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ABSTRACT: The enantioselective synthesis of chiral compounds is of crucial importance for a wide range of potential applica-
tions, especially in cosmetic and pharmaceutical industries. Recently, chiral imprinted mesoporous platinum films, produced by the
electrodeposition of the metal, in the simultaneous presence of a lyotropic liquid crystalline phase of non-ionic surfactants as
mesoporogens and chiral templates, have been applied as electrocatalysts and selective stationary phases for the asymmetric synthe-
sis and separation of chiral compounds, respectively. However, platinum is an expensive metal and therefore it is mandatory to
explore the possibility to apply this concept also to other metals. In this contribution, we propose mesoporous chiral imprinted nick-
el as an alternative cheap and earth-abundant metal. The designed surface layers not only demonstrate electrochemical discrimina-
tion between two enantiomers, but most importantly, also allow stereospecific electroreduction of a prochiral compound, with very
significant enantioselectivity of up to 80% ee. These results open up very promising perspectives for the development of low cost

non-noble metal matrices for the synthesis of chiral compounds.

INTRODUCTION

Engineering of chiral surfaces has been one of the most at-
tractive topics in the chemical community because they can
be used to generate enantiomerically pure compounds
(EPC).! Although, there are several methods that have been
proposed to obtain a single enantiomer,? asymmetric synthe-
sis is one of the most promising approaches.® Until now,
asymmetric catalysis, based on the use of chiral catalysts, has
been extensively illustrated with chiral coordination com-
plexes,* molecular imprinted polymers,® and biocatalysts.®
Over the past decades, homogeneous catalysts have played
an important role in asymmetric synthesis due to an efficient
up-scaling of production.” However, much effort is required
to recover the catalyst from the reaction mixtures.® Often, a
highly efficient enantioselective synthesis is based on the use
of biocatalysts, which provide a specific asymmetric envi-
ronment for the generation of chiral molecules under mild
conditions.®® Nevertheless, low efficiency, poor stability
under operating conditions and a narrow substrate spectrum
of biocatalysts are considered as key limitations.°

To mimic chiral biocatalytic platforms, many different ap-
proaches, for example based on molecular imprinting,*
molecular grafting,'? as well as organometallic'® and coordi-
nation chemistry*'* have been explored. Among them, the
molecular imprinting approach has been extensively devel-
oped, because it is easy to generate a large variety of chiral
cavities.™ Over the past decade, the chiral molecular imprint-
ing approach has been mostly focused on imprinted polymers
(MIP), which can show high affinity and selectivity in chiral
recognition.’® However, their highly flexible structure and
the difficulty to retain the chiral information after template
removal are main drawbacks.!” Therefore, other materials
have also been explored in this context such as silica,*® sil-
ica/polymer hybrid materials *° or metals.?® In the latter case
the recognition efficiency can be greatly enhanced when the

chiral information is integrated in a mesoporous ma-
trix.2#2e%¢342L This has been illustrated with chiral-encoded
mesoporous Pt obtained by electrodeposition of the metal in
the simultaneous presence of a lyotropic crystalline phase
and chiral compounds. The resulting materials have been
successfully used for various applications ranging from
enantioselective recognition,??® asymmetric synthesis of
chiral compounds,*® and chiral separation .2"

Although these structures have shown very interesting fea-
tures from an academic point of view, a major drawback with
respect to practical applications is the fact the platinum is an
expensive precious metal with a deleterious environmental
impact.?? In order to open up realistic application perspec-
tives, imprinting chiral information in earth-abundant first-
row transition metals, such as for example nickel, would be
an extremely important achievement in terms of cost and
sustainability.? In addition, nickel is also an interesting
alternative metal in terms of chemical features, because it
shows high activity in several electrocatalytic reactions, such
as hydrogen production or enantioselective hydrogenation,*
oxygen reduction?®® and especially electroreduction of organic
molecules.?®

It is well-known that the incorporation of mesoporous fea-
tures into bulk materials leads to outstanding properties,
especially a very high active surface area.?’” To design such
materials, there are many different approaches, including
both chemical and electrochemical methods.?® Over the past
decade, mesoporous Ni has been successfully obtained via
electrodeposition in the presence of various types and con-
centrations of surfactants as mesoporogens.?® The resulting
porous electrodes show a very high surface area, although
they are only present as thin layers deposited with a low
amount of charge.®® Many literature reports are dedicated to
the (electro)catalytic applications of such high surface area
nickel, but molecular imprinting of chiral information in such
a matrix has not yet been demonstrated.



