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ABSTRACT: Cascade reactions are an emerging technology in organic chemistry, introducing
elegance and efficiency to synthetic strategies. This Review provides an overview of the novel
and recent achievements in cascade processes catalyzed by bionanostructures. The examples
here selected demonstrate the advances related to the application of heterogeneous
nanocatalysts—nanostructures and biomolecules combined by different manner—in efficient
cascade processes. Metallic nanoparticles supported on biomolecules, multienzymatic systems
or bionanohybrid structures with multicatalytic activities (containing both organometallic and
biocatalytic activity) were selectively and efficiently used alone or in cooperative fashion. This
Review highlights examples of efficient and interesting catalytic cascade processes in organic
chemistry, ultrasensitive biosensing, or energy storage and conversion, underscoring their

tremendous future potential in chemical synthesis.
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B INTRODUCTION

Cascade reactions, typically defined as a consecutive series of
chemical reactions proceeding in a concurrent fashion, have
attracted scientists’ attention in recent years. One of the main
areas in which this strategy plays a pivotal role is in nature with
the biosynthesis of natural products.' ™ Generally, this typology
of reaction can be classified in domino, one-pot, or tandem
reactions, and the intrinsic advantages correlated to these types
of consecutive reactions are clear: atom economy; step-saving
and, therefore, high yield; and efficiency of the chemical
process.‘t_9 From a practical point of view, homogeneous
organometallic complexes, organocatalytic molecules, and
enzymes have represented and still are successful catalysts for
these types of reactions by combining them in different
manners."**'°71¢ However, to efficiently catalyze a cascade
reaction, the preparation of solid heterogeneous catalysts with
precise control over the location of different functionalities
would be generally preferable, but it is still a great challenge.'” "

During the past decade,”® ** nanostructured materials
(specially the active nanoparticles (NPs)) and biomaterials
(as remarkable heterogeneous catalysts for different organic
reactions) has undergone explosive growth, thanks to the
development of more efficient synthetic methodologies.>>™>’
Under a catalytic point of view, nanostructures present many
advantages, especially their large surface-to-volume ratio
compared to bulk materials. Consequently, as catalysts, NPs
can be directly used as such or supported as different
nanostructures (nanorods, nanotubes, etc.)** ! on a wide set
of surfaces, such as inorganic materials (silica, carbon, metal
oxides, etc.) or biomolecules (RNA, DNA, polysaccharides,
peptides, or proteins).32_38

In particular, this last strategy possesses the extra capability
to generate a greener and sustainable process because these
biomolecules can be used as such or as an additive tool to
mediate the formation and geometry of nanoparticles in the
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presence of a reducing agent (typically ascorbic acid or sodium
borohydride).>*~*" For example, proteins have been involved in
the synthesis of metal nanoparticles®>>*** and hybrid
nanostructures®* in aqueous media and at room temperature.

Bionanostructures, in which an enzyme is specifically
encapsulated in a nanocluster or immobilized on biofunction-
alized nanoparticles,**~* are another category of catalysts with
excellent features in cascade reactions. In particular, heteroge-
neous nanohybrid enzyme—metal nanoparticle composites are
especially of interest in organic synthesis because of their
double or multiple catalytic activities fused in the same entity
and simple reutilization strategy (a quite relevant feature from
an industrial point of view).*®

Hence, we focus this Review on the most recent advances
achieved in this new area of nanocatalysis regarding the use of
such bionanostructures in cascade catalysis. Among the various
examples encountered in the literature, we selected the most
representatives ones describing their synthesis protocols and
main application areas, always with the final scope to generally
underline to the reader the tremendous intrinsic potential
enclosed in this novel but quickly growing strategy.

