‘rklvoc A Platinum Open Access Journal Review

for Organic Chemistry
Free to Authors and Readers DOAJ Seal Arkivoc 2023, part v, 54-68

Graphene-based materials for asymmetric catalysis
Elzbieta Wojaczyriska®* and Mariola Zieliriska-Btajet°*

“Department of Physical and Quantum Chemistry, Faculty of Chemistry,
Wroctaw University of Science and Technology, Wybrzeze Wyspianskiego 27, 50 370 Wroctaw, Poland
bDepartment of Organic and Medicinal Chemistry, Faculty of Chemistry,
Wroctaw University of Science and Technology, Wybrzeze Wyspianskiego 27, 50 370 Wroctaw, Poland
Email: elzbieta.wojaczynska@pwr.edu.pl, mariola.zielinska-blajet@pwr.edu.pl

Dedicated to Professor J6zef Drabowicz on the occasion of his anniversary

Received 09-27-2022 Accepted 11-10-2022 Published on line 11-18-2022

Abstract

A mini-review presents advances in the application of graphene-based materials in catalytic stereoselective
synthesis. Examples of chiral organocatalysts and metal complexes immobilized on carbon nanosheets are

discussed.
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1. Introduction

Though the story of graphene — a single layer of graphite — dates back to the 19th century,¥? it was in 2004 when
the research conducted by Andre Geim and Konstanin Novoselov at the University of Manchester led to the
discovery and isolation of a single atomic layer of carbon - a new allotropic form of this element.>* In 2010, for
this achievement, both scientists received the Nobel Prize in physics. To produce a single layer of graphene from
graphite, they applied the "adhesive tape method" (mechanical exfoliation), a simple technique that does not
require any special equipment. This was immediately adopted by other research groups which led to a fast
development of research on graphene and exploration of various aspects.

Graphene and materials based on it (called GRMs — Graphene-Related Materials) show extraordinary
properties which substantiate their applications in various fields — energy production and storage, sensors,
building materials, medicine etc. A stable, two-dimensional sheet of very tightly bound sp? carbon atoms, with
a thickness of a single layer of atoms arranged in a honeycomb pattern (hexagonal mesh), exhibits an
extraordinary strength connected with high stretchability, flexibility and lightness.>® Graphene is almost
transparent to light, and impermeable to molecules (it represents the thinnest membrane that blocks-off all
molecules).’” It also conducts heat and electricity very well. One should remember, however, that the defects
present even in high quality samples of graphene significantly alter its characteristics as compared with the
theoretical predictions.

These unusual properties prompted research on potential applications of graphene and GRMs. One can
expect that in the near future they will be used on a commercial scale in optoelectronics; specifically
touchscreens, liquid crystal displays (LCD) and organic light emitting diodes (OLEDs). There are intense studies
on the use of GRMs for energy storage — construction of new batteries and capacitors. Solar cells, fuel cells and
hydrogen storage also constitute areas where these new carbon-based materials can be used to produce novel
devices or significantly modify the performance of existing ones. Medical applications could involve efficient
bioelectric sensory devices, tissue engineering and regeneration, drug delivery etc. Graphene can not only alter
the properties of current coatings, but also introduce new materials characterized by extreme strength,
impermeability and lightness. Composites reinforced with graphene can be used in — among others — the
aviation industry, building materials, and mobile devices.?®

Chemical stability and high surface area connected with diverse possibilities of structure modification
roused an interest in the use of graphene-based materials as catalysts or catalyst supports. The adsorption
capacity is strongly dependent on the number of layers and defects present in the sample.'%'! The deposition is
realized through physisorption or by formation of covalent bonds, which modifies the network of carbon atoms.
Graphene serves as an ideal platform for the adsorption of various species, typically inorganic nanoparticles,
which prevents the material from stacking and leads to the formation of functional composites bearing unique
properties.1®
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For catalytic applications, mainly functionalized materials are used since graphene itself contains too
few reactive sites. The majority of studies have been carried out with the relatively inexpensive graphene oxide
(GO) or reduced GO (rGO) in which defects change the electrical and mechanical properties, but result in some
features that improve the catalytic activity.!! It was shown that not only surface area, but also the ability to
participate in proton- and electron-transfer is very important for efficient catalytic action.?

