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ABSTRACT: Simple petrochemical feedstocks are often the starting
material for the synthesis of complex commodity and fine and specialty
chemicals. Designing synthetic pathways for these complex and specific
molecular structures with sufficient chemo-, regio-, enantio-, and
diastereo-selectivity can expand the existing petrochemicals landscape.
The two overarching challenges in designing such pathways are selective
activation of chemically inert C—H bonds in hydrocarbons and
systematic functionalization to synthesize complex structures. Multi-
enzyme cascades are becoming a growing means of overcoming the first
challenge. However, extending multienzyme cascade designs is restricted
by the arsenal of enzymes currently at our disposal and the compatibility Retloselectis In Si_‘d“r »

between specific enzymes. Here, we couple a bioelectrocatalytic i o . e'ﬂt“,'act'.ﬂ‘,:'

multienzyme cascade to organocatalysis, which are two distinctly

different classes of catalysis, in a single system to address both

challenges. Based on the development and utilization of an anthraquinone (AQ)-based redox polymer, the bioelectrocatalytic step
achieves regioselective terminal C—H bond oxyfunctionalization of chemically inert n-heptane. A second biocatalytic step selectively
oxidizes the resulting 1-heptanol to heptanal. The succeeding inherently simple and durable L-proline-based organocatalysis step is a
complementary partner to the multienzyme steps to further functionalize heptanal to the corresponding a-hydrazino aldehyde. The
“three-stage” streamlined design exerts much control over the chemical conversion, which renders the collective system a versatile
and adaptable model for a broader substrate scope and more complex C—H functionalization.
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KEYWORDS: C—H activation, redox polymer-mediated, hybrid bioelectrocatalysis, in vitro multienzyme cascade, organocatalysis,
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H INTRODUCTION Industrial cracking processes, transition metal-based or
radical-mediated pathways remain the mainstream methods

The petrochemicals industry systematically converts simple, -
of C—H bond functionalization.” "~ The energy intensity and

ubiquitous, and chemically inert hydrocarbons to consistently

more complex, and, therefore, functionally more valuable harsh reaction conditions (e.g., high temperatures and
intermediates, commodity, and fine and specialty chemicals pressures, precious metals, and toxic species) employed therein
indispensable to everyday life." Petrochemical feedstock limit chemoselectivity (i.e., overoxidation and byproducts) and
accounts for approximately 12% of the global oil demand, regioselectivity, particularly in activating terminal C—H bonds,
and the estimated value of the petrochemicals industry at over which have higher BDEs compared to internal sites (e.g., BDEs
$500 billion (2022) is projected to grow steadily through the 101.4 vs 98.8 kCal mol™" in n-heptan e)‘4,5,7,8 Alternatively,
next decade.” While the deep conversion and comprehensive enzymatic C—H bond functionalization is highly chemo- and

utilization of chemically inert hydrocarbons are an increasingly
viable platform for molecular synthesis to diversify the existing
petrochemicals product landscape, there are two major
challenges to be addressed. The first is the arduous
functionalization of unpolarized aliphatic C—H bonds, which
are intrinsically inert due to high bond dissociation energies
(BDEs).">" The second is the design and construction of
flexible and sustainable routes to effectively realize these
complicated conversions with minimum negative environ-
mental impact.

regioselective and substrate specific, uses clean oxidants (e.g.,
0,), operates under mild physiological conditions in aqueous
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Figure 1. Schematic representation of the “three-stage” hybrid bioelectro-organocatalytic strategy for the sequential; regioselective C—H
functionalization in n-heptane, selective oxidation of 1-heptanol, and a-amination.