1. CASCADE REACTION IN ORGANIC SYNTHESIS

1.1. Metallic NP-Catalyzed Cascade Processes. Most of
the chemical applications of metallic NPs in catalysis are based
on their use as simple NPs or supported in inorganic
material** ' However, in recent years, a new approach
based on the application of biological entities (RNA, DNA,
polysaccharides, peptides, or proteins) as materials for NPs’
immobilization, creating a new type of bionanocomposites, has
been developed.’>~>* The possibility to immobilize the NPs by
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these strategies generates heterogeneous nanocatalysts with
better performance, for example, in chemical synthesis of com-
plex molecules.*

Carbohydrate-based materials, such as polysaccharides, are
attracting growing interest as substitutes for classical inorganic
and organic supports. They are inexpensive, nontoxic, environ-
mentally friendly, and readily available in nature.*’

For example, gum acacia (GA), a highly branched neutral or
slightly acidic arabinogalactan polysaccharide, naturally obtained
from the stems and branches of the Acacia senegal tree, has been
used as a support to depose palladium NPs.*’ This strategy
permits access to heterogeneous Pd catalysts, where the small
NPs are generated in situ by the polymer, which acts in re-
ducing and stabilizing the metal (Figure 1A).
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Figure 1. (a) TEM image of GA-Pd nanoparticles (reproduced with
permission from ref 47). (b) Synthesis of amine 3 by reductive
amination catalyzed by different Pd NP catalysts.

The GA-Pd NPs were used as excellent catalysts in the direct
one-pot reductive amination of aldehydes with nitroarenes in a
domino fashion in the presence of hydrogen as the reductant.*’
This catalyst exhibited the highest yield of the reductive
amination reaction between benzaldehyde (1) and nitro-
benzene (2), in comparison with other typical Pd-supported
catalysts, 88% of amine 3 in 6 h against 20% for Pd—C or even
no conversion for Pd—TiO, or Pd—SiO, (Figure 1B). This
result was successfully extended to a combination of substituted
aldehydes (4a—f) and nitrobenzene or benzaldehyde and
different substituted nitroarenes (6a—f) under the same
conditions, obtaining good or excellent yields in all cases
(76—96%) (Scheme 1).*

Following this methodology, Khazaei et al.** have recently
prepared Pd NPs supported on pectin for a copper-free
Sonogashira reaction, an interesting process that can be con-
veniently coupled for a domino reaction. Other natural
biopolymers, particularly natural animal fibers (wool), have
been used as efficient polymeric sup forts in several important
palladium-catalyzed transformations.
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Moreover, bionanostructures based on the creation of
AuNPs aggregated into nanowires on DNA have been designed
with excellent catalytic possibilities, such as in reduction
processes.”’ The accommodation of the AuNPs on DNA
strains generate a better nanocatalyst compared with others in
which the Au nanocom onents are synthe51zed using polymeric
amines,>” ionic hqulds, or surfactant.’

Peptide-capping nanoparticles has represented another
elegant strategy to generate catalytic bionanostructures.>” 36
The investigation of the interactions between metal nano-
particles and peptides is still in its infancy, but this area has
attracted tremendous attention in the scientific community in
the past few years.

Knecht and co-workers have recently prepared a set of
different peptide—Pd NP conjugates (Figure 2). 56 They
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HOOC
8 ° HyO, r.t 10
TOF value
pHC: Thr-Ser-Asn-Ala-Val-His-Pro-Thr-Leu-Arg-Cys-Leu 6138
pAC: Thr-Ser-Asn-Ala-Val-Ala-Pro-Thr-Leu-Arg-Cys-Leu 6097
pAA: Thr-Ser-Asn-Ala-Val-Ala-Pro-Thr-Leu-Arg-Ala-Leu 361

Figure 2. (A) TEM analysis of the Pd nanoparticles capped with pHC
and pAC of the self-assembly of Au NP arrays into Au nanowires on
DNA (reproduced with permission from ref 56). (B) Stille C—C
coupling reaction catalyzed by different peptide—Pd NP conjugates.