In this contribution, we report the production of chiral
mesoporous Ni surfaces by electrodeposition of Ni in the
simultaneous presence of non-ionic surfactant (Brij C10) and
a chiral compound (phenylethanol, PE). The chiral character
of the generated surfaces is revealed by discriminatory elec-
trooxidation of the two PE enantiomers. In addition, and
most importantly, the designed material is used for the enan-
tioselective electroreduction of acetophenone as a prochiral
model compound to produce the initially imprinted PE enan-
tiomer with a high excess.

RESULTS AND DISCUSSION
Electrodeposition of chiral imprinted mesoporous Ni films

Chiral encoded mesoporous Ni has been successfully prepared by
electrodeposition from Ni acetate in the presence of a self-
assembled lyotropic liquid crystalline phase and the desired enan-
tiomer as shown in Scheme 1 (see Supporting Information for a
detailed description). Scheme 1a represents the molecular struc-
ture of the chiral templates, (R)-PE and (S)-PE, which are the
target molecules for the electroreduction of acetophenone. Due to
the hydrophilic interaction (H-bonding) between the hydroxyl
group of the chiral molecules and the head groups of the non-ionic
surfactant, Brij C10, the chiral compounds are located preferen-
tially at the outer surface of the surfactant columns constituting
the self-assembled hexagonal structure (H,) of the lyotropic liquid
crystal phase (Scheme 1b). When metallic nickel is grown around
this soft template (Scheme 1c), mesoporous channels and chiral
imprinted cavities are obtained after removable of the template
(Scheme 1d).

Microscopic characterisation of a Ni film, obtained by using a
charge density of 4 C cm™ for the electrodeposition, reveals a
smooth surface with uniform thickness over the entire area (Fig-
ures la and 1b). Obviously, the thickness of the mesoporous Ni
films can be easily tuned by changing the charge density used for
the electrodeposition (Figure S1). For example, the thickness
resulting from a deposition charge density of 1, 2 and 4 C cm? is
1.0, 1.8 and 4.0 um respectively. TEM investigation of a film
generated with a charge density of 100 mC cm?, reveals a uni-
form mesopore size distribution in the range of 2.33+£0.22 nm
(Figure 1c), which is in agreement with the expected pore size for
this type of surfactant.

In addition, to confirm the high active surface area of the film,
the electrochemical properties in 1 M KOH were monitored by
cyclic voltammetry (CV). Well-defined oxidation and reduction
peaks are observed in the potential range from 250 to 350 mV and

100 to 250 mV vs Ag/AgCl, respectively (Figure 1d). The current
density of the oxide-layer formation correlates with the active
surface area of the Ni electrodes.® The relative roughness factors
of the prepared electrodes obtained with various deposition charge
densities of 1, 2 and 4 C cm2 are 28.3, 61 and 114.2, respectively,
indicating a linear correlation (Figure S2). The relationship be-
tween the relative roughness factor and the thickness of the elec-
trodes measured by SEM (Figure S1) leads as well to a linear
dependence (Figure S2).

Enantioselective recognition of chiral compounds at chiral
imprinted mesoporous Ni surfaces

In order to illustrate the enantioselective properties of the chiral
encoded Ni layers, differential pulse voltammetry (DPV) was
used for the enantioselective electrooxidation PE. Compared to
cyclic voltammetry this allows decreasing the impact of capaci-
tive current, which is very high for such mesoporous layers, and
therefore a more pronounced discrimination in terms of faradaic
current becomes possible. Prior to studying the enantioselective
recognition properties, the complete removal of chiral template
was confirmed by two independent methods: (i) examining the
amount of removed chiral template as a function of rinsing time
by UV-VIS spectroscopy; (ii) monitoring the electrooxidation
current of eventually remaining chiral compound by DPV. As
shown in Figure S3, a series of UV-Vis spectra of the different
washing solutions was recorded to confirm the progressive tem-
plate removal when rinsing for 36 h. In addition, to further con-
firm the removal of chiral molecules, a DPV in supporting elec-
trolyte (50 mM HCI) of chiral imprinted mesoporous Ni after
rinsing for 36 h was measured in the potential range from 400 to
530 mV vs. Ag/AgCl as shown in Figure S4. Indeed, no oxidation
peak of PE was observed from 410 to 530 mV (oxidation region
of PE) for the imprinted electrode after washing. To further con-
firm the absence of parasitic phenomena, the DPV signals for both
enantiomers on a non-imprinted mesoporous nickel electrode
were compared. As expected, identical DPV current densities for
the electrooxidation of (S)-PE (red) and (R)-PE (blue) were ob-
served, confirming the absence of chiral information (Figure 2a).
In strong contrast, the chiral imprinted mesoporous Ni allows
discriminating the two enantiomers (Figures 2b and 2c). Chiral
mesoporous Ni imprinted with (S)-PE exhibits a more pronounced
signal for (S)-PE (red) with respect to (R)-PE (blue), whereas the
one imprinted with (R)-PE shows a significantly higher signal for
(R)-PE (blue) compared to (S)-PE (red). These observations
clearly confirm the presence of chiral information in these metal
layers, even after removal of the chiral templates. However, due
to the easy oxidation of nickel, it is difficult to maintain the chiral
imprints when exposing the electrodes to positive potentials.*?