Graphene-based catalysts have been employed in numerous catalytic reactions (including
photocatalysis and electrocatalysis), such as oxygen reduction, CO; fixation, dihydrogen generation from water,
hydrogenation, Fischer-Tropsch synthesis, degradation of pollutants and many others.1%'31> Graphene oxide
was used as a selective catalyst for oxygenation/oxidation of organic substrates, but also for SO, to SOs,
conducted under mild conditions. Recently, GO was efficiently applied as an acidic catalyst for esterification,
affording the corresponding products in good yields.'®

Graphene layers functionalized with metals have shown their utility in various transformations, in
particular Suzuki and Heck reactions. Supported palladium nanocatalysts performed much better than
conventional Pd/C (a significant increase of TOF was observed).!! For example, to construct a carbon-carbon
bond in the Suzuki-Miyaura cross-coupling of potassium aryltrifluoroborates with aryl halides the authors
applied palladium nanoparticles supported on graphene platelets as a very efficient catalyst (Figure 1).%7

Br Ph

cat.
Q + PhBF;K ——

MeO MeO
cat. = Pd-rGO/ODA, Pd-G, Pd-rGO

Figure 1. Suzuki-Miyaura cross-coupling catalyzed by graphene-derived Pd catalysts.

Asymmetric catalysis is one of the most important strategies for the synthesis of chiral enantiopure or
enantiomerically enriched compounds.!® This approach has gained great popularity in recent years due to its
efficiency and environmental friendliness. In principle, a single molecule of a chiral catalyst can lead to the
formation of millions of target molecules. The great importance attributed to chiral catalysts in asymmetric
synthesis led to the award of the Nobel Prize in chemistry in 2001 to William S. Knowles, Ryoji Noyori and Barry
K. Sharpless. Their pioneering work paved the way for the further development of asymmetric catalysis.
Numerous chiral transition metal complexes have been introduced, and later, a new approach has emerged,
namely the application of small chiral organic molecules (asymmetric organocatalysis), especially in the
synthesis of pharmaceuticals (the final product is not contaminated with traces of heavy metals).1%2? The
development of stereoselective organocatalysis was also recognised with the Nobel Prize awarded in 2021 to
Benjamin List and David MacMillan.

The dynamic development of graphene-based materials as a support for chiral metal complexes and
organocatalysts has been noticed by the scientific community. Voitko reviewed the use of 1D/2D
nanostructured carbon materials in asymmetric catalysis, with the focus on nanotubes.?® In a comprehensive
review by Deng and co-workers, advances in the construction and applications of chiral GRMs are gathered;
catalytic applications are described rather briefly.2*
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2. Graphene-derived Materials in Asymmetric Organocatalysis

Graphene-based materials have attracted growing interest as efficient metal-free catalysts.?>?¢ They have found
application in carbon—carbon bond forming reactions, mainly in stereoselective aldol reactions.

2.1 Additions to carbonyl compounds
The aldol reaction represents the most versatile protocol for the preparation of optically enriched B-hydroxy
ketones which have been widely used in the pharmaceutical, agrochemical and fine chemical industries.?’28

