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ABSTRACT: Chiral  compounds  have  a  huge  market
demand  in  the  fields  of  pharmaceuticals,  pesticides,  and
fine  chemicals.  Enzymatic  electrosynthesis  can  couple
enzyme  catalysis,  possessing  high  product  purity,  high
efficiency,  and  mild  conditions,  with  electrochemical
regeneration  of  expensive  cofactor  nicotinamide  adenine
dinucleotide  (NADH),  possessing  easy  process  monitoring
and  simple  operation  for  efficient  chiral  synthesis.  In  this
study, hydrophobic covalent organic framework (COF) was
synthesized  as  the  immobilized  carrier,  which  not  only
enhanced the enzyme catalysis through enriching substrate
but  also  enhanced  the  stability  and  reuse  of  the  enzyme.
Besides, Rh complex was anchored on hydrophilically-modified electrode to promote the regeneration of NADH, where the
anchor of  Rh complex can effectively avoid the mutual  deactivation from the interference between electron mediator and
enzyme,  and  simplify  the  separation  of  products.  The  immobilized  enzyme  catalysis  and  the  electrochemical  cofactor
regeneration  were  coupled  to  construct  an  enzymatic  electrosynthesis  system  for  the  efficient  asymmetric  reduction  to
obtain chiral alcohols, with a maximum turnover frequency (TOF) of 101.1 h−1. Furthermore, the relevant parameters of the
system were optimized, and the substrate scope was expanded.
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 1    Introduction
Chiral  compounds  have  a  huge  market  demand  in  the  fields  of
medicine,  pesticides,  and  fine  chemicals,  among  which  chiral
alcohols  are  the  main  building  blocks  for  the  production of  active
intermediates,  thus  receiving  more  and  more  attention  [1].  The
asymmetric synthesis of chiral alcohols can be mainly classified into
metal  catalysis,  organic  small  molecule  catalysis,  and  enzyme
catalysis  [2].  Compared  with  the  other  two  methods,  enzyme
catalysis  has  high  efficiency  and  product  purity,  under  mild
conditions  in  aqueous  media  [3, 4].  Asymmetric  reduction  of
prochiral ketones catalyzed by ketoreductase (KRED) is an effective

method  for  the  synthesis  of  chiral  alcohols,  and  has  been
increasingly  paid  attention to  [5, 6].  At  present,  several  industrial-
scale  KRED-based processes  have  been developed as  a  key  step  in
asymmetric  synthesis  of  blockbuster  drugs,  for  example,
atorvastatin (Lipitor), etc. [7, 8].

However,  most  enzymatic  redox  reactions  usually  cost
stoichiometric  cofactor,  like  nicotinamide  adenine  dinucleotide
(phosphate)  (NAD(P)H),  which  is  necessary  for  the  electron  and
proton  transfer  in  the  redox  of  substrates,  but  very  expensive  [9].
Therefore, developing efficient methods for NAD(P)H regeneration
is  urgent  [10].  There  are  various  methods  for  NAD(P)H
regeneration,  including  biological,  enzymatic,  chemical,
photochemical,  electrochemical,  and  other  methods  [11].
Electrochemical  method  has  the  advantages  of  simple  operation,
low cost, easy process monitoring, and easy product separation, and
has  been  considered  to  provide  the  cheapest  reducing  equivalents
[12, 13].  In  addition,  electrical  energy can be  obtained from green
and  sustainable  resources,  which  is  an  ideal  energy  system  for
human beings.  Therefore,  the coupling of  electrochemical  cofactor
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regeneration and enzyme catalysis has been increasingly focused on
asymmetric  synthesis  [14].  Electron  mediators  are  needed  to
overcome  the  poor  selectivity,  generation  of  undesired  inactive
dimers,  and  high  overpotential  during  electrochemical  cofactor
regeneration  [10].  As  an  artificial  electron  mediator,  rhodium
complex  ([Cp*Rh(bpy)H2O],  abbreviated  as M or  Rh(III),  where
Cp*  =  pentamethylcyclopentadienyl,  bpy  =  2,2’-bipyridine)  has
gradually  attracted attention in recent  years,  which is  attributed to
its  high  regeneration  efficiency,  selectivity,  and  stability.  However,
similar  to  other  electron  mediators,  the  homogeneous M is  toxic
and  will  cause  the  inactivation  of  enzyme  [15, 16].  The
immobilization  of  electron  mediator  on  the  electrode  can  inhibit
the toxic effect on enzyme, simplify the separation of product, and
realize  the  recycling  and  reuse  of  the  electron  mediator,  thereby
promoting the application of electrocatalytic cofactor regeneration.
Zhang  et  al.  [17]  combined  the  two  parts  by  covalently
immobilizing the Rh complex on a Bucky paper electrode to make
an NADH regeneration layer and coating the immobilized enzyme
on the  electrode  to  obtain  an  enzymatic  substrate  reduction  layer.
Lee  et  al.  [18]  synthesized  graphene-M with  three-dimensional
structures  via  π–π  and  π–cation  interaction  hydrogels  that  can
efficiently  regenerate  NADH  for  electroenzymatic  reactions.
Besides, free enzymes are poorly stable and difficult to recover and
reuse, and the precursors for chiral alcohols are usually less water-
soluble [19, 20]. The design and selection of a suitable immobilized
enzyme carrier can not only improve the stability and reusability of
the  enzyme,  but  also  enrich  substrate,  and thus  catalytic  efficiency
can  be  enhanced.  As  an  organic  porous  material  with  abundant
functional  groups,  high  specific  surface  area,  and  regular  pore
channels, covalent organic framework (COF) can effectively realize
the  immobilization  of  enzymes  [21].  The  enzymes  can  be
immobilized  on  COF  by  covalent  bonds,  achieving  high  stability.
What’s  more,  hydrophobic  groups  can  be  introduced  into  COF,
leading  to  increasing  hydrophobic  effects,  which  can  enrich