demonstrate that using different peptide sequences with only
small differences (one or two amino acids), the functionality of
the Pd NPs was altered while their nanomorphology was
conserved (NPs around 2.4 nm) (Figure 2). Parameters as
binding affinity between the NPs and the peptide residues or
flexibility seem to be critical for the final catalytic properties of
the bionanostructures. In this way, these differences were
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extremely marked in the Stille C—C coupling reaction.
Different peptide—Pd NP conjugates catalyzed the coupling
of 4-iodobenzoic acid 8 with PhSnCl; 9 achieving biphenyl-
carboxylic acid 10 in water at room temperature. The best
catalytic results in term of TOF (turnover frequency) values
were obtained using pHC (Thr-Ser-Asn-Ala-Val-His-Pro-Thr-
Leu-Arg-Cys-Leu) and pAC (Thr-Ser-Asn-Ala-Val-Ala-Pro-
Thr-Leu-Arg-Cys-Leu) peptides, almost 20 times more active
when using pAA (Thr-Ser-Asn-Ala-Val-Ala-Pro-Thr-Leu-Arg-
Ala-Leu) peptide, showing that a Cys in a particular position is
critical for the functionality of the nanoparticles (Figure 2B).
These results could demonstrate the applicability of these new
nanohybrids in a possible combination of this Stille reaction
with a C—H transformation>®® or, more recently, as another
example of the same authors in a light-activated reductive
dechlorination of polychlorinated biphenyls.**

Another application in the combination of metal NPs and
peptides has been reported by Zaramella et al®’ They
developed heterofunctionalized multivalent peptide—Au NP
complexes, which accelerate the hydrolysis of p-nitrophenyl
esters by at least 2 orders of magnitude. This reaction could be
coupled with the reduction of the nitro group for the typical
domino reaction producing aminoarenes.” >

1.2. Biocatalytic Cascade Reactions. In nature, cellular
biochemistry requires the orchestration of metabolic pathways
in which cascades of many enzyme-catalyzed processes working
simultaneously are critical. These cascade processes are possible
thanks to evolved enzymes working in a complex and concerted
media. In this way, part of the research in cascade catalysis has
been dedicated to imitating nature by combining different

enzymatic systems and exploiting the high specificity, stereo-, and
regioselectivity of these biological catalysts in the production of
complex chemical compounds.

However, compatibility problems and mutual inactivation are
often encountered. Therefore, this drawback may be circumvented
by performing cascades in sequential steps, by site-isolation of
the individual catalysts through immobilization, heterogeneous,
or biphasic reaction conditions, or creating encapsulated multi-
enzymatic reactors.” %

One of these examples has been developed by van Hest and
co-workers,> who prepared a polymersome nanoreactor con-
taining three different enzymes for cascade catalysis (Figure 3).
The porous polymersome was created by block copolymers of
isocyanopeptides and styrene and three different chemically
activated enzymes. Glucose oxidase (GOx), lipase (CalB), and
horseradish peroxidase (HRP) were located on the polymer-
some at different locations (Figure 3a).

This nanoreactor was successfully applied in a three-enzyme
cascade reaction starting from 1-acetylated glucose converted to
glucose by CalB, which was oxidized by GOx to gluconolactone
in a second step. The hydrogen peroxide produced was used by
HRP to oxidize 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) to ABTS". This strategy could represent a very
valuable example to be applied in cascade processes.

More recently, Palivan and co-workers have designed novel
nanovesicles in which they encapsulated two different enzymes,
superoxide dismutase (SOD) and lactoperoxidase (LPO)
(Figure 4).%6 Similarly to nature, this nanoreactor was used
to combat oxidative stress by reducing in situ superoxide anion
radicals present in the environment into molecular oxygen and
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ABTS= /C[ >‘NN_< :©/
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Figure 3. (A) Positional assembly of enzymes in a polymersome.” (B) TEM image of the biohybrid polymersomes. The scale bar represents S00 nm.
GOx in the lumen, CalB in the membrane, HRP on the surface.” (C) Mutienzymatic cascade process. (“Reproduced with permission from ref 65.)
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Figure 4. Schematic representation of enzyme cascade reactions inside
polymeric nanocontainers to combat oxidative stress.

water via hydrogen peroxide inside the vesicle cavities. The
process was performed by a tandem catalysis starting from
the creation of the superoxide anion radicals as the source by
the known combination of xanthine/xanthine oxidase. The
cascade reaction starts with SOD activity (one part of the
natural antioxidant defense mechanism) catalyzing the trans-
formations of the superoxide radicals in hydrogen peroxide with
a high turnover number. Subsequently, H,0,, as the only
harmful product of the SOD reaction, is degraded in the second
step of the cascade reaction by LPO, producing oxygen and
water (Figure 4).