In 2015, Sadig and coworkers found that the direct asymmetric aldol reaction of cyclohexanone with
aromatic and aliphatic aldehydes performed in aqueous media could be catalyzed by amino acids covalently
attached to graphene.?® Heterogeneous, porous, and recyclable carbocatalysts (which can be considered
organocatalysts) afforded aldol adducts with excellent yields (up to 97%) and stereoselectivity (up to 23:1 dr
with the anti diastereomer predominating, and up to 99% ee, Figure 2). Chiral catalysts were obtained from L-
alanine, L-serine, L-valine and L-arginine covalently attached to a graphene sheet in a three-step procedure
initiated by Hummers’ and Offeman’s oxidation method.3° They can be therefore regarded as graphene oxide
derivatives. The best outcomes were observed for valine- and alanine-derived catalysts, while arginine
derivative showed inferior results (only 58% vyield, 1:1 dr, and 10% ee for benzaldehyde as substrate). Among
aldehydes, 3-nitrobenzaldehyde led to optimal results (85-97% yield, >94% ee) in contrast to 3-methylbutanal
(up to 65% vyield, up to 65% ee).

@)
O

. )J\ cat.*

R™ H H,0, 24n140°C

_ , yield: up to 97%
R =Ph, 3-O:NCeHj, i-Pr dr anti/syn: up to 26:1

cat.* = graphene-amino acid conjugates ee: up to 99%

Figure 2. Stereoselective aldol reaction catalyzed by amino acids supported on graphene.

An increase in the reaction rate in the presence of water as compared to solvent-free conditions was
observed. The authors suggested an enamine mechanism for the catalyzed pathway: cyclohexanone reacts with
immobilized amino acid, yielding an enamine linkage (Figure 3). This is followed by the attachment of aldehyde
to the chiral enamine and hydrolysis (facilitated in water). The catalyst could be reused several times without
significant loss of activity or stereoselectivity.

Page 57 ©AUTHOR(S)



Arkivoc 2023, v, 54-68

Wojaczynska, E. et al.

H,0
H,0
%\fo

R
o o]
catalytic cycle N
®_H
N OH

| O O
|
R
0.__0O
R-CHO

enamine

o

O Graphene

Figure 3. A proposed reaction pathway.

Sz6ri et al. used L-proline supported by graphite oxide or graphene oxide and their sulfated derivatives
as chiral organocatalysts in the aldol reaction between aromatic aldehydes and acetone.3! Proline was attached
to the preorganized carbon supports in a mostly reversible manner though in the case of sulfated materials the
bonding was stronger. The reaction between 2-nitrobenzaldehyde and acetone catalyzed by these catalyst
systems led to variable yields of the products (11-81% conversion) with good selectivity and enantioselectivity
(71-76% ee, values higher than 70% obtained for unsupported L-proline under identical conditions, Figure 4).
Catalysts prepared from graphene exhibited higher activity as compared with those prepared from graphite.
The catalytic activity decreased upon recycling due to the loss of proline from the surface.

0
NO, O NO,

|
© cat.*
— . OH
©) * )l\ rt

conversion: 11-81%
ee: 71-76%

cat.* = L-proline supported with modified graphite or graphene

Figure 4. Enantioselective aldol reaction catalyzed by L-proline on the carbonaceous support.

Recently, Durmaz and co-workers reported the first example of preparation of recyclable graphene-
supported proline-based bifunctional carbocatalysts.3? L-Proline was attached to the graphene oxide sheets via
organoamine-functionalized graphene oxide (GO-NH;) and reduced graphene oxide (rGO-NH;). The catalytic
properties of heterogeneous catalysts (GO-Pro and rGO-Pro) were investigated in the direct asymmetric aldol
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reaction. L-Proline grafted catalyst (GO-Pro) exhibited the best efficiency under mild conditions (room
temperature, hexane as solvent) in the presence of benzoic acid and afforded the corresponding aldol adducts
with good isolated yields (up to 88%) and enantiomeric excess (up to 85%; Figure 5).

GO Pro
solvent rt

O OH O OH

NOZ NOZ
yield: 20-88%
solvent: H,O, brine, CH,Cl,, CHCIs, dr anti/syn: up to 79:21
CCl,, toluene, hexane or neat ee: 22-85%

Figure 5. The direct asymmetric aldol reaction of cyclohexanone with p-nitrobenzaldehyde.