substrates  and  promote  the  local  substrate  concentration  near  the
immobilized enzyme,  thus  the  enzyme’s  catalytic  efficiency can be
improved.

Herein,  an  asymmetric  reduction  system  was  constructed  by
coupling the electrochemical cofactor regeneration system with the
immobilized enzyme for the efficient production of chiral  alcohols
(Scheme  1).  In  the  electrochemical  cofactor  regeneration  part:  A
hydrophilic surface was formed on the carbon felt (CF) electrode by
coating  tannic  acid  (TA)  and  polyethyleneimine  (PEI).  This
modification  can  increase  the  effective  soaking  surface  of  the
electrode and enhance its  electrochemical  performance in aqueous
solution,  because  the  pristine  CF  is  highly  hydrophobic.
Furthermore,  the  modification  increased  available  functional
groups that can be used for further covalent immobilization of the
electron mediator M. In the catalytic part, by immobilized enzyme:
COF with hydrophobic  property  was chosen as  the carrier  for  the
immobilization of  enzyme,  which can enrich substrate  around the
enzyme  catalyst  and  improve  the  catalytic  efficiency.  Finally,  the
amount  of  initial  NADH  and  KRED@COF  was  optimized  to
realize the efficient asymmetric synthesis of chiral alcohols, and the
substrate  scope  was  then  expanded.  The  maximum  turnover
frequency (TOF) of reaction reached 101.1 h−1.

 2    Experimental section

 2.1    Preparation of COF
COF was prepared according to the method in reference [21]. 1,3,5-
tri-(4-aminophenyl)benzene  (TAPB,  0.04  mmol)  and  2,5-
dimethoxyterephthalaldehyde  (DMTA,  0.06  mmol)  (or  TAPB
(0.02  mmol)  and  2,5-dihydroxyterephthalaldehyde  (DHTP,
0.03  mmol)  for  COF–OH)  were  added  to  a  centrifugation  tube
containing  acetonitrile  for  ultrasonic  dissolution.  Then  acetic  acid
(12  M)  was  added  under  stirring.  After  turning  milky  yellow,  the

 

Scheme 1    (a)  Schematic diagram of electroenzymatic system for asymmetric chiral  alcohol synthesis.  (b) Schematic diagram of Rh@TA-PEI@CF cathode for NADH
regeneration.
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mixture  was  left  to  stand  at  room  temperature  for  5  days.  The
precipitate  was  washed  three  times  with  tetrahydrofuran  and
ethanol,  and  the  obtained  COF  was  extracted  in  tetrahydrofuran
solution for 12 h by Soxhlet and then dried under vacuum at 60 °C
for 12 h. If it is not specially marked as COF–OH, the COF in the
following text refers to COF-methoxy (OMe).

 2.2    Preparation of KRED@COF
10  mg  COF  was  added  to  a  centrifuge  tube  and  activated  with
glutaraldehyde  solution  with  concentration  gradients.  After  a
certain  period,  the  glutaraldehyde  was  removed  by  centrifugation.
Then  the  COF  was  washed  with  0.1  M  phosphate  buffered  saline
(PBS, pH = 6) and ethanol twice, dried under vacuum at 60 °C for
12  h.  The  activated  COF  was  dispersed  in  PBS  solution  with
ultrasonication,  followed  by  adding  enzyme  and  incubating  in  a
shaker  for  a  period of  time.  After  centrifuging,  the  precipitate  was
washed with PBS and freeze-dried to obtain KRED@COF.

 2.3    Synthesis of free Rh complex
The M, Cp*Rh(2,2’-bipyridyl-5,5’-dicarboxylic)Cl2, was synthesized
routinely  and  detailed  in  the  Electronic  Supplementary  Material
(ESM) [22].

 2.4    Preparation of Rh@TA-PEI@CF electrode
The detailed steps for electrode preparation are shown in Scheme 1(b).
CF with  1.0  cm × 2.0  cm was  cleaned with  pure  water  to  remove
surface impurities, and soaked in a mixed solution of TA and PEI at
pH = 3,  tuned by HCl,  for 5 h,  followed by adjusting to pH = 6.5
with  NaOH.  After  further  soaking  for  10  min,  the  obtained  TA-
PEI@CF was rinsed with pure water. The above-prepared electrode
was  stirred  in  the  mixture  of  2,2’-bipyridine-5,5’-dicarboxylic  and
PBS  (100  mM,  pH  =  6).  Then  1-ethyl-3-(3-(dimethylamino)
propyl)carbodiimide  (EDC)  and  N-hydroxysuccinimide  (NHS)
were  added  and  stirred  for  48  h.  Then  the  electrode  was  washed
with  water  three  times  and  added  to  (Cp*RhCl2)2 PBS  buffer
solution for 24 h. Afterwards, the electrode was washed with water
three times to remove excess free M. Finally, the obtained Rh@TA-
PEI@CF was washed with water three times.