The creation of potential artificial enzymatic cascade
reactions has been recently demonstrated by Ward and co-

Excellent conversion and enantioselectivities (ee > 99%)
were achieved (i) by a three-enzyme cascade reaction com-
bining ATHase with evolved monoamino oxidase (MAO-N)
and catalase in a double stereoselective amine deracemization
of 11, 12 or stereoinversion of natural nicotine 13 (Figure Sa,b);
(ii) by a four-enzyme tandem catalysis combining ATHase with
L-amino acid oxidase (LAAO), p-amino acid oxidase (DAAO),
and catalase in the formation of L-pipecolic acid 1§ from
L-lysine 14 (Figure Sc); and (iii) two-enzyme tandem using
2-hydroxybiphenyl monooxygenase (HbpA) in hydroxylation
of 2-hydroxybiphenyl 16 coupled to an ATHase-catalyzed
NADH regeneration process (Figure 5d).

Nevertheless, the application of immobilization techniques to
create isolated supported enzymes or multienzymatic coimmo-
bilized catalysts has been an advantage over soluble enzymes in
enzymatic cascade processes.”** For example, the combination
of two different immobilized preparations of chloroperoxidase
(CPO) and rhamnulose-1-phosphate aldolase (RhuA) permit-
ted the successful coupling of enzymatic oxidation and aldol
addition reactions for the synthesis of a Cbz-aminopolyol 20
from a Cbz-amino alcohol 18 in a multienzymatic one-pot
system (Scheme 2).°® These immobilized systems permitted
the synthesis of the product up to 18-fold faster if compared
with the use of soluble enzymes.

Scheme 2. Synthesis of Cbz-Aminopolyol 20 from a
Cbz-Amino Alcohol 18 in a Multienzymatic One-Pot System

o
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Figure S. Stereoselective cascade reactions catalyzed by evolved, natural and artificial metalloenzymes. Adapted from ref 67.
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The coimmobilization of several enzymes has been beneficial
to perform bioreduction processes.”” One of the main advan-
tage of this strategy is the cofactor regeneration. For example,
this immobilization approach was successfully used in the
transformation of glycerol (21) in dihydroxyacetone 22 by
glycerol dehydrogenase (GlyDH) combined in a cascade with a
NADH oxidase (NOX) to regenerate the cofactor necessary for
the first enzyme (Scheme 3).

Scheme 3. Multienzymatic One-Pot Synthesis of
Dihydroxyacetone 22 Catalyzed by Coimmobilized
Biocatalysts

OH
Ho._h_ oH
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1.3. Metal-Enzyme Cascade Synthesis. The main appli-
cation of the cascade reactions is complex chemical processes
with the aim to produce high value-added products. Generally,
to achieve this scope, the most used strategy combines
organometallic compounds and enzymes as separate catalysts
added on the same reaction medium.”® In this way, the product
of the first catalytic reaction became the substrate for the
second reaction, the general development being regulated with
a step-by-step mechanism (domino cascade reactions).

Following this strategy, for example, Kim and co-workers
reported the “one-pot” synthesis of enantiomerically pure
amides by a dynamic kinetic resolution (DKR) of racemic
amine catalyzed by Pd nanoparticles entrapped in aluminum
hydroxide combined with a lipase (commercially available
Novozym435).”!

The cascade process combined a lipase kinetic resolution of
chiral amines by an amidation process and the racemization of
the unreacted amine enantiomer by the Pd nanocatalyst. Using
benzylamine as the model reaction and ethylmethoxyacetate as
acyl donor, the enantiomerically pure amide was obtained in
98% isolated yield with an ee of >99% (Scheme 4).”*

To expand the scope of the methodology, both catalysts were
successfully applied in the DKR of different racemic benzyl-
amines, alkyl-amines, and amino acids, obtaining the corre-
sponding amides in good or excellent yields (85—99%) and
high enantiomeric excesses (97—99%).”" Furthermore, the
stability of the Pd nanocatalyst—lipase hybrid system was
examined through recycling experiments. After 10 cycles, the
hybrid catalysts still showed good activity (89% yields), with
only a slight decrease in enantiomeric excess (ee = 92%).

