in place of
plasmonic hot spots) can reach a significantly higher value,
but in our case a continual light source with a moderate power
density value of 100 mW cm™> was used, which excludes sig-
nificant catalyst heating (unlike, for example, utilisation of
femto- or nano-pulsed laser sources****). In the control experi-
ment, the LED power was varied from 0 to 175 mW cm > and a
highly linear dependence of temperature on the power with
R%jin = 0.99 was observed (see Fig. S81). These data which lead
us to discard the thermal effect and suggest that electron-
based or intramolecular excitation processes are dominant in
the plasmon triggering of proline-catalyzed aldol addition.***”

In general, the enantioselectivity in proline catalysis of the
aldol reaction is attributed to the rate-determining step of the
C-C bond formation, which involves the nucleophilic addition
of the previously formed enamine to the electrophilic alde-
hyde.*® The ee of the resulted product in the reaction is closely
related to the energy difference between the formed transition
states.*” On the other hand, at lower temperature, the energy is
not enough to overcome the reaction barrier. At this stage,
plasmon triggering can promote the activation of the gener-
ated enamine through the injection of hot electrons (i.e.
increase of enamine nucleophilicity), facilitating the nucleo-
philic attack (Fig. 4A).°>"" Alternatively, the plasmon-related
high electric field can facilitate the C-C bond formation
through intramolecular electron excitation of the enamine
(Fig. 4B).

Taking into account the proposed reaction pathways, we
carried out quantum chemical modeling by the time-depen-
dent density functional theory®* with the B3LYP>® functional
and the 6-31G(d,p) basis set for the proline excited states
taking into account the interaction with hot electrons (Fig. 4A)
and the intramolecular excitation (Fig. 4B) (the computational
details are provided in the ESIf). The CAM-B3LYP functional
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was chosen since it works better than the common B3LYP
functional (for the excited electronic state when an electronic
transition has the charge transfer character®®’). The
CAM-B3LYP functional contains from 19% non-local exchange
in the short-range limit to 65% non-local exchange in the
long-range limit. Therefore, it gives a better description of the
charge transfer electronic transition, but usually the energy
and oscillator strength of the excited electronic state are over-
estimated for a typical electronic transition without the charge
transfer mixture. In our case, we deal with the electronic tran-
sition without the large charge transfer mixture where B3LYP
works well for the TDDFT level of theory.

The intramolecular excitation of proline requires sufficient
amount of energy for overcoming the energy gap (So — S; 4.8
eV), which sufficiently surpass a photon energy of 2.25 eV
(Fig. 4B). Indeed, the energy gap of proline can be sufficiently
decreased due to hybridization with the gold surface, as was
reported earlier.>® Nevertheless, in our case, proline is loca-
lized on the walls of UiO-66-NH, inside the pores (Fig. 1B) and
cannot directly interact with the gold surface. Moreover, in our
control experiments we did not observe the sufficient for-
mation of products in the reaction catalyzed by the Au NPs/
proline mixture (Fig. 3B). The final argument against the
direct excitation mechanism is the behavior of the S; excited
state (Fig. 4B), which is able to spontaneously decompose with
the elimination of CO,. Such a pathway should lead to the ter-
mination of the catalytic cycle, which has not been observed in
our experiments. Thus, in view of the abovementioned experi-
mental and theoretical results, we can dismiss the direct exci-
tation as the main mechanism.

The hot electron transfer seems to be more favorable for
the nucleophilic substitution due to the increase of electron
density on the reacting enamine (Fig. 4C). First, r-proline
inside the pores of UiO-66-NH,@Au leads to the formation of

Light
550 nm

2\ A
r

Fig. 4 Quantum chemical evaluation of the aldol reaction: (A) reaction profile for the hot electron pathway; (B) reaction profile for intramolecular

HOMO-LUMO electron excitation; and (C) plausible mechanism of
experiments.
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an enamine, which is activated by injection of hot electrons
with the formation of anion radical species, which can be
excited by plasmons. This step could proceed directly due to
the vicinity of enamine and AuNPs or thanks to UiO-66-NH,
serving as a support for the hot electron transfer pathway
(Ui0-66-NH,).”>” The energy gap in this case was 1.7 eV, which
is well the below the photon energy. It should also be noted
that the conduction band of the UiO-66-NH, MOF is 0.39 eV°>®
and is significantly lower than the energy of incoming
photons, thus the transfer of hot electrons from AuNPs to the
MOF is also very likely. Moreover, the generated excited state
D, is not dissociative. Thus, the increased nucleophilicity and
relative stability of the anion radical excited state make poss-
ible the further interaction with aldehyde and continuation of
the catalytic cycle (Fig. 4C).