 2.5    Electrochemical NADH regeneration
Electrochemical  NADH  regeneration  was  performed  in  a  three-
electrode  system  with  an  H-cell  containing  two  compartments
separated  by  a  proton exchange  membrane  (PEM,  Nafion  N-117)
on  electrochemical  analyzer  CHI600E.  The  Rh@TA-PEI@CF
electrode was used as  the working electrode with Ag/AgCl (3.5  M
KCl) as reference electrode and platinum sheet as counter electrode.
Pure  water  and  PBS  buffer  (0.1  M,  pH  =  6)  were  added  to  the

anode  cell  and  cathode  cell,  respectively.  Before  electrochemical
catalysis, N2 was bubbled in the cathode cell for 30 min to prevent
NADH  oxidation.  Cyclic  voltammetry  (CV)  curves  were
determined in the presence of NAD+ at a scan rate of 50 mV/s from
−0.4  to −1.2  V  (vs.  Ag/AgCl).  The  regeneration  of  NADH  from
NAD+ was  realized  by  electrocatalysis  using  the  Rh@TA-PEI@CF
electrode  at  a  constant  voltage  of −0.8  V  (vs.  Ag/AgCl).  NADH
regeneration  is  detected  by  adding  a  200  μL  sample  to  a  96-well
plate and reading the absorbance at  340 nm by microplate reader,
and  the  standard  curve  of  NADH  can  be  found  in  Fig.  S1  in  the
ESM.

 2.6    Bioelectrochemical asymmetric synthesis
The bioelectrocatalysis for asymmetric synthesis is carried out in the
three-electrode  system  as  shown  in Scheme  1(a).  10  mL  water  is
added to the anode cell, and protons are generated by electrolysis of
water, followed by transportation to the cathode cell through PEM.
10 mL of PBS (100 mM, pH = 6) was added to the cathode cell with
KRED@COF and  a  certain  amount  of  NADH and  substrate.  The
electroenzymatic asymmetric reduction occurs in the cathode cell at
a constant potential of −0.8 V vs. Ag/AgCl and stirring of 800 rpm.
The reaction solution was extracted with ethyl  acetate  three  times,
then rotary distillation, and filtered through a needle filter (0.22 μm)
to  remove  the  insoluble  impurities.  The  enantiomeric  excess  (ee)
value was calculated by Eq. (S1) in the ESM.

 3    Results and discussion

 3.1    Molecular docking simulations
Molecular  simulation  was  carried  out  to  clarify  the  reduction
mechanism  of  2-chloroacetophenone  by Lactobacillus  fermentum
short-chain  dehydrogenase/reductase  1  (LfSDR1)  (KRED)  [23]
(Fig.  1).  The  short-chain  dehydrogenase  typically  follows  a
sequential  catalytic  mechanism  as  follows:  Firstly,  the  NADH  will
be  attached  by  the  Rossman  fold  structure  in  the  active  pocket  of
enzyme,  followed by substrate,  which will  be  activated by  catalytic
residues  tyrosine  152  (Y152)  and  attacked  by  the  C4-proton  of
NADH to generate  the chiral  alcohol.  In this  catalytic  process,  the
solubility of substrate in aqueous phase and the attack of NADH on
the  activated  ketone  are  the  decisive  steps  [24].  Moreover,  the
enzyme  is  covalently  immobilized  on  COF-Ome,  whose
hydrophobic methoxy group provides an enrichment effect for the
substrates,  accelerating the  activation of  the  substrate  molecules  in
the active pocket and leading to an enhanced catalytic performance
of the enzyme-catalyzed reaction [25, 26].

 