Another interesting application of the combination of these
two different catalysts has been shown by Toste and co-
workers, in which supramolecular metallic host—guest com-
plexes were used collaboratively with enzymes in different

catalytic tandem reactions (Scheme Sa).”> Supramolecular Au
(I) and Ru (II) complexes were prepared by their encapsulation
in a tetrahedral Ga,Ls (L = N,N’-bis(2,3-dihydroxybenzoyl)-
1,5-diaminonaphthalene) structure (Scheme Sa), providing a
well-defined cavity for reaction, good stabilitz at neutral pH in
water, and good tolerance by the enzymes.”

This system was applied successfully, for example, when
substrate 23 was subjected to tandem enzymatic kinetic
resolution using Amano lipase and Au complex-mediated
cyclization to afford substituted tetrahgdrofuran 25 in 33%
conversion and 96% ee (Scheme 5b).”> A second example
consisted of the transformation of 1-propenol (26) into
propanol (28) by tandem catalysis via Ru-mediated olefin
isomerization to produce propanal 27 and alcohol dehydrogen-
ase (ADH) to reduce the aldehyde to alcohol. A second
enzyme, formate dehydrogenase (FDH) using formic acid as
the substrate was coupled to the system for ADH cofactor,
NADP(H), regeneration (Scheme 5c¢).

Recently, Prastaro and co-workers combined the use of a
protein—Pd NP nanobiohybrids with an enzyme to catalyze a
cascade of Suzuki—Miyaura cross-coupling reaction with an
asymmetric reduction.”*

Pd NPs were generated in situ on a biological matrix, a DNA
binding protein from starved cells of the thermophilic
bacterium Thermosynechoccus elongatus (Te-Dps), in the
presence of a strong reducing agent (NaBH,) (Figure 6).
This Pd NPs/Te-DPs bionanohybrid was successfully used to
catalyze the formation of biaryl products from different aryl
halides and arylboronic acids.”” In the case of aryl iodide 29 and
aryl boronic acid 30, the corresponding biaryl 31 was
synthesized in 87% yield (Figure 6b).

In this way, this C—C bond formation was followed by an
asymmetric reduction of the ketone in 31 by an alcohol
dehydrogenase [(R)-LBADH] to produce the enantiomerically
pure biaryl alcohol 32 in 91% yield and ee >99% in a two-step
one-pot domino reaction (Figure 6).74

Moving a step over the basic concept of two separated
catalyst acting in a “one-pot” tandem fashion, very recently,
several research groups have described the fusion of both
independent catalysts in a unique hybrid multiactive nano-
structure.>”>~7

For example, San and co-workers described an elegant
methodology to synthesize protein-shelled nanoparticles.”®
Using aminopeptidase from Streptococcus pneumoniae (PepA,
a tetrahedral protein with a well-defined cavity and four wide
channels that ensure the substrate-product exchange with the
outside environment) as biotemplate, in the presence of strong
reducing agent NaBH,, platinum NPs were synthesized inside
the protein cavity starting from a K,PtCl, solution. Both
catalytic activities (enzymatic and metallic) were characterized
with good results by means of a cascade transformation
composed by the first hydrolysis of glutamic acid-p-nitroanilide
(peptidase activity assay), followed by the reduction of

Scheme 4. Dynamic Kinetic Resolution of Racemic Aryl Amines
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Scheme 5. (a) A Schematic View of the Supramolecular Assembly of Ga,Ls Host With Metallic Complexes Guests; (b) Tandem
Enzymatic Kinetic Resolution and Cyclization with [Au] Supramolecular Host—Guest Complex; (c) Ru(II)-Mediated Olefin
Isomerization of Allyl Alcohol To Give Propanal Followed by Reduction to Propanol via ADH"
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Figure 6. (2) DNA-binding protein (TeDps)-assisted synthesis of Pd nanoparticles. (b) TEM micrograph of generated Te-Dps Pd NPs. (c) One-pot
chemoenzymatic synthesis of chiral biaryl alcohols. Adapted from ref 74.