A new nanocatalyst was prepared via immobilization of proline complexed to copper(ll) onto the surface
of magnetic graphene — a composite of silica-coated graphene and MnFe;04 (MF).32 The newly synthesized
G/MF@SiO,@Cu(proline)z, which contains Cu(ll) center as Lewis acid, was found to be an efficient catalyst for
asymmetric aldol reactions of benzaldehyde with cyclohexanone under solvent-free conditions, providing
appropriate aldol products in high yield and excellent enantiomeric excess (> 90 %).

2.2 Conjugate additions

The Michael addition is one of the most useful and representative methods for the formation of new C-C bonds,
thus the formation of new C—C bonds via Michael addition is an important transformation in organic chemistry,
and is used extensively in the synthesis of a variety of molecules, including biologically active natural products
and antibiotics.

Acocella et al. described the use of graphene oxide-based catalysts in the diastereoselective Mukaiyama—
Michael addition of 2-(trimethylsiloxy)furan (TMSOF) and B-nitrostyrene (Figure 6).3* A preference for the
formation of anti product was noteworthy, as other catalysts led mainly to syn diastereomer. The authors
noticed that the use of the nitroalkenes with aromatic substituents in the B8-position generated the product in
moderate to good yields (65-90%). The presence of an electron-donating group in the para position of the
aromatic ring of the 8-nitrostyrene caused a significant decrease in efficiency (23%), while a slight lowering in
the diastereoselectivity was observed with both EDG or EWG groups. The highest diastereoselectivity was
observed for a naphthyl group (syn/anti = 15:85), whereas the lowest activity and selectivity were achieved with
aliphatic nitroalkenes (yield up to 30%, dr (syn/anti) up to 35:65).

O
@\ . A~ UNO; GO catalyst / o .
o° OTMS
. NO,
R = Ph, n-CgHj3, Cy-hex, 1-Naph, 4-MeCgHy, yield: 0-90%
4-MeOCgHy, 4-FCgH, 4-NCCgHy dr syn/anti: up to 15:85

Figure 6. Diastereoselective Mukaiyama-Michael addition of TMSOF to variously substituted 8-nitroalkenes.
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Schulz and coworkers reported the synthesis of a catalyst pyr-hyperBTM@rGO by the immobilization of
the pyrene-tagged hyperBTM ((2R,3S)-(-)-3,4-dihydro-3-(isopropyl)-2-phenyl-2H-pyrimido([2,1-
b]lbenzothiazole) onto the reduced graphene oxide (rGO) surface.®® The catalytic efficiency and the recyclability
of this catalyst was tested on the asymmetric formal [3+2] cycloaddition of arylacetic anhydrides and rac-3-
phenyl-2- tosyl-1,2-oxaziridine (Figure 7).

Ts
N/\ Ts Ts
O pyr-hyperBTM@rGO Os_N Os N
e) 10 mol%), base (2 e
Ar/\[( m/\Ar . ( 0)0 (2eq) \I\: >--Ph + \]\: >.-.ph
o O DCM, -78°Ctort, 18h 5~ ~O A O
anti syn

Ar = 2-Naph, Ph, 4-FCgH,4, 4-MeOCgH,4
yield: 64-75%
dr anti/syn: up to 81:19

pyr-hyperBTM: ee anti/syn: up to 96%/up to 91%

,
\-(\NQO A0

Figure 7. Asymmetric cycloaddition of aromatic anhydride and oxaziridine derivative catalyzed by pyr-
hyperBTM@rGO.

The pyr-hyperBTM@rGO under optimized reaction conditions displayed good catalytic activity and the
products were obtained in high yields and with good-to-excellent enantioselectivity values. Recovery of the
active species was possible by simple filtration and after 7 cycles no decrease in the efficiency of the catalyst
was observed.

3. Graphene-supported Chiral Metal Catalysts

Several examples of immobilization of chiral transition metal complexes on graphene-based support have been
reported yielding heterogenized catalysts, mainly for asymmetric epoxidation and hydrogenation.