Figure 1    Molecular docking simulations for the catalysis mechanism of KRED@COF. (a) Fixation and activation of NADH and 2-chloroacetophenone by amino acids
lysine 156 (K156) and Y152. (b) The relative distance between the cofactor and the activated substrate.
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 3.2    The immobilization of enzyme
The  sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis
(SDS-PAGE)  image  demonstrated  the  successful  purification  of
KRED(LfSDR1)  (Fig.  S2  in  the  ESM).  As  shown  in  Fig.  S3  in  the
ESM,  firstly,  a  hollow  spherical  COF  with  high  stability  was
prepared  using  the  Ostwald  ripening  method  according  to  our
previous  research  [21],  then  KRED@COF  was  prepared.  The
scanning  electron  microscope  (SEM, Fig.  2(a))  and  transmission
electron microscope (TEM, Fig. 2(b)) images show that the COF is
a  well-dispersed  hollow  sphere  with  a  rough  flower-like  structure
and diameter of 600–800 nm, as well as the connection of the inner
cavity  to  the  outside  via  through-holes.  The  X-ray  diffraction
(XRD)  patterns  (Fig.  2(c))  reveal  that  the  COF  has  distinct
diffraction peaks at (100), (110), (200), (210), and (220), respectively
[21].  The  pore  structures  and  specific  surface  areas  of  COF,
glutaraldehyde-activated  COF  (COF-GA),  and  KRED@COF  were
characterized by N2 adsorption–desorption. As shown in Fig. 2(d),
Brunauer–Emmett–Teller  (BET)  and  Barrett–Joyner–Halenda
(BJH)  analysis  show  that  all  samples  belong  to  the  Langmuir  IV
isotherm, and the hysteresis loop is H1 type (relative pressure (P/P0)
>  0.4),  indicating  that  the  material  is  a  spherical  mesoporous
material  with relatively  uniform size.  As shown in Table  S1 in the
ESM,  the  specific  surface  area  and  pore  volume  of  COF  were
2195  m2/g  and  1.70  cm3/g,  respectively,  which  successively
decreased  for  COF-GA  and  KRED@COF,  demonstrating  the
successful activation of GA and the successful loading of KRED on
COF.  In  addition,  according  to  the  pore  size  distribution  diagram
(Fig.  S4  and  Table  S1  in  the  ESM),  the  average  pore  diameter  of
COF,  COF-GA,  and  KRED@COF  decreases  in  sequence,  which
proves that the activation of COF by GA and the loading of KRED
blocks part of the pores, resulting in a decrease in the average pore
size.  In  addition,  the  hydrophilicity  of  COF  was  studied  using
COF–OH for comparison with COF-OMe. As shown in Fig. 2(e),
the  water  contact  angle  (WCA)  of  COF–OH  is  lower  due  to  the
higher hydrophilicity of –OH.

After  immobilization  of  enzyme,  the  diffraction  peaks  of
KRED@COF  do  not  change  much  and  retain  obvious  crystal
structure,  but  the  peak  intensity  of  COF  is  slightly  decreased.  As

shown in the Fourier transform infrared (FT-IR) spectra (Fig. 2(f)),
the  characteristic  peaks  of  COF  appear  at  1614,  1284,  and
1461 cm−1, respectively, which are caused by the stretching vibration
of  C=N  and  C–O  and  the  bending  vibration  of –CH3.  The
characteristic  peak  at  1665  cm−1 is  caused  by  C–O  stretching
vibration in the amide I band [27], which can be seen in the FT-IR
spectrum of KRED. A distinct peak of the amide bond can also be
seen on KRED@COF, demonstrating the successful immobilization
of KRED. As shown in the mechanical stability test (Fig.  S5 in the
ESM),  after  24  h  of  mechanical  stirring,  free  KRED  retains  only
10%  of  the  initial  enzyme  activity,  while  KRED@COF  can  still
retain 70% of the initial enzyme activity. The secondary structure of
enzyme  was  analyzed  by  circular  dichroism  (CD)  spectra  to
determine  the  conformation  change.  As  shown  in Fig.  2(g),  free
KRED  shows  two  similar  negative  cotton  peaks  near  210  and
220  nm  subject  to  stirring,  formed  by  the  mixing  of  multiple
secondary structures.  A small  amount of  protein precipitation was
observed  using  free  KRED,  resulting  in  a  decrease  in  protein
amount.  Comparatively,  there  is  no  significant  difference  in  the
protein  secondary  structure  of  KRED@COF  after  stirring,
indicating  that  the  damage  of  mechanical  stirring  to  enzyme  is
heavily  inhibited,  indicating the  protection of  COF on enzyme.  In
addition,  the  peak  positions  of  free  KRED  and  KRED@COF  are
similar,  indicating  that  COF  maintains  the  original  secondary
structure of KRED in the process of immobilization. The secondary
structure  of  proteins  depends  on  the  ordered  arrangement  of
peptide  bonds,  which  are  mainly  maintained  by  intermolecular
hydrogen  bonds  [28],  so  the  change  of  intermolecular  interaction
will affect the secondary structure of proteins. The CD spectrum of
free  KRED  has  an  obvious  negative  peak  at  210–230  nm  and  a
positive  absorption  peak  near  195  nm,  which  are  mainly α-helix
and β-sheet  structural  characteristic  regions,  indicating  the  main
secondary  structures  of  free  KRED.  The  fitting  results  (Fig.  2(h))
show the relative content of α-helix and β-sheet in the free KRED,
which accounts for 60.6% of the whole secondary structure. α-helix
and β-sheet  are the key structures to maintain the hydrogen bond
of  protein.  The  high  content  of α-helix  and β-sheet  indicates  a
relatively stable spatial structure. However, the negative absorption
peak  of  free  KRED  decreases  after  stirring,  and  the  positive

 

Figure 2    (a)  SEM  and  (b)  TEM  of  COF.  (c)  XRD  patterns  of  COF  and  KRED@COF.  (d)  Nitrogen  adsorption–desorption  isotherms  of  COF,  COF-GA,  and
KRED@COF. (e) WCAs of COF-OMe and COF–OH. (f) FT-IR spectra of COF, KRED@COF, and KRED. (g) CD spectra and (h) relative content of protein secondary
structure of free KRED, free KRED after 24 h stirring, KRED@COF, and KRED@COF after 24 h stirring.
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absorption  peak  decreases  with  shifting  to  197  nm.  The  relative
contents  of α-helix, β-sheet,  and  Random  all  change.  These  data
indicate  that  mechanical  stirring  highly  interferes  with  the
secondary  structure  of  free  KRED,  and  the α-helix  of  protein  is
transformed  into β-sheet  and  Random,  which  may  also  affect
KRED function.  The  fitting  results  show that  the  relative  contents
of α-helix and β-sheet of KRED@COF did not change significantly
after  stirring,  with  only  a  slight  decrease  in  the  positive  peak  at
195  nm  and  the  negative  peak  at  225  nm.  The  fitting  results  also
show  that α-helix  and β-sheet  of  the  KRED@COF  transformed
slightly  after  stirring,  and  the  relative  contents  of β-turn  and
Random  remained  steady,  indicating  that  the  KRED@COF  has
high structural stability under mechanical stirring.