Finally, we performed a few control experiments with the
aim to confirm the hot electron-based reaction pathway in an
experimental way. First, TEMPO (2,2,6,6-tetramethyl-
piperidinyloxy or 2,2,6,6-tetramethylpiperidine 1-oxyl) was
added to the reaction solution as a hot electron scavenger. In
this case, we observed some decrease of the conversion of
4-nitrobenzaldehyde with the concentration of added TEMPO
(Fig. S97). Obviously, the TEMPO molecules consume some of
the plasmon-excited hot electrons and lead to reaction decel-
eration in this way. As an alternative control, Ag" salts were
added to Au@UiO-66/proline suspension in methanol, leading
to hot electron-induced silver reduction with the formation of
insoluble Ag° (holes are used in methanol oxidation). The
solid reaction residue was subsequently separated and sub-
jected to SEM-EDX analysis. The results indicate the presence
of Ag in the case of plasmon triggering in contrast to the
control dark case (Fig. S101 and corresponding Table S37).
Therefore, the plasmon triggering can really excite hot elec-
trons, participating in the above chemical reaction. Thus, both
control experiments are in accord with the results of the DFT
calculation.

A 100 100
_ __|yield ee
go{ || B  llso
X 604 - 60
S
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>
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Fig. 5
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Previously reported MOF/proline systems commonly lead to
a gradual decrease in conversion and enantioselectivity after
the first three cycles.*®*”°°** In our case, the drop in reaction
yield and ee did not exceed 10% of the initial values even after
5 cycles of Au@UiO-66/proline utilization (Fig. 5A), as a result
of relatively mild reaction conditions. For comparison,
Fig. S111 shows the results achieved with Au@UiO-66-NH,/
proline utilization at RT (under plasmon triggering). As is
evident, a noticeable worsening of catalyst efficiency was
observed in this case compared to the lower temperature case.
In turn, the leaching test (performed at —20 °C) showed that
after the separation of Au@UiO-66-NH,/proline from the reac-
tion mixture by cold filtration, the reaction did not proceed
(Fig. 5B). Similar reaction deceleration occurred when light
illumination is turned off, confirming in this way the key role
of plasmon active nanoparticles. Finally, we evaluated the
stability of Au@UiO-66-NH,/proline, since the residual
concentration of metals in the reaction mixture®*?”>*"%* is a
critical factor, especially under the reaction proceeding at RT
with the utilization of two metals in the reaction mixture (Zr
from UiO-66-NH, and Au from plasmon active AuNPs).
However, in our case the reaction was performed at lower
temperature and the residual metal concentrations determined
using ICP-OES were just 0.5 pg L™" of Zr and 7 pg L™" (3.6 nM)
of Au, which is considered to be relatively safe to living
systems.®>®® For comparison, the reaction proceeding at RT
results in significantly higher metal ion leaching as demon-
strated in Fig. S12.7

We believe that the proposed plasmon-active catalytic
system can be successfully applied for a variety of reactions
such as the preparation of heterocycles, a-aminoxylation as
well as asymmetric Mannich and Michael reactions.®””* In
such cases, the high efficiency and selectivity of the catalytic
system as well as the activation by visible light will open a new
avenue for the development of synthetic methods for fine
organic synthesis.