media, and shows significantly superior catalytic rates per
active site compared to transition metal catalysts.*”'* In vitro
multienzyme cascades implement high atom economy,
chemo-, regio-, diastereo-, and enantioselectivity, low opera-
tional time, low environmental impact, and evade intermittent
intermediate purification (i.e., “synthetic ideality”) during deep
conversions.'>™° For example, Yu et al. used a multienzyme
cascade to enantioselectively functionalize phenylethane to an
amine concomitant to cofactor regeneration.16 Electroenzy-
matic cascades further streamline systems for C—H function-
alization by providing controlled reductive energy via an
electrode instead of stoichiometric amounts of expensive
cofactors, and powering through sluggish kinetics.'" For
example, Yuan et al. reported an electroenzymatic cascade of
rubredoxin (alkG) and alkane monooxygenase (alkB) for
regioselective oxyfunctionalization of alkanes and alkenes.'’
Chen et al. designed an elaborate electroenzymatic cascade for
the sequential conversion of alkanes to corresponding primary
alcohols, aldehydes, and eventually imines."®

One major design limitation in electroenzymatic routes is
the poor electrochemical communication between electrodes
and enzymes. The rate of direct electron transfer (DET) by
tunneling at the cathode—enzyme interface is limited by the
spatial distribution of enzymes (i.e., distance to the electrode,
relative concentration, and orientation on the electrode) based
on Marcus theory.lg’20 Therefore, mediated electron transfer
(MET) by redox entities is critical to reduce contact resistance,
shuttle electrons between the cathode and enzymes, and
increase synthetic output.'’ Toluidine blue O (TBO) and
neutral red (NR) used in electroenzymatic alkane oxy-
functionalization'”'® and ferrocene and Ru-based molecules
used in polarized C(sp>)—H bond functionalization" are such
common diffusible redox mediators. These redox species are
homogenously dispersed in the catalytic media, which (i)
require high concentrations to facilitate electron transfer, (ii)
complicate eventual product isolation and waste disposal, and
(iii) are typically ecotoxic. Conversely, localized redox polymer
hydrogels and 3D matrices “trap” redox centers, enzymes, and
substrates at the electrode vicinity increasing effective
interactions for charge and mass transfer.'””>*’ Phase
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separation between the biocatalytic media and spatially
constricted redox polymer eases eventual product isolation
from the system and waste processing (i.e., heterogeneous
catalytic features). Unlike with diffusible mediators, MET
kinetics of redox polymers can be modulated by their
operational parameters (e.g, redox polymer thickness and
quality) and intrinsic parameters (e.g., diffusion coefficient and
partition coefficient).”* Some redox polymers embody addi-
tional case-specific functionalities, such as enzymatic activation,
protection (against oxygen damage, high potential deactiva-
tion, and cytotoxicity), and electrode sensitivity to external
triggers (e.g., light, pH, and temperature).””*° However, the
use of redox polymers in electroenzymatic value-addition of C,
species has hitherto largely involved electrosynthetic CO,
reduction.”>*" =%’

Other design limitations in multienzyme cascades include (i)
incompatibility between certain enzymes and (ii) unavailability
of specific enzymes required in biocatalytic retrosynthetic
routes. To realize such complicated catalytic transformations
and integrate the advantages of different catalytic methods,
hybrid cascade designs of single enzymes coupled to molecular
catalysts or photocatalysts are on the rise.”’”>* For example,
Denard et al. reported the cooperative tandem use of the
Grubb’s catalyst and cytochrome P450 for C(sp*)—H
functionalization into enantioselective aliphatic and aryl
epoxides.’>** C—H bonds have been functionalized to chiral
diols in excellent yield and stereoselectivity by coupling laccase
or alcohol dehydrogenase to organocatalysis.”” Tandemly-used
enzymes and photocatalysts (e.g., porphyrins and sodium AQ-
2-sulfonate) have been reported for C—H hydroxylation,
halogenation, amination, and ketone formation.>® Cai et al.
reported a cytochrome P450-mimetic metal organic framework
that works in tandem with dehydrogenases, which is a photo-,
chemo-, and biocatalytic hybrid, for C(sp*)—H functionaliza-
tion.”’