As  shown  in  Fig.  S6(a)  in  the  ESM  and  standard  curves  for
protein (Fig. S1 in the ESM), the amount of KRED immobilized by
COF  increases  with  GA  concentration.  Similarly,  when  GA
concentration  increases  from  0.5  wt.%  to  2.5  wt.%,  the  enzyme
activity  of  KRED@COF  increases  with  the  maximum  enzyme
activity  of  110.9  U/gsupport (U  =  enzyme  units,  U/gsupport stands  for
units per gram of support). With the increase of GA concentration,
the –CHO  covalently  bound  to  enzyme  molecules  increases,
leading  to  higher  enzyme  protein  loading  and  apparent  enzyme
activity. When GA concentration further increases to 3.0 wt.%, the
enzyme  loading  amount  continues  to  increase,  but  the  enzyme
activity decreases,  and the reason is  that the active sites of  enzyme
molecules cover each other with excess enzyme loading, resulting in

a  decrease  in  apparent  activity.  Therefore,  2.5  wt.%  GA  was
determined as the optimal concentration. As shown in Fig. S6(b) in
the ESM, the equilibrium time for GA activation was 1.5 h.

The  substrate  adsorption  ability  of  KRED@COF-OMe  and
KRED@COF–OH catalysts is compared (Fig. S7 in the ESM). The
results  show  that  KRED@COF-OMe  has  larger  substrate
adsorption than KRED@COF–OH due to the hydrophobic groups
on  the  pore  surface.  The  carrier  with  hydrophobic  microenviron-
ment  can  provide  a  suitable  reaction  microenvironment  for
ketoreductase  enzymes  [29].  The  substrate  is  enriched  around  the
carrier through capillary action and hydrophobic action, which can
increase the concentration of substrate near the enzyme molecules,
thus speeding up the reaction and promoting the forward reaction
[30]. Therefore, KRED@COF-OMe is mainly focused on this study.

 3.3    Fabrication of Rh@TA-PEI@CF electrode
Firstly,  by  modifying  a  layer  of  hydrophilic  groups  with –NH2 on
the  surface  of  CF,  and  then  using  the  covalent  reaction  of –NH2
with  bpy–COOH  to  graft  bpy  to  the  electrode  surface,  and  then
complexing  Rh  to  form  a  modified  electrode  with  anchored
electron mediator M. Figures 3(a) and 3(b) show the SEM image of
Rh@TA-PEI@CF  and  the  corresponding  distribution  of  C,  N,  O,
and  Rh  elements  in  energy-dispersive  X-ray  (EDX)  elemental
mapping  images.  Accordingly,  Rh  element  is  uniformly  dispersed
on the CF electrode, which proves the successful loading of M.  As
shown  in  the  cross-section  images  (Fig.  3(c) and  Fig.  S8  in  the

 

Figure 3    (a) SEM and (b) EDX elemental mapping of Rh@TA-PEI@CF. (c) SEM and magnification of Rh@TA-PEI@CF cross-section. (d) WCAs of CF, TA-PEI@CF,
and Rh@TA-PEI@CF. (e) Comparison of hydrophobicity between Rh@TA-PEI@CF and bare CF. (f) FT-IR spectra of CF, TA-PEI@CF, bpy–COOH@TA-PEI@CF, and
Rh@TA-PEI@CF. ((g) and (h)) XPS survey spectra of CF, TA-PEI@CF, bpy–COOH@TA-PEI@CF, and Rh@TA-PEI@CF with (g) XPS wide scan spectra and (h) high-
resolution spectra of Rh 3d. (i) Surface zeta potential of CF, TA-PEI@CF, bpy–COOH@TA-PEI@CF, and Rh@TA-PEI@CF.
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ESM), the CF surface was very rough after coating TA-PEI and M,
forming a layer of ~ 170 nm on the surface. In PBS (pH = 6.0), the
TA-PEI@CF  can  still  maintain  stability.  Due  to  the  increased
roughness  of  CF  surface  and  the  addition  of  hydrophilic  groups
–NH2 through  surface  modification,  CF  can  be  sufficiently
infiltrated  in  solution,  which  can  be  confirmed  by  the
characterization of WCA (Figs. 3(d) and 3(e)).

As  shown  in  FT-IR  spectra  of  the  electrodes  (Fig.  3(f)),  the
characteristic  peak  of  TA-PEI@CF  at  1552  cm−1 is  caused  by  the
bending vibration of N–H, indicating the successful coating of TA-
PEI on CF.  The characteristic  peaks of  bpy–COOH@TA-PEI@CF
at  1539  and  1689  cm−1 are  caused  by  the  stretching  vibrations  of
C=N  and  C=O  bonds,  respectively,  which  indicate  the  successful
grafting of bpy–COOH by reaction with –NH2.