Scheme 1. Illustration of the formation of a chiral imprinted mesoporous Ni film in the simultaneous presence of the lyotropic liquid crys-
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Figure 1. Characterization of chiral imprinted mesoporous Ni films: a) and b) SEM images (top view and cross section) of mesoporous
nickel imprinted with S-PE obtained with a deposition charge density of 4 C cm™ (scale bar 10 um (top view) and 1 um (cross section));
¢) TEM image of a mesoporous Ni film obtained with a charge density of 100 mC cm and d) cyclic voltammograms of chiral-imprinted
mesoporous Ni electrodes prepared with various charge densities compared to flat Ni in 1 M KOH at a scan rate of 100 mVs™.

Asymmetric synthesis of chiral compounds at chiral imprinted
mesoporous Ni surfaces

In previous reports, the use of chiral encoded noble metal surfaces
for the enantioselective electrosynthesis of chiral compounds from
a prochiral precursor molecule has been described.®* It was
found that by fine-tuning the electrosynthesis potential, as well as
applying potential pulses with varying duration, a highly selective
production of chiral compounds is possible.*® In this contribution,
we describe for the first time the possibility to use this concept
also for non-noble metals. This is not an easy task as such metals

are much more reactive and might lose very quickly the chiral
information by surface oxidation.

The electrochemical reduction of acetophenone to PE has been
chosen as a model reaction. To achieve highly enantioselective
synthesis, acetophenone needs first to adsorb in the chiral metal
matrix (Scheme 2a). Subsequently, its carbonyl group (C=0) is
reduced in the chiral cavities (Scheme 2b). Due to the asymmetric
local environment, a chiral product, which fits the spatial configu-
ration of the encoded structure, is selectively produced during this
hydrogenation step (Scheme 2b and 2c). Finally, the chiral prod-
uct is desorbed from the reaction site as represented in Scheme
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Figure 2. Differential pulse voltammograms (DPV) of the electrooxidation of (R)-PE (blue) and (S)-PE (red) in 50 mM HCI as a support-
ing electrolyte with different electrodes: a) flat Ni electrode, b) chiral mesoporous Ni electrode imprinted with (S)-PE, and (c) chiral

mesoporous Ni electrode imprinted with (R)-PE.

Adsorption — P Hydrogenation — P Enantiomer — P  Desorption

Scheme 2. Enantioselective synthesis steps of phenylethanol ((R)-PE or (S)-PE)) during the electroreduction of acetophenone: a) adsorp-
tion of the prochiral molecule, acetophenone, in the chiral cavity; (b) hydrogenation of acetophenone inside the chiral cavity; (c) formation
of PE inside the corresponding chiral cavity; (d) desorption of the PE enantiomer.

An optimized potential of — 550 mV vs. Ag/AgCl was applied
for the synthesis because the reduction of the prochiral functional
C=0 group of acetophenone molecules starts around this poten-
tial. More negative potentials might induce an interference with
proton reduction that may generate hydrogen bubbles, eventually
destroying the mesoporous structure. Thus, the applied potential
should be in the range from — 450 to — 550 mV vs. Ag/AgCl in
order to allow a selective electroreduction at the C=0 functional
group (Figure S5).

As illustrated in Figure 3, the degree of enantioselectivity was
determined by high-performance liquid chromatography (HPLC).
Figure S6 shows the chromatograms of prochiral acetophenone,
(R)-PE, and (S)-PE, with retention times of 10.1 (black), 13.5
(red), and 14.5 (blue) min, respectively. In a control experiment,
using non-imprinted mesoporous Ni as a working electrode, a
very low % enantiomeric excess (% ee) of 1.9% is observed.
Considering the error bar or the s.e.m. of the % ee value (= 3.61
%), calculated by equation 2 in the supporting information, this
indicates that there is no enantioselectivity in this case. However,
when using chiral mesoporous Ni imprinted with (S)-PE, an % ee
of 23 % was obtained after applying a constant potential for 12h.
The corresponding control experiment, carried out with an R-(PE)
imprinted electrode, resulted in an % ee of -19 %. These first
results are a promising proof-of-principle that chiral information
can be retained by mesoporous nickel, even though the selectivity
is rather moderate.