previously released p-nitrophenol to p-aminophenol (hydro- 35 by the gold nanoparticle in the presence of NaBH,.
genation activity assay).”® Unfortunately, the recyclability of this hybrid catalyst was found
One recently reported alternative consists of the preparation to be poor, with a rapid activity decrease in successive cycles.
of functionalized metallic NPs for specific adsorption of Nevertheless, this result demonstrates that this system could be
enzymes.”””>”” For example, Ganai et al. described the very interesting for obtaining several compatible -catalytic
synthesis of nanoparticles with a core—shell architecture activities in the same catalyst.
composed by a gold nanoparticle covered by mesoporous The same approach based on the direct creation of metallic-
silica (mSiO,, MSN). Finally, a glucosidase was grafted onto biologic hybrid nanostructures has been very recently followed
the outside silica surface (Figure 7).”> The dual-catalytic by Engstrom et al. describing the coimmobilization of the lipase
performance of this bionanostructure was evaluated in a from Candida antarctica together with palladium NPs
concurrent cascade transformation (Figure 7c). 4-Nitro- (generated by previous chemical reduction) inside the
phenyl-f-glucopyranoside 33 was hydrolyzed by the glucosi- compartments of siliceous mesocellular foams.”” The cata-
dase, and in the subsequent step, the 4-nitrophenol 34 released Iytic activities of this artificial bionanostructure were char-
from the first reaction was reduced to the corresponding amine acterized by the dynamic kinetic resolution (DKR) of

1593 dx.doi.org/10.1021/cs401005y | ACS Catal. 2014, 4, 1588—1598
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Figure 7. (a) Synthetic procedure for gold nanocrystal/mesoporous silica core—shell nanoparticles with immobilized f-glucosidase. (b) TEM
micrograph of generated hybrid catalysts. (c) Model domino reaction catalized by the hybrid catalyst to synthesize 4-amino phenol 35. Adapted from

ref 75.

Scheme 6. Schematic Synthesis of the Noble Metal NPs/Enzyme Nanobiohybrids and Their Mechanism of Formation®

Noble Metal salts
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room temperature

(1) Reactant Mixing
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“(inset) TEM micrographs of generated nanobiohybrids.

(I1) Metal lons Binding (lll) Metal lons Reduction
(Nucleation)
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(Ag, Au, Pd)

(IV) NP Growing

(OMetal Atoms (Pd, Ag or Au)

rac-phenylethylamine with excellent results (96% 7yield,
99% ee). Unfortunately, the recycle studies showed that results
from the third cycle were moderate.”

Following these advanced research lines, a very interesting
strategy affording multivalent hybrid nanocatalysts combining
metallic and enzymatic catalytic activities has been recently
described.* Starting from a homogeneous aqueous solution

1594

composed of a noble metal salt (Ag*, Pd**, or Au’*) in the
presence of a free enzyme (lipase, CALB), a novel type of
heterogeneous hybrid nanocatalyst composed by metal NPs
embedded in an enzymatic net was generated in situ under very
mild reaction conditions (Scheme 6).** The use of an enzyme
in the methodology permitted generation in situ of small metal
NPs (e.g, around 2 nm core size for Pd NPs) without the

dx.doi.org/10.1021/cs401005y | ACS Catal. 2014, 4, 1588—1598
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Scheme 7. (a) Model Domino Reaction Catalized by the Nanobiohybrid Catalysts To Synthesize 4-Amino Phenol 35, (b)

Dynamic Kinetic Resolution of Racemic Aryl Amines

OH OH
CalB-Pd
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36 34 35
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i RS Yield: 98%
Pd mediated CaIB mediated ee: >99%
racemization resolution
R: Et 38a
(5)-37 R: i-Prop 38b

necessity of any external reducing agent, exploiting the
reductive ability of the biomacromolecule (biomineralization),
which moreover remains catalytically active at the end of the
synthesis.