A stereoselective epoxidation is an important method to transform electron-deficient olefins into
enantiomerically pure epoxides, valuable intermediates in organic synthesis.3®32 In the last decade, chiral salen
manganese(lll) complexes were one of the most efficient catalytic systems used for obtaining chiral
epoxides.3¥* Tan and co-workers developed an enantioselective epoxidation of nonfunctionalized olefins
catalyzed by chiral salen Mn(lIl) derivatives supported by graphene oxide.*! The metal complex was covalently
attached to the GO sheet through an imidazolium-based ionic liquid (IL) linker (Figure 8).
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X pyNO, NaClIO, cat.* b
H,O/CH,Cl,, 0°C, 1 h

conversion: 99%

ee: 40%
cat.* = Q

=N_ N=
M
O ¢ O t-Bu
PN
R‘N@N
\™~/ CI t-Bu t-Bu

R = -(CH2)3-NH-GO
Figure 8. Epoxidation of styrene catalyzed by Mn(lll) salen complex-ionic liquid conjugate.

The flexible layer-structure, and the active role of the IL linker in the reaction, make the novel
heterogeneous catalyst efficient for the enantioselective epoxidation of unfunctionalized olefins in a biphasic
system (aqueous NaClO was used as an oxidant), affording the products in moderate to high yields (53-95%) and
enantioselectivity (73-93%), except for styrene and a-methylstyrene (40% and 44% ee, respectively). A
significant increase of the reaction rate was observed for various alkenes such as styrene derivatives, indene,
1,2-dihydronaphthalene, 6-cyano- and 6-nitro-2,2-dimethylchromene, both in comparison with GO-free and IL-
free complexes. It is worth mentioning that the catalyst was perfectly stable and could be reused several times
without remarkable loss of activity and enantioselectivity.

Sun and co-workers demonstrated the first example of manganese complexes of N4 ligands and graphene
oxide catalyzing the highly enantioselective epoxidation of olefins (up to 99% ee) with aqueous H,0; as a green
oxidant (Figure 9).#2 Six chiral Mn(Il) complexes containing N4 coordination core were tested as catalysts for
chalcone epoxidation. It was shown that the addition of a small amount of GO improved enantioselectivity (up
to 99% ee) as compared with the traditional carboxylic acid additives. The reaction showed wide substrate
scope, giving reasonable yields and high asymmetric induction for various chalcones, chromenes, cinnamates
and styrenes. Lower enantioselectivity was observed for substrates bearing electron-donating groups. The
catalyst could be easily separated from the reaction mixture by centrifugation. In a proposed mechanism, a
formation of an intermediate containing the oxidized manganese ion bound to carboxylic groups of graphene
oxide was included.
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(@] o (@]
| X X AN H202, CH3CN |
= X cat.*, GO [
R1 R2 20°C R! R?

yield: 45-93%

1 - R2 =
R' = H, 4-Me, 4-F, 4-C, 3-C, 2-Cl, 4-Br; R? = H ee: 82-99%

R'=H: R?= 4-F, 4-Cl
R'=4-CI; R? = 4-Me, 4-Cl

cat* =
t-Bu

Figure 9. Asymmetric epoxidation of chalcone derivatives catalyzed by a manganese(lll) complex in the presence
of GO additive.

Hosseini-Monfared and Abbasi successfully employed the manganese(lll)-salan complex immobilized on
a modified reduced graphene oxide in the aerobic enantioselective epoxidation of non-functionalized olefins
(Figure 10).%* The chiral Mn(l11) salan complex was covalently grafted onto rGO sheets decorated with magnetic
Fes04 nanoparticles (GFC). High activity and enantioselectivity for the epoxidation of styrene, a-methyl styrene
and trans-stilbene were observed. The catalyst was stable and could be reused at least five times with no
significant change of its activity.

. CHO
X 0y, MeCN, cat.* o+
40°C,2h

epoxide selectivity: 85%
cat.* = (salan)MnCI@rGO  ge: 999%

Figure 10. Oxidation of styrene with O; catalyzed by Mn(lll) complex attached to a modified reduced graphene.