The  chemical  state  of  the  elements  in  the  electrodes  was
elucidated by X-ray photoelectron spectroscopy (XPS) analysis.  As
shown  in Fig.  3(g),  a  new  Rh  3d  binding  energy  peak  appears  in
Rh@TA-PEI@CF after the coordination of M. In Fig. 3(h), the high-
resolution  Rh  3d  spectra  have  two  peaks  at  309.8  and  314.3  eV,
corresponding  to  Rh  3d5/2 and  Rh  3d3/2,  demonstrating  the
successful  coordination  of  Rh  complex  with  bpy.  The  high-
resolution C 1s spectra have three peaks at around 286.1, 288.7, and
291.3  eV  attributed  to  C–N,  C–O,  and  N–C=N,  respectively  (Fig.
S9(a) in the ESM). The peaks in high-resolution N 1s spectra (Fig.
S9(b)  in  the  ESM) at  around 399.6  and 401.7  eV are  attributed to
C–N=C and C–NH2,  respectively.  The peaks in high-resolution O
1s spectra (Fig. S9(c) in the ESM) at 531.7 and 533.0 eV are ascribed
to C–O and C=O, respectively.

The  abundant –NH2 on  TA-PEI@CF  surface  increases  zeta
potential  of  the  electrode  (Fig.  3(i)),  which  is  decreased  by  the
grafted  bpy–COOH  for  bpy–COOH@TA-PEI@CF  electrode. M
has much positive charge, so the coordination of M to bpy increases
the overall charge of Rh@TA-PEI@CF. The above characterization

demonstrates  the  successful  coating  of  TA-PEI,  grafting  of
bpy–COOH, and coordination of M.

We used the electrodes as cathode for NADH regeneration. The
unmodified bare CF has no redox peak in NAD+ solution, while the
Rh-modified  Rh@TA-PEI@CF  has  a  clear  reduction  peak  at
~ −0.8 V (vs. Ag/AgCl) (Fig. 4(a)). Therefore, −0.8 V (vs. Ag/AgCl)
was chosen as the best reduction potential for NADH regeneration.
The  electrochemical  impedance  spectroscopy  (EIS)  plots  in
Fig.  4(b) show  that  the  impedance  is  very  high  for  hydrophobic
bare CF. However, when the TA-PEI surface layer is modified, the
impedance  decreases,  because  the  solution  of  the  electrochemical
system  could  rapidly  penetrate  into  TA-PEI@CF  electrode  due  to
the  increased  CF  surface  roughness  and  the  addition  of  more
hydrophilic  groups –NH2,  which increases  the  overall  surface  area
of  the  electrode  for  the  mass  transfer.  When  loaded  with M,
Rh@TA-PEI@CF shows a further decrease in the impedance of the
electrode due to its additional loading of metal substances, showing
the  enhancement  of  electrochemical  behavior.  This  high
hydrophilicity  and  surface  roughness  increase  the  effective  surface
area of the electrode during NADH regeneration, promote electron
and  mass  transfer  between  the  cathode  and  electrolyte,  and  thus
increase  the  regeneration  efficiency  of  NADH,  which  can  be
verified by CV (Fig. 4(a)) and EIS Nyquist plots (Fig. 4(b)) [31−33].
The  reaction  solutions  in  the  NADH  regeneration  cell  were
measured  using  a  ultraviolet  (UV)  spectrophotometer  at  full
wavelengths.  As  shown  in Fig.  4(c),  the  concentration  of  NADH
increases with time, and the peaks are higher.

To  ensure  the  efficient  regeneration  of  NADH,  the  chemical
structure of CF surface coating material was optimized by changing
the ratio of [TA]/[PEI] concentration, amidation coupling reaction
time, and bpy–COOH concentration to investigate their effects on
NADH regeneration efficiency.

The  NADH  regeneration  of  Rh@TA-PEI@CF  samples  with
 

Figure 4    (a) CV curves of the bare CF and Rh@TA-PEI@CF in the presence of 2 mM NAD+ when the scan rate is  10 mV/s.  (b) EIS Nyquist  plots of bare CF, TA-
PEI@CF, and Rh@TA-PEI@CF in 0.1 M PBS (pH 6.0) containing 5.0 mM of [Fe(CN)6]3−/4− and 0.1 M KCl at a scan rate of 5 mV/s. (c) UV–vis spectra of electrochemical
regeneration  of  NADH.  (d)  Reaction  process  curves  with  different  initial  NADH  addition  amounts.  (e)  Reaction  process  curves  with  different  initial  KRED@COF
addition amounts. (f) Reaction process curves of various reaction systems with an external voltage of −0.8 V (vs. Ag/AgCl) (100 mg KRED@COF and 4 mM NADH).
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different [TA]/[PEI] ratios gradually increases with the extension of
time  (Fig.  S10(a)  in  the  ESM).  As  the  PEI  content  increases  with
[TA]:[PEI] ratio from 1:5 to 1:20, the NADH regeneration increases
from 110 to 285 μM. This may be attributed to the increase in Rh
content detected by the inductively coupled plasma optical emission
spectrometry  (ICP-OES)  spectrometer  (Fig.  S10(c)  in  the  ESM).
Subsequently,  with  the  increase  of  [PEI]  at  the  [TA]:[PEI]  ratio
from 1:20  to  1:30,  the  NADH regeneration  decreases  slightly.  The
Rh  content  detected  by  ICP-OES  decreases  (Fig.  S10(c)  in  the
ESM).  The  electrochemical  signals  during  NADH  regeneration
(Fig. S10(b) in the ESM) are the strongest at the [TA]/[PEI] ratio of
1/20, which indicates that the main factor affecting the regeneration
performance of NADH is the content of Rh grafting.