In this study, we report a “three-stage (bioelectrocatalysis—
biocatalysis—organocatalysis)” system that couples a bioelec-
trocatalytic multienzyme cascade with single amino acid-based
organocatalysis for the sequential functionalization of n-
heptane to 1-heptanol, heptanal, and eventually the corre-
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Figure 2. (a) Scheme: synthetic pathway of the AQ-LPEI polymer. (b) Representative CVs of a carbon paper electrode modified with the AQ-
LPEI redox hydrogel. Electrolyte: Kpi buffer at pH 8.0, including S0 mM NaCl and 15% glycerol. Scan rates 2—500 mV s~". (c) Linear fit of the

square root of scan rate vs peak current.

sponding a-hydrazino aldehyde (Figure 1). The cathodic
chamber contains an alkane monooxygenase (alkB, E C
1.14.15.3) from Pseudomonas putlda GPOl a rubredoxin
(alkG) protein from P. putida GPO1,*® an engineered choline
oxidase (AcCO6, E C 1.1.3.17) from Arthrobacter cholorphe-
nollcus, and a catalase (CatA, EC 1.11.1.6) from Bacillus
subtilis.** Sequential bioelectrocatalytic C—H bond function-
alization (step I) mediated by an immobilized new
anthraquinone-linear polyethyleneimine (AQ-LPEI) redox
polymer, biocatalytic alcohol oxidation (step II), and organo-
catalytic @-amination (step III) manifest the “synthetic
ideality” and quintessential advantages of multienzyme and
bioelectrocatalytic systems to address the common challenges
encountered during deep conversion of paraffinic hydro-
carbons (vide supra). The eventual a-hydrazino aldehyde is a
platform chemical that can be converted to extremely useful a-
amino-aldehyde and acid equivalents by facile reductive N—N
bond cleavage.*' ="

Bl RESULTS AND DISCUSSION

During the functionalization of unpolarized terminal C—H
bonds in n-heptane (step I), the new AQ-LPEI redox polymer
establishes electrochemical communication at the cathode-
alkG interface. Additionally, compared to common diffusible
redox mediators used in this applicational context,'"'® the
spatial constriction of AQ-LPEI on the cathode (i.e.,
heterogenous catalytic mediation) and the nonuse of
stoichiometric amounts of reductive cofactors or sacrificial
substrates in the system design collectively assist the extraction
of heptanal in step II from an assortment of enzymes in
aqueous media into an organic phase for the organocatalytic
step IIL

Synthesis, Characterization, and Redox Mediation of
AQ-LPEI Redox Polymer Hydrogel. The AQ-LPEI consists
of a 9,10-AQ_pendant, a linear polyethyleneimine (LPEI)
backbone, and a linker arm. The rationale behind selecting the
AQ pendant is fourfold. First, the reductive potential of alkG
(—0.24 V vs SCE) is within the range of many AQ moieties,