B ——550 nm
80- —o— lllumination stopping =
3 —{— Catalyst seperation
<
. g 60 /
S
1Y
Q -4
$ g 40 -
5
o 20 /
0
0 20 40 60 80
Time (h)

(A) Yields and ee values of 4-hydroxy-4-(4-nitrophenyl)butan-2-one (—20 °C, plasmon triggering, 72 h.) in the several subsequent cycles of

Au@UiO-66 utilization; (B) impact of catalyst leaching and illumination stopping on 4-nitrobenzaldehyde conversion under plasmon triggering at

-20 °C.

This journal is © The Royal Society of Chemistry 2024

Nanoscale, 2024, 16, 5313-5322 | 5319


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D3NR04707E

Open Access Article. Published on 05 February 2024. Downloaded on 6/1/2024 5:05:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Conclusions

In summary, we reported a versatile plasmon active hetero-
geneous platform for asymmetric organic photocatalysis - a
model aldol reaction. Compared to previous reports that used
inorganic semiconductors absorbing highly energetic light,>
the use of stable AuNPs allows us to utilize visible light conver-
sion to a chemical reaction. AuNPs as a plasmon active center
and proline as a chiral center were loaded into UiO-66-NH,,
which appears to be a perfect platform for AuNP stabilization
and easy experimental handling. The reaction was performed
at a low temperature (—20 °C) and the synergy between photon
absorption/plasmon excitation, charge separation, and chiral
catalysis allows the successful aldol reaction with quantitative
yields and enantioselectivity overperforming other catalytic
systems based on MOFs and r-proline in terms of the balance
between conversion, enantioselectivity and reaction time. We
also demonstrated the sustainability of the proposed system,
in particular - efficiency conservation (in terms of yield and
ee) during the several subsequent runs of Au@UiO-66-NH,/
proline utilization as well as insignificant metal ion leaching
in the reaction mixture. Apart from the advantageous perform-
ance, we probed three most common reaction pathways by a
set of control experiments and quantum chemical modeling to
shed light on the mechanism of light-induced asymmetric cat-
alysis. We found that hot electrons interact with an enamine
with the formation of anion radical species with an energy of
1.7 eV, which is well below the photon energy. The better
understanding of the heterogeneous asymmetric photocataly-
sis mechanisms can facilitate the design and application of
more efficient asymmetric photocatalytic systems.

Methods

Detailed description of used materials, sample preparation
and measurement techniques is given in the ESL Briefly, gold
nanoparticles (AuNPs) were prepared using the standard
Turkevich method. Subsequently, UIO-66-NH, was synthesised
in the presence of AuNPs using the solvothermal method. In
several control cases, AgNPs were used instead of AuNPs or
UIO-66-NH, synthesis was performed in the absence of metal
nanoparticles. For proline entrapping, 5 g of Au@UIO-66-NH,
(or UIO-66-NH, in the control experiments) were added to
10 mL of proline solution (0.5 mM) in acetone and gently
stirred for 3 hours. The Me@UIO-66-NH, powders with
entrapped proline molecules were separated by centrifugation
and dried under vacuum. The entrapping of proline molecules
was confirmed by total organic carbon (TOC) content analysis
in the supernatant after evaporation, drying and re-dissolving
in Milli-Q water.

26 mg of Au@UIO-66-NH,/proline powder was dispersed in
a solution of 4-chlorobenzaldehyde or 4-nitrobenzaldehyde
(0.1 mmol, 2 mL acetone, 0.5 mL chloroform). Aldol reactions
were carried out at —20 °C under illumination with an LED
light source (550 nm central emission wavelength, Thorlabs,

5320 | Nanoscale, 2024, 16, 5313-5322
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irradiance on the first glass surface - 100 mW cm™2). In
control experiments, reactions were carried out in the dark
and/or at RT. The structure and purity of the reaction products
were analyzed by GC-MS and NMR analyses.

The reaction conversion, yield, and enantiomeric excess
were also determined by GC with a capillary chiral column
(B-DEX™ 120 chiral capillary column, L x LD. 30 x 0.25 mm?,
df 0.25 pm, Supelco) using racemic 4-hydroxy-4-(4-nitrophenyl)
butan-2-one as a standard. To calculate the conversion, the
calibration curve was obtained using 5 solutions with different
concentrations of reactants (40, 20, 10, 5 and 2.5 mM).
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