The catalytic potential of these heterogeneous nanobiohybrids
was successfully applied in different reactions: hydrolysis;
reduction; C—C bond formation; and, especially interesting, for
successful one-pot cascade reactions selectively exploiting the
catalytic activity of the metal, the enzyme, or both at the same
time (domino and tandem reactions).*> The model “one-pot”
synthesis of aryl amines starting from 4-nitrophenyl esters was
chosen as a representative example of a domino reaction to
evaluate the catalytic capacity of the novel metallic NP—enzyme
biohybrid (Scheme 7a). The lipase (CalB)-mediated hydrolysis
of butyryl ester 36 to produce 4-nitrophenol 35 was reduced by
the metalNPs to aminophenol 35 in the presence of NaBH,.
The results were very good or excellent with all the
nanobiohybrids tested achieving suitable values of reaction
rate constant (k) and TOF of 0.6 min~" and almost 150 min™",
respectively, using the lipase—Pd NP biohybrid.**

To further expand the scope of this novel strategy, the
biohybrid Pd-nanocatalyst was evaluated in the dynamic kinetic
resolution (DKR) of rac-phenylethylamine in organic medium,
a tandem catalytic process (both enzymatic and Pd catalysis
acting at the same time) (Scheme 7b). After a fine optimization
of many reaction parameters, the quantitative formation of
enantiopure (R)-benzylamide 38 with ee > 99% was achieved.
These good results have been maintained, even after 3 reaction
cycles (96% yields >99% ee), demonstrating the high
operational stability and recyclability of this hybrid bionano-
structure.”® This interesting strategy result is noteworthy from
different points of view (i.e, ease of method, mild reaction
conditions, or variability of enzymes and metal) but mainly
because, in this way, it is possible to generate a unique
multivalent hybrid catalyst that is useful in a wide set of organic
reactions and whose activity can be finely programmed,
depending on the process requirement (use of each catalytic
activity for a separate reaction or its complete multivalent
activity in a domino cascade or tandem fashion).

Another very interesting approach to develop catalytic
entities expecting the use of the potential of both biocatalysis
and transition metal catalysis has been reported by Foulkes et al.*’
This strategy describes the use of engineered Escherichia coli
bacteria to simultaneously intracellularly express monoamine
oxidase (mao-N-DS insert) and bind Pd nanoparticles on the
outer membrane, finally creating a unique biometallic hybrid
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catalyst. The overall activity of this interesting bionanostructure
has been successfully evaluated in the amine deracemization of
racemic 1-methyltetrahydroisoquinoline (39) to (R)-39 via the
intermediate 1-methyl-3,4-dihydroisoquinoline 40, with an
enantiomeric excess of up to 96% (Figure 8).%° Furthermore,

(R)-MTQ 39
HZ
éH3
MAQ-N:D5 .
NH x ” _N
CHs 9.5, f a CHs,
(S)-MTQ 39 MDQ 40

Figure 8. The cyclic deracemization of 39 via the imine 40 using the
hybrid catalyst composed by the engineering inserted mao-N-DS gene
and Pd NPs bound on the outer membrane. Adapted from ref 60.

these good results were maintained for five subsequent reaction
cycles, demonstrating in this way the high stability of this
hybrid bionanostructure.

2. OTHER APPLICATION FIELDS OF CASCADE
REACTION

2.1. Biosensor Design. In addition to its valuable
application in organic and fine chemistry, the usefulness of
cascade reactions (based on mixed chemo- and enzymatic
catalyst as well as completely based on enzymatic catalytic
cascade) has also been demonstrated in many other research
fields, such as blomedlcal applications (diagnosis and drug
delivery) or biosensing.*’~** For example, among the wide set
of applied reactions, the classic enzymatic cascade catalyzed by
glucose oxidase (GOx) and horseradish peroxidase (HRP) has
been thoroughly studled and widely used in glucose detection
(e.g, glucometer).** However, it has been demonstrated that
signal amplification by enzymatic reactions is not sufficiently
high to achieve ultrasensitive detection of biomolecules, Wthh
is essential for the early and rapid diagnosis of diseases.** To
overcome this limitation, enzymatic reactions have been
efficiently combined with an additional cascade amplification
process (ie.,, redox cycling).** For example, Han and co-workers
recently described a novel signal amplification strategy for
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ultrasensitive detection of thrombin by cascade catalysis of gold
nanoclusters (AuNCs) and glucose dehydrogenase (GDH).*
With this strategy, the AuNCs were constructed not only as
nanocarriers for anchoring the large amounts of secondary
thrombin aptamers but also as nanocatalysts, promoting the
efficient oxidation of NADH efficiently (Figure 9). Moreover, a
large amount of GDH was loaded through the immobilization
technology of DNA hybridization, and a large amount of
toluidine blue (Tb, as redox probe) was intercalated into the
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DNA grooves via electrostatic interaction. In this way, the
electrochemical signal was greatly enhanced by means of
cascade catalysis: first, GDH catalyzed the oxidation of glucose
to gluconolactone with the concomitant generation of NADH
in the presence of NAD". Then, AuNCs catalyze the oxidation
of NADH to NADY, reducing the Tb and generating a free
electron (Figure 9). Under the optimal conditions, the pro-
posed aptasensor exhibited a high sensitivity (low femtomolar
detection) and good specificity for thrombin detection.*®