565

rendering sequential electron transfer from AQ mediator to
alkB via alkG, and thermodynamically feasible.'®***> Second,
AQ_moieties undergo extremely rapid and reversible two-
proton-coupled two-electron transfer mechanisms especially in
aqueous media (Scheme S1).*** Resultantly, the rich redox
chemistry of AQs extends to microbial fuel cells, redox flow
batteries, solar cell devices, redox-dyes, antioxidants, antitumor
agents, molecular electronics, wastewater treatment, and other
energy storage systems.**°~* Third, quinones, as natural
electron acceptors/donors in key biological processes (e.g.,
photosynthesis, neurotransmission, and cellular signaling), are
typically biocompatible and nontoxic to most biocatalysts.”>>"
Quinones have good biocatalytic redox active site accessibility
because the quinone/hydroquinone redox function occurs
across membranes or interfaces.”” Finally, AQs are relatively
small, prototypically hydrophobic, and aromatic polyketide
rings.”” The high partition coefficient of AQs in hydrophobic
media is postulated to increase its affinity toward the
hydrophobic core of small globular proteins, and the organic
substrate in aqueous media. Naphtho- and anthraquinones
form covalent interactions with thiol, amine, and hydroxyl
groups in enzymes establishing “contact” at the enzyme-
terminal.”*** The aromatic pendants parallelly 7z-stack with the
graphene in carbon paper establishing “contact” at the
electrode-terminal.>® In terms of the backbone, PEI is a
water-insoluble, polycationic polymer with one of the highest
positive charge density potentials due to every third atom
being a protonatable amine.”® Therefore, LPEI forms hydro-
gels facilitating redox polymer swelling and rapid substrate
diffusion on the electrode.”” The linker arm connects the
pendant to the backbone and provides a conditional mobility
(i.e, “bounded diffusion model”) as a function of linker length
for redox shuttling.58 The (—O-CH,—-CH(OH)-CH,")
linker was chosen based on the facile reactivity between
amines (i.e, LPEI) and epoxides (2) in forming AQ-LPEI
(Figure 2a).”” This linker has also been shown to elicit
conditional mobility to quinone pendants.>”
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Figure 3. (a) Representative CVs for the alkB/alkG bioelectrocatalysis mediated by the AQ-LPEI redox polymer-immobilized electrode in the
presence (red curve) and absence (black curve) of S mM heptane (3% in acetone cosolvent). Electrolyte: 0.09 U/mL (0.18 mg/mL) alkB, 0.78
mg/mL alkG (molar ratio of alkB to alkG = 1:10), and 50 mM Kpi buffer (pH 8.0) containing 50 mM NaCl and 15% glycerol. Scan rates S mV s™".
A volume of 2.5 mL of air (36% headspace volume) was injected into the anaerobic three-electrode system. (b) Representative CVs for the AQ-
LPEI redox polymer-immobilized electrode in the presence (red curve) and absence (black curve) of 2.5 mL of air (36% headspace volume)
injected into the anaerobic three-electrode system. Electrolyte: S0 mM Kpi buffer (pH 8.0) containing 50 mM NaCl and 15% glycerol. Scan rates S
mV s™%. (c) Amperometric i—t analysis of the alkB/alkG bioelectrocatalytic system in the presence (red curve) and absence (black curve) of 0.09
U/mL (0.18 mg/mL) alkB. The reaction was performed in an anaerobic H-shaped cell while stirring. 3 mL of catholyte: 0.78 mg mL™" alkG (molar
ratio of alkB to alkG = 1:10) and SO mM Kpi buffer (pH 8.0) containing S0 mM NaCl and 15% glycerol. Applied potential —0.8 V vs SCE.
Substrates, S mM heptane (3% in acetone cosolvent), and 2.5 mL of air (36% headspace volume) were sequentially injected to the anaerobic
cathode chamber. The electrolyte was gently stirred at 850 rpm. Anode chamber contained saturated KCl, Pt (counter), and saturated calomel
(reference) electrodes. (d) Representative GC analysis for the formation of 1-heptanol by the bulk electrolysis conducted in step I in the presence
(red curve) and absence (black curve) of AQ-LPEI redox polymer.

The rate of electron self-exchange across the redox polymer the AQ-LPEI film in the electrode surface vicinity. The anodic
and the rate of heterogeneous electron transfer at the to cathodic peak current ratio is lower than 1 (i.e., higher
electrode-enzyme interface are functions of the choice of kinetic barrier to oxidative electron transfer), which corrobo-
redox moiety and their spacing.”> The percent substitution of rates the quasi-reversibility of proton-coupled electron transfer
AQ pendants in the LPEI backbone, which is inversely characteristic to benzoquinones.”’ Self-exchange-based elec-
proportional to the spacing, was determined independently by tron transfer through redox hydrogels is typically quantified via
nuclear magnetic resonance ("H NMR) (Figure S1) and X-ray the apparent electron diffusion coefficient (D,y,,), which is a
photoelectron spectroscopy (XPS) (Figures S2 and S3). function of the structure of the redox polymer (specifically, the
Interestingly, the substitution in AQ-LPEI (~87—88%) is length/mobility of the linker, distance and mobility of the
approximately 4- and 18-times higher compared, respectively, redox moieties, etc.).”*”°" The D,,, for AQ-LPEI immobi-
to analogous naphthoquinone-4-LPEI and naphthoquinone-2- lized on a carbon paper electrode was determined using the