Highly effective heterogeneous hydrogenation ranks among the most important reactions in organic
synthesis, used to produce a variety of functional compounds, including chiral derivatives. Among many
methods, the reduction of B-keto esters over tartrate-modified Raney nickel catalyst and the hydrogenation of
a-keto esters over Cinchona alkaloid-modified platinum catalyst (Orito reaction) are of particular significance.
The catalytic systems involve an achiral activator, responsible for the reduction, and a chiral modifier,
responsible for enantioselectivity, and a support.**

Palladium nanoparticle-graphene catalysts modified by cinchonidine were applied by Szori et al. for the
stereoselective hydrogenation of o, 3-unsaturated carboxylic acids (Figure 11).%> Three types of hybrid materials
were prepared from graphene and palladium using various synthetic approaches, resulting in slightly different
palladium content, reduced to oxidized Pd ratio and particle size. Their performance in the asymmetric
hydrogenation was found to be better than for the commercial Pd/C with cinchonidine added. The observed
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conversions were in most cases high (quantitative in some examples), and the enantiomeric excess was in the
range of 3-49%. The optimized conditions included the use of achiral amine additive, H, pressure was 2-5 MPa.

COOH COOH
R/\( H, (1-10 MPa) R/\r
Pd/Gns, CD (5 mol%) or
toluene, 1.5 h, rt

or
H
HOOC/\H/COO m HOOC/\:/COOH
| SN E

R = Me, Pr CD:

OH conversion: 4-100%
~H ee: 3-47%

Figure 11. Hydrogenation of unsaturated amino acids catalyzed by palladium nanoparticle-graphene catalyst
modified with cinchonidine.

Enantioselective heterogeneous hydrogenation of B-keto esters in the presence of chiral modified Ni
catalysts supported with reduced graphene oxide (rGO) was reported by Ding et al.*® The hybrid catalyst was
prepared via chelation of NiCl, with graphene oxide and subsequent reduction, followed by treatment with L-
or D-tartaric acid (TA) as a chiral modifier. Examination of the obtained composite indicated that nickel was 60%
Ni® and 40% (Ni%* + Ni3*) and the part of TA carboxylic groups were coordinated. The obtained catalytic system
used for hydrogenation of methyl acetylacetonate afforded B-hydroxyesters with excellent enantioselectivity
(98.5-98.6% ee) and conversion (>99%, Figure 12). The performance was significantly better than for TA-
modified Raney Ni (79% conversion, 63% ee). In addition, the system exhibited a high turnover frequency of ca.
20,000 h't. The excellent catalytic activity and asymmetric induction could be attributed to the unique properties
of the modified rGO, i.e. a large surface area to stabilize Ni particles and enhance the adsorption of the reactant,
and to the ability of transfer electrons in catalytic process. The ferromagnetism of Ni made the catalyst easy to
magnetically separate and reuse, though a slight decrease of yield and enantioselectivity was observed after the
five repetitions attributed to the size increase of Ni nanoparticles and leaching of TA.

O O H,meon OH 9
)J\/U\O/ cat.* MO/
conversion >99%
ee: 98.5-98.6%
cat.* = rGO-Ni-L-TA or rGO-Ni-D-TA

Figure 12. Asymmetric hydrogenation of methyl acetylacetonate by the modified rGO.