dx.doi.org/10.1021/cs401005y | ACS Catal. 2014, 4, 1588—1598
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2.2. Energy Storage and Conversion. Undoubtedly,
photosynthesis represents one of the most powerful and known
examples of natural energy storage and conversion of solar
energy into renewable resources.”’ During this process in green
plants, light-dependent and light-independent reactions take
place simultaneously in the organelle of micrometer-sized
chloroplasts that contain light-harvesting thylakoid mem-
branes.*® Thus, many efforts have been made to clarify the
mechanism of photosynthesis and to further mimic such natural
process.8 !

With that in mind, for example, Lee and co-workers reported
the development of a microfluidic artificial photosynthetic cas-
cade system for in situ regeneration of reducing power (ie.,
NADH cofactor) and redox enzymatic synthesis of fine
chemicals under visible light.”"

Microchannels were synthesized by using the imprint
lithography technology, and subsequently, a light-harvesting
photosensitizer (CdSe quantum Dots) and a redox enzyme
(Glutamate dehydrogenase, GDH) were in situ immobilized in
different compartments of such microchannels (Figure 10).
Hence, this interesting example of cascade reactions results
constituted by a light-dependent zone where CdSe QDs
regenerate NADH recurring to triethanolamine (TEOA) and
pentamethyl cyclopentadienyl rhodium bipyridine (M) as a
sacrificial electron donor and electron mediator, respectively.
The NADH cofactor is subsequently consumed by GDH in the
light-independent compartment for the redox enzymatic syn-
thesis of L-glutamate starting from a-ketoglutarate (Figure 10).
Therefore, this system results in a successful, sustainable,
recyclable, and integrated light-harvesting mimetic of the
natural photosynthetic machinery.”*

3. CONCLUSIONS

Catalytic cascade reactions have become one of the most active
research areas in organic synthesis. In particular, the application
of bionanostructures—nanostructures, and biomolecules com-
bined in different manners—as novel nanocatalysts in these
types of reactions has been reviewed in this work. Undoubtedly,
this is a very recent research area whose general interest is
undergoing impressive growth.

The recent explosion of nanotechnologies in catalysis together
with the recent advances in protein chemistry (such as the
creation of semisynthetic proteins, expanding the catalytic
properties of enzymes toward nonnatural substrates)Ss’ 092
have made possible this new approach in cascade reactions.

In this way, the fusion of these two worlds becomes a priority
of many research groups. Because of this integration between
nano- and biocatalytic structures, we discussed in this work
several efficient and interesting cascade processes that have
been developed and applied in many different and impacting
areas, such as organic chemistry, ultrasensitive biosensing, or
energy storage and conversion.

Moreover, in addition to their usefulness, with the
representative examples here described, we have tried to
demonstrate the tremendous potential underscoring this novel
approach. In fact, each nanostructure here described (metallic
as well as bio) has been selectively and efficiently used alone or
in cooperative activity in cascade catalysis. Therefore, we
envision that this method could provide a major advance in
terms of the development of new and more efficient catalysts
opening a new way to rationally exploit the advantages offered
at nanoscale by the combination of organometallic chemistry
and biocatalysis.
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