LPEI redox polymers.”” This higher pendant substitution in Randles—Sevik equation (eq S1) (Figure 2c). Assuming that
AQ-LPEI is attributive to the higher electron density on AQ, (i) the concentration of AQ-LPEI in the drop cast volume is

which better stabilizes the partial positive charge on oxygen as approximately unchanged on the porous carbon paper upon
opposed to naphthoquinone in the transition state formed drying and subsequently absorbing aqueous electrolyte and (ii)
between anthraquinone glycidol and LPEI during nucleophilic two electrons participate in the rate-determining redox
substitution (Figure 2a). reaction, the D,,, for AQ-LPEI polymer was estimated as 1.1

Electrochemical characterization of AQ-LPEI immobilized + 0.5 X 10™® cm?® s™". This value is closer in range to D,
on carbon paper via cyclic voltammetry (Figure 2b) recorded a values of transition metal-containing redox polymers (~ X10~
formal redox potential (E°') of —0.466 V vs SCE. The cathodic cm? s71)*” than fully organic counterparts (~107'2 to 107!!
to anodic peak-to-peak separation (AE) varies with scan rate cm? s7') determined using the Randles—Sevéik method.* 5%
indicative of free “diffusion-like” electron conduction across The high D, is attributed to the rapid and reversible kinetics
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Figure 4. Optimization of (a) applied potential (reaction time is 2.5 h), (b) air injection volume (as a % of 7 mL headspace volume and reaction
time is 2.5 h), (c) reaction time, and (d) faradaic efficiency for the bioelectrocatalytic step I of converting n-heptane to 1-heptanol. All experiments
were conducted in anaerobic H-cells while stirring. Electrolyte: 3 mL of S0 mM Kpi buffer (pH 8.0) containing 0.09 U/mL (0.18 mg/mL) alkB,
0.78 mg/mL alkG (molar ratio of alkB to alkG = 1:10), SO mM NaCl, and 15% glycerol.

of two-proton-coupled two-electron transfer mechanisms of
AQ in aqueous media,"**® and the relatively high percentage of
AQ pendant substitution onto the LPEI backbone leading to
rapid electron self-exchange between proximal 7-stacked AQ
moieties (vide supra). Therefore, the flux of reductive energy
channeling through the AQ-LPEI polymer, eventually to be
mediated to the enzyme cascade during electrocatalysis, is
significantly high.

Step I: Bioelectrocatalytic Regioselective C—H Bond
Oxyfunctionalization. C—H bond functionalization in step I
is catalyzed by alkB in the catholyte. AIkB is known for its rare
ability to regioselectively functionalize inert terminal C—H
bonds in gasoline range alkanes ( Cs—C,,)."® In native bacterial
systems, the reductive energy required by alkB originates from
NADH-dependent rubredoxin reductase (alkT) and transfers
to alkB via the electron transfer protein alkG.'* In the reaction
system of this study, the cathode supplies reductive energy to
alkB via alkG, deeming the need for alkT and sacrificial
substrate/enzyme-dependent regeneration methods for the
NADH cofactor redundant.'”'® The AQ-LPEI polymer is used
to mediate the cathode-to-alkG-to-alkB reductive energy
transfer.

In previous studies of bioelectrocatalytic systems, biocata-
lysts (ie., alkB) and diffusible redox mediators (e.g, TBO'” or
NR'®) that shuttle electrons from the electrode to alkG are all
injected to the electrolyte. The reported molar ratio of
alkB:alkG in such electrolytes was 1:1. The electron mediator
in the present study is the polymer AQ-LPEI, immobilized on
the electrode surface, which spatially restricts its redox
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mediating capabilities to the vicinity of the electrode surface.
This spatial restriction of the AQ-LPEI redox mediator was
compensated by using a higher fraction of alkG in the
electrolyte than 1:1 because alkG is the immediate electron
acceptor from AQ-LPEL It was also assumed that a higher
fraction of alkG over alkB would implement catalytically
effective interactions of alkG with AQ-LPEI without hindering
electron hopping across AQ-LPEI in the presence of alkB.
Therefore, the molar ratio of alkB:alkG in the present study
was 1:10.