Extending  the –COOH  activation  time  and  amidation  reaction
time  is  beneficial  to  improve  the  efficiency  of  electrochemical
NADH  regeneration  (Fig.  S11(a)  in  the  ESM).  The  regeneration
efficiency  of  NADH  did  not  continue  to  increase  after  48  h,
indicating  that  the  amidation  reaction  between  the  amino  and
carboxyl  groups  was  completed,  which  was  verified  by  the
electrochemical i–t signals in Fig. S11(b) in the ESM.

As  shown  in  Fig.  S12(a)  in  the  ESM,  the  maximum  NADH
regeneration amount of Rh@TA-PEI@CF gradually increases from
185 to 300 μM as the bpy–COOH concentration increases from 5
to 20 mM, which may be attributed to the increase in Rh content
from 1.160 to 1.516 μg/cm2 as detected by ICP-OES (Fig. S12(c) in
the  ESM).  With  further  increasing  the  bpy–COOH  concentration
to  30  mM,  the  NADH  regeneration  amount  decreases  slightly,
although the Rh content detected by ICP-OES increases, which may
be due to the superposition of M active sites, leading to a decrease
in  the  regeneration  efficiency  of  NADH.  Moreover,  the
electrochemical signal is the strongest at bpy–COOH concentration
of  20  mM  (Fig.  S12(b)  in  the  ESM),  which  is  consistent  with  the
results of NADH regeneration.

The  solution  in  the  cathode  cell  before  and  after  the  NADH
regeneration  reaction  is  lyophilized  and  subjected  to  nuclear
magnetic  resonance  (NMR)  analysis,  which  proves  the  successful
regeneration of NADH (Fig. S13 in the ESM).

 3.4    Electroenzymatic asymmetric chiral alcohol synthesis
The  enzyme-catalyzed  asymmetric  chiral  alcohol  synthesis  system
was coupled with the electrochemical cofactor regeneration system.
As shown in Fig. 4(d), with the extension of reaction time, the (R)-2-
chloro-1-phenylethanol  yield  continues  to  increase.  The  faster
reaction rate in the first 4 h is mainly due to a rapid positive push
from the added NADH. With the extension of time, the increase in
yield  becomes  slower,  and  the  electrochemically  regenerated
NADH promotes  the  reaction.  At  initial  NADH addition  amount
of 4 mM, the (R)-2-chloro-1-phenylethanol yield reached > 95% at
24 h, which is obviously higher than the yield of 61.6% with NADH
addition  amount  of  2  mM,  indicating  the  effectiveness  of
electrochemical  NADH  regeneration.  Further  increase  of  the
NADH  addition  amount  does  not  increase  the  final  yield.  These
results indicate that the addition of NADH at higher concentrations
could not promote the regeneration process of NADH. The earlier
arrival of > 95% yield is due to the addition of high initial  NADH
concentrations.  Considering  the  high  price  of  NADH,  it  is  more
meaningful to use regenerated NADH for enzyme catalysis,  so the
addition amount of 4 mM NADH was selected.

The addition amount of  immobilized enzyme was optimized to
match  the  electrochemical  regeneration  system.  As  shown  in
Fig.  4(e),  the  coupled system can achieve  >  95% yield  at  both  100

and  125  mg  KRED@COF.  The  excess  addition  of  KRED@COF
does  not  increase  the  reaction  rate;  the  rate-limiting  step  at  this
point  is  the  regeneration  of  NADH.  Therefore,  100  mg  of
KRED@COF  was  chosen  as  the  optimal  immobilized  enzyme
addition amount.

In the whole reaction, the electron mediator Rh(III) first acquires
two e− and one H+ on the electrode, becoming RhH in the reducing
state.  RhH  then  reacts  with  NAD+,  where  NAD+ regenerates  into
NADH while RhH loses e− and H+ returns to its oxidation state. The
regenerated  NADH  and  the  substrate  are  catalyzed  by  enzyme  to
produce  the  product  and  NAD+,  which  re-enters  the  cycle.  The
main reactions are as follows

Rh(III)+ e−
+H+ → RhH (1)

RhH+NAD+ + e− → Rh(III)+NADH (2)

Ketone+NADH Enzyme→ Alcohol+NAD+ (3)