As previously reported,® the concept of pulsed electrosynthesis
with chiral encoded noble metal surfaces allows one to signifi-

cantly improve the enantioselectivity due to a partial suppression
of the competing reactions at the non-imprinted metal located at
the external electrode surface. In order to improve the % ee in the
case of nickel surfaces, a potential of =550 mV vs. Ag/AgCl was
applied with different pulse durations. For a pulse duration of 30 s
the % ee is significantly improved from 23 % to 45 % with re-
spect to conventional steady-state electroreduction (Figure 3b).
Even more pronounced enantioselectivity can be obtained when
using a shorter pulse duration of 10 s. In this case, the % ee even-
tually reaches 80 % as shown in Figure 3c. From a theoretical
point of view, this can be understood by the fact that a decrease of
pulse duration favors the reaction in the enantioselective
mesopores due to the high internal surface area compared to the
rather small outer non-imprinted surface.>® Short potential pulses,
alternating with relaxation periods enable the produced enantio-
mer to evacuate the porous metal and allow diffusion of fresh
prochiral precursor into the mesoporous matrix.

Compared to the previously studied platinum, nickel, as a non-
noble metal, has a much lower mechanical and chemical stabil-
ity.3 Therefore, it is crucial to investigate also the stability of the
imprinted chiral information. When chiral imprinted mesoporous
Ni electrodes are immersed into the supporting solution without
any applied potential under continuous stirring in nitrogen atmos-
phere, the mesoporous Ni layer gets nevertheless oxidized and is
completely removed after 1 day, as illustrated in Figure S7. How-
ever, when a negative potential is applied, the mesoporous Ni
layer is able to tolerate the synthesis conditions without signifi-
cant degradation, due to the presence of a cathodic protection.®

Figure 3. Enantioselective electrosynthesis with chiral imprinted Ni electrodes: a) and b) HPLC chromatograms of electrosynthesis prod-
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ucts obtained with imprinted electrodes in 10 mM acetophenone and 1 M NH,Cl at a constant potential (a) or pulsed potential (b) mode
for E= -0.55 V vs Ag/AgCl. The peak retention times of 13.5 and 14.5 min correspond to (R)-PE and (S)-PE, respectively. ¢) Histogram
summarizing the enantiomeric excess (%ee) of the different experiments. Colour codes illustrate the different condition of electrosyn-



thesis: non-imprinted Ni (black); (R)-PE imprinted Ni (purple) and (S)-PE imprinted Ni with continuously applied potential (red); (S)-PE
imprinted Ni with 30s potential pulses (green) and (S)-PE imprinted Ni with 10s potential pulses (blue).

CONCLUSIONS

Chiral-encoded mesoporous nickel has been successfully prepared
by electrodeposition from Ni acetate in the simultaneous presence
of a lyotropic liquid crystal phase of non-ionic surfactant, Brij
C10, and a chiral compound, phenylethanol. Characterization of
the physical and electrochemical properties of the prepared films
reveals that the active surface area is enhanced by two orders of
magnitude compared to flat Ni. This allows a significant discrimi-
nation between (R)-PE and (S)-PE enantiomers, confirmed by
DPV. Most importantly, the designed materials can be used for
the enantioselective electroreduction of a prochiral compound,
acetophenone, leading to preferential formation of one or the
other phenylethanol enantiomer. The % ee can be greatly im-
proved when using the concept of pulsed electrosynthesis. By
fine-tuning the pulse duration, an optimized %ee of up to 80 %
can be achieved, which is extremely high for such a non-noble
heterogeneous catalytic system. Therefore this work is a crucial
extension of the concept of chiral imprinting to non-noble metals
and offers an interesting perspective for the development of de-
signer materials for the chiral synthesis of high-added-value
chemicals. Many pharmaceutical compounds actually contain
chiral alcohol groups and it should be quite straight forward to
extend the presented proof-of-principle experiments to such mole-
cules. The chiral encoded layers could then replace or comple-
ment other approaches, for example based on the use of enzymes,
with the chiral metal cavities playing the role of a biomimetic
equivalent of the enzymatically active reaction site, allowing the
stereoselective synthesis of chiral alcohols as important pharma-
ceutical products or intermediates.®
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