The anticipated redox mediation by AQ-LPEI at the
electrode-enzyme interface was verified by cyclic voltammetry
as shown in Figure 3a. In the three-electrode system containing
substrates n-heptane, O,, alkG, and alkB (red curve), a catalytic
peak onset of E°! of AQ-LPEI (—0.46 V vs SCE) is observed,
compared to nonturnover conditions without heptane (black
curve), indicating an electrocatalytic reduction mediated by
AQ-LPEL The reductive catalytic peak appears around the
reductive potential of AQ-LPEI at —0.53 V vs SCE.Control
cyclic voltammograms (CVs) (Figure 3b) for the AQ-LPEI
immobilized working electrode, in the presence (red curve)
and absence of O, (black curve), indicate that the observed
catalytic activity is not a result of an auxiliary reaction between
the quinone moieties in AQ-LPEI and O,. Amperometric i—t
curves under bulk electrolysis conditions indicate that catalytic
current generation in the presence of all substrates and
reductive energy relies on the biocatalyst (i.e., alkB) (Figure
3¢, red trace). A slight residual current is observed in the
catalytic system upon the injection of air in the absence of alkB
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reaction solution.

(black trace) due to the reduction of aqueous O, to H,O, by
reduced dihydroanthraquinone moieties in AQ-LPEL®® Gas
chromatography (GC) analyses (Figure 3d) of the electrolyte
after bulk electrolysis with an AQ-LPEI-modified cathode (red
trace) confirm that the bioelectrocatalytic reduction mediated
by AQ-LPEI is n-heptane conversion to 1-heptanol. The
consequent 1-heptanol concentration in the H-cell was
approximately 40-fold higher compared to a system with a
bare cathode (black trace). Therefore, AQ-LPEI is mediating
bioelectrocatalysis successively with alkG and alkB. The
presence of AQ-LPEI in the catalytic system is imperative
for regioselective bioelectrocatalytic conversion of n-heptane to
1-heptanol in step I. A control experiment in the absence of
alkG showed no bioelectrocatalytic 1-heptanol generation
(Figure S8) reflective of the literature precedence that
establishes alkG as an indispensable component for electron
transfer to alkB.

The performance of the bioelectrocatalytic step was further
optimized in terms of applied potential, air injection volume,
and reaction time (Figure 4). The applied potential is the
driving force of the electrocatalytic element in step I. While an
applied potential of —0.24 V vs SCE would theoretically suffice
for thermodynamically feasible electron transfer from AQ-
LPEI (reductive peak potential at approximately —0.53 V vs
SCE) to alkG (—0.24 V vs SCE) to alkB to heptane, the rate of
this reduction relies on overpotential (7). The applied
potential of —0.8 V vs SCE recorded the highest concentration
of 1-heptanol (0.15 + 0.01 mM) during the bulk electrolysis
for 2.5 h (Figure 4a). Low conversion rates at lower applied
potentials are attributed to the sluggish electron transfers at the
cathode-polymer-enzyme juncture. Low conversion rate at the
higher applied potential (i.e,, —0.85 V vs SCE) is attributed to
increasing overpotential causing overreduction and ionization
of AQ-LPEIL. The polymer is possibly desorbed due to
diminished hydrophobicity.”*** Optimizing the air injection
volume in the H-cell headspace strikes a balance between (i)
substrate availability for the bioelectrocatalytic O, reduction to
I-heptanol, (ii) undesirable proclivity for O, reduction to
H,0,, and (iii) oxidation of the AQ moiety causing the
degradation of AQ-LPEI overtime. An air injection volume of
2.5 mL (corresponding to 36% of volume in the hitherto
anaerobic headspace of the cathode chamber) recorded the
highest concentration of 1-heptanol (0.22 + 0.02 mM) during
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2.5 h of bulk electrolysis (Figure 4b). The drastic decline of 1-
heptanol in systems with air injection volumes above 40% is
attributed to the oversaturation of O, content in the headspace
leading to the dominance of anthraquinone-mediated O,
reduction to H,0,. Bulk electrolysis for a duration of 2.5 h
recorded the highest 1-heptanol (0.22 + 0.02 mM) formation
(Figure 4c). Shorter durations resulted in lower yields as
reaction time is a measure of the charge available for
consumption during bulk electrolysis (Q = it). Longer
durations also resulted in lower yields, possibly due to alcohol
evaporation to the headspace in the stirring system.'® The
faradaic efficiency of the optimized bioelectrocatalytic step I of
44% at 2.5 h is highly competitive to existing reports of
bioelectrocatalytic alkane oxyfunctionalization systems that
utilize diffusible redox mediators (Figure 4d). For example,
Yuan et al. recorded a faradic efficiency of 25 + 1% for an
alkB/alkG biocathode with TBO.!” Chen et al. recorded a
faradic efficiency of 45% for a bioelectrocatalytic system with
alkB, alkG, and NR in the electrolyte apexing only after 4 h of
operation.'"® The faradaic efficiency of the present study
decreases with time possibly due to the competition between
terminal C—H bond functionalization and O, reduction to
H,0,.%