To  further  highlight  the  advantages  of  the  present
electroenzymatic  synthesis  system,  a  comparison  was  carried  out
using the model reduction reaction of 2-chloroacetophenone to (R)-
2-chloro-1-phenylethanol (Fig. 4(f)). The product yield is only 32%
using  bare  CF  electrode  for  cofactor  regeneration,  indicating  the
poor  regeneration  ability  of  the  bare  CF  electrode.  When  free M
complex  with  equal  Rh  amount  to  Rh@TA-PEI@CF  is  added  for
cofactor  regeneration,  the  product  yield  is  only  42.5%,  indicating
the  free-state  electron  mediator  has  poor  ability  in  enhancing  the
electron  transfer  for  NADH  regeneration.  The  product  yield  is  3
and 2.25 times that of the above two systems, respectively, using the
Rh@TA-PEI@CF cathode. The reason is that the fixation of M on
electrode is more effective than dispersing it in solution as free state
to  transfer  electrons:  Firstly,  the  modification of  electron mediator
on  bare  electrode  can  decrease  impedance  and  enhance
electrochemical property, which makes the electrode more efficient
in  electron  transfer  and  NADH  regeneration.  Secondly, M has  a
toxic  effect  on  enzyme,  which  makes  the  two  modules  affect  each
other,  leading  to  a  decrease  in  enzyme  activity.  Besides,  fixing
electron mediator on electrode is  conducive to the recovery of  the
precious  metal  Rh  and  facilitates  subsequent  product  separation
and  purification.  In  addition,  we  compared  three  more  enzyme
catalysts,  i.e.,  free  KRED, KRED@COF–OH, and KRED@COF, in
the electroenzymatic reduction of prochiral ketone. The free KRED
is seriously deactivated due to the poor mechanical stability of free
enzyme  under  stirring  (Fig.  S5  in  the  ESM),  and  the  yield  is  only
about  65%.  In order  to  endow the enzyme with high stability  and
recovery,  COF  was  selected  as  the  carrier  to  immobilize  enzyme.
Considering  two  COFs,  the  (R)-2-chloro-1-phenylethanol  yield
using  COF-OMe  carrier  with  hydrophobic  groups  is  4.3%  higher
than  that  of  hydrophilic  COF–OH  carrier.  Because  hydrophobic
group OMe can enrich the substrate and increase the local substrate
concentration  around  enzyme  molecules,  thereby  improving  the
catalytic efficiency, as indicated in Fig. 2(e) and Fig. S7 in the ESM.

The TOF of NADH based on the reduction reaction center M is
calculated by using Eq. (4)

TOF =
Amounts of product molecules

Amounts of mediator× reaction time
=

CNADH

CMt
(4)

where CNADH and CM denote  the  concentration  of  regenerated
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NADH and M.  According to the equation,  the maximum TOF of
the  reaction  was  calculated  to  be  101.1  h−1,  which  is  higher  than
most reported NADH regeneration systems (Table 1).

In order to verify the universality of the present electroenzymatic
synthesis  system,  we  extended  the  substrate  scope.  As  shown  in
Fig. 5, higher than 81% yield and 94% ee value can be obtained for
the ten products. Due to the different affinity between substrate and
enzyme, the yield of different substrates catalyzed by enzyme is also
different [43].

 4    Conclusions
In this study, we constructed an electroenzymatic synthesis system
for  the  efficient  production  of  chiral  alcohols  by  using  an
immobilized  enzyme  catalyst  in  combination  with  an M fixed
hydrophilically-modified  CF  electrode.  The  COF  carrier  enriches
substrate  and  enhances  the  performance  and  stability  of  enzyme.
Using  Rh@TA-PEI@CF  electrode  for  cofactor  regeneration,  the
yield is 3 and 2.25 times that of using bare CF electrode and free M,
respectively.  The  relevant  parameters  of  the  electroenzymatic
synthesis  process  were  optimized,  and  the  maximum  TOF  in  the
reaction is 101.1 h−1, higher than most reported systems. The electro-

enzyme coupled system is efficient for various substrate scopes. The
research  is  expected  to  provide  prospects  for  the  electroenzymatic
synthesis of chiral compounds.

 Electronic  Supplementary  Material: Supplementary  material
(chemicals  and  materials;  characterization;  experimental  section;
figures  and  tables;  and 1H  and 13C  NMR  spectra  of  the  products
recorded in CDCl3) is available in the online version of this article
at https://doi.org/10.26599/NR.2025.94907911.
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Table 1    Comparison of NADH regeneration performance in different systems

System Electron mediator Catalyst Product TOF (h−1) References

Electroenzymatic Rh-complex KRED@COF α-chiral alcohol 101.1 This study
Electroenzymatic Rh-complex GDH L-glutamate ~ 57 [18]
Electroenzymatic Rh-complex HbpA α-substituted phenols ~ 11 [34]
Electroenzymatic Rh-complex FDH Formic acid 1.64 [35]

Electroenzymatic Rh-complex D-sorbitol dehydrogenase/
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gold amalgam electrode — — 67 [37]

Electroenzymatic NR FDH@SBA-15 Formic acid 1.25 [38]
Electroenzymatic MV2+ nFDH@ZIF-90@CA Formate 0.13 [39]
Photoenzymatic Rh-complex FDH Formic acid 70.82 [40]
Photoenzymatic Rh-complex YADH Methanol 46.8 [41]
Photoenzymatic Rh-complex ADH Methanol 22.5 [42]

 

Figure 5    Electroenzymatic asymmetric synthesis of chiral alcohols.
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