In a recent paper, Shi and co-workers reported the use of a multicomponent catalyst immobilized on the
surface of graphene via n-7 interactions.*” A rhodium(l) complex with two axially chiral MonoPhos ligands
tagged with pyrene moieties was prepared in three steps from commercially available reactants, 1-
pyrenebutyric acid, (R)-[1,1’-binaphthalene]-2,2’-dimethoxy-6-butanol, hexamethyltriamidophosphite, and
[Rh(COD),]BF4. Adsorption of the complex onto graphene was manifested by a disappearance of the orange
color of its solution. The authors used the obtained hybrid material as a heterogeneous catalyst of asymmetric
hydrogenation of unsaturated amino acid derivatives (Figure 13). The reaction was performed in ethyl acetate
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with 20 atm hydrogen pressure for two hours; catalyst loading of 1% allowed >99% conversion for eight
substrates studied, and enantioselectivity was also high (91-96% ee). The activity and selectivity of the
homogeneous system were fully retained, while the heterogenization allowed easy reuse of the catalyst: 13
cycles were checked with no change of conversion and a very slight decrease of stereoselectivity, although an
increase of reaction time to ten hours was necessary due to the observed Rh leaching.

R H, 20 atm) R
N S COOMe ot «(1 mol%) ¥ | cOOMe
“ NHAc  EtOAc, 15h it & NHAG
> 99%
R' = H, 4-Me, 3- or 4-MeO, 6o 91.90%

3-F, 3-Cl, 2- or 4-Br
cat.* = [Rh(COD)L,]BF ;@graphene

NM
Oy 1300
P-RR O
S OO

RZ

[Rh(COD)L,]BF, =

BF,

- ()
aRase
Figure 13. Hydrogenation catalyzed by rhodium(l) complex of MonoPhos derivative with graphene support.

Other types of reactions can also be catalyzed by metal complexes supported with graphene derivatives.
The chiral BINOL-functionalized nanoporous graphene oxides-catalyzed conjugate addition of diethylzinc to
aromatic aldehydes was performed by Yan and co-workers.*® To prepare GO-BINOL-Ti catalyst, a commercial
GO was first oxidized in an acidic environment to make nano-porous GOs and then enantiopure (R)- or (S)-NH,-
BINOLs were covalently attached to the nanoporous GOs, and this GO-BINOL was subsequently treated with
Ti(Oi-Pr)s. Applied in asymmetric addition of ZnEt,, the GO-BINOL-Ti catalyst displayed a very good activity
(resulting in 99% conversion), but relatively low enantioselectivity (up to 45% ee, Figure 14) as compared with
the use of R-BINOL as catalyst (90% ee).

O ) OH
)L +  ZnEt, GO-BINOL-Ti_ 4, < \Et
Ar” OH toluene H
Ar’ 1-Naph, 2-MeO-1-CgHg, Ph conversion. 99%

3-BrCgHy, 4-CICgHj, 2-Me-4-Cl-1-CqH5 ee: 10-45%

Figure 14. GO-BINOL-Ti catalyzed ZnEt, additions to aromatic aldehydes.
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4. Conclusions

The presented studies show the potential of graphene-based chiral catalysts in asymmetric synthesis. High
activities and stereoselectivities observed in aldol reactions, epoxidation and hydrogenation prompt further
studies in the field, and perhaps in the future the extraordinary properties of carbon nanosheets will be fully
utilized, as well as the wide possibility of their modifications. In particular, asymmetric variants of numerous
processes which take advantage of the active participation of the carbon matrix in the catalytic cycle should be
developed. The possible drawbacks are connected with the high price and limited availability of graphene,
although this situation should gradually improve. In addition, in most cases the catalyst can be recycled several
times, which is beneficial from both economic and environmental points of view.

In the future, more catalytic applications of graphene-based hybrid materials (nanocomposites) can be
expected. One can also predict the development of systems involving enzymes. They can be directly attached
to the carbon monolayer; as an example, dehydrogenase was covalently bound to graphene and applied in the
electroconversion of carbon dioxide into methanol.*® Another possibility is illustrated by the work of Baeg and
co-workers who developed a protocol for solar light-driven highly enantioselective system for enzyme-catalyzed
reduction of prochiral ketones.>® They applied BODPY-modified graphene for the photocatalytic regeneration of
NADPH mediated by a Rh(l) complex. The excellent enantioselectivities were accompanied with yields up to
74%. This example of asymmetric artificial photosynthesis demonstrates the versatility of graphene-based
systems.
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