Step I achieved AQ-LPEI polymer-mediated regioselective
bioelectrocatalytic C—H bond oxyfunctionalization via a
multiprotein electron transfer pathway. As seen, the ability to
easily variate and control the product profile as functions of
electric energy input, charge (i.e., time), and reactants (e.g,
injected air volume) renders bioelectrocatalytic systems an
attractive synthetic option.

Step II: Biocatalytic Oxidation of 1-Heptanol to
Heptanal. Selective oxidation of primary alcohols to
aldehydes, evading the overoxidation to acids and esters,
consistently remains a challenge in molecular synthesis.”>*°
Corresponding conventional organic synthetic routes require
(i) stoichiometric amounts of harsh and/or toxic oxygen
donors (e.g., MnO,, Cr(IV), and Dess—Martin periodinane)
that suffer from high cost and functional group incompatibility
and generate significant quantities of byproducts or (ii)
precious metal catalysts (Pt, Pd, Au, Ru, and Ti) that suffer
from low selectivity or activity for the oxidation of aliphatic
primary alcohols compared to aromatic and activated allylic
alcohols.”* ™7
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In step II, bioelectrocatalytically synthesized 1-heptanol is
enzymatically oxidized to heptanal. Enzymatic alcohol
oxidation is more commonly facilitated by NAD(P)*-depend-
ent alcohol dehydrogenases (ADHs). Instead, an engineered
choline oxidase variant, developed by Turner’s group, with
higher primary alcohol oxidase activity (AcCOg) compared
with the wild type enzyme was used in this study."**” AcCOg4
sidesteps the use of expensive cofactors, cofactor regeneration,
and potential interferences by the cofactor to eventual steps.
The catalytic conditions were tuned for step II after 2.5 h of
bulk electrolysis (step I) by (i) ceasing the applied potential,
(i) injecting AcCOg, and (iii) altering the O, content in the
headspace (see Experimental Section for electrochemical
methods in the Supporting Information). Monitoring the
concentration of 1-heptanol and heptanal as a function of time
via GC (Figure S) records a substrate conversion ratio of 91%
(corresponding to 0.20 + 0.02 mM heptanal) in 2 h with O, as
oxidant. The catalase was injected into the system to scavenge
byproduct, H,0, (Figure 1). The optimized applied potential,
air injection volume, and reaction time combination for the
formation of 1-heptanol also results in the formation of a
significant fraction of heptanal (Figure 4). This aldehyde
formation has been commonly observed with alkG and alkB
due to bioelectrocatalytic overreduction of alkane and primary
alcohol under optimal conditions.'”"®

Step Ill: Organocatalytic a-Hydrazino Aldehyde
Formation. Aldehydes are precursors for the de novo
synthesis of a-amino aldehydes and the primary source of
chiral substrates used in stereoselective synthesis of amino
acids, peptides, and proteins.”® In step III, heptanal is a-
aminated to the corresponding a-hydrazino aldehyde.
Although theoretically feasible, extending a cascade of
multienzymes is complex due to the specific substrate, cofactor,
pH, and other physiological requirements of each enzyme,
which can potentially interfere with the sequential activity and
reaction flux of complex enzymes.'***** Accordingly, instead
of an additional enzyme(s), a single chiral amino acid was used
as the stereoselective catalyst for organocatalytic amination. As
a proof of concept of the versatility and the adaptability of our
system, heptanal in buffer was extracted to an organic phase for
step III and wherein the widely reported L-proline catalyzed
and direct asymmetric a-amination pathway was con-
ducted.***® Proline-based catalysis is stable, durable, and
relatively unimpaired by interferences (e.g.,, residual buffer,
salts, and glycerol in the organic phase following a liquid—
liquid extraction) and not moisture-sensitive like analogous
classical metal catalysts.”"

In situ liquid—liquid extraction of heptanal in buffer to an
organic phase such as acetonitrile was ineffective due to the
water miscibility of acetonitrile. Salt-assisted liquid—liquid
extraction of heptanal in aqueous electrolyte to acetonitrile
proved practically onerous due to the small scale of the setup
and the interference by high concentrations of residual salt
(e.g, NaCl, MgSO,, or Na,CO;) in acetonitrile. Therefore,
dichloromethane (DCM) was used as the organic phase for
extraction and solvent in step IIL. In step III, direct
organocatalytic asymmetric a-amination of aldehydes reported
by B(agevi§ et al. was adapted for the conversion of extracted
heptanal.”” Interestingly, formation of a-hydrazino aldehyde
(73%) after the heptanal extraction from the aqueous buffer is
significantly higher than the same conversion conducted using
a 020 mM heptanal stock solution in purely DCM that
sidesteps the liquid—liquid extraction (35%) (Figure 6, Table
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Figure 6. (a) Schematic representation of experimental control 1
wherein all organocatalytic conditions except L-proline were provided,
control 2 wherein organocatalysis was conducted in DCM using
heptanal stock, experimental control 3 wherein organocatalysis was
conducted in DCM following heptanal extraction from the aqueous
buffer (in the absence of alkG, alkB, AcCOg, and catalase), and step
III wherein organocatalysis was conducted in DCM following
heptanal extraction from the aqueous buffer (in the presence of
alkG, alkB, and AcCOg). (b) Concentration profiles of heptanal and
a-hydrazino aldehyde in the corresponding setups. Buffer: 50 mM Kpi
buffer (pH 8.0) containing SO mM NaCl and 15% glycerol.

S1). This is attributed to the residual water in DCM after the
liquid—liquid extraction. The dielectric constant of the
effective solvent system is increased by residual water that
facilitates the reversible enamine formation between L-proline
and heptanal.”” The added polarity of the solvent system raises
the highest occupied molecular orbital (HOMO) and the
nucleophilicity of the resulting enamine.”” Additionally,
multiple turnover in the enamine catalysis cycle is conditional
on its reversibility, which is prompted by the residual presence
of water (Scheme $3).”" Considering the higher reactivity of
aldehydes than ketones and that diethyl azodicarboxylate
(DEAD) is the limiting substrate in step 11, it is expected that
competing enamine formation between DEAD and the acetone
used as cosolvent in step I is negligible.

B CONCLUSIONS

A “three-stage” system that couples a Dbioelectrocatalytic
multienzyme cascade and organocatalysis was developed for
the sequential conversion of a chemically inert terminal C—H
in an alkane to an a-hydrazino aldehyde under mild
conditions. Bioelectrocatalytic regioselective heptane oxidation
to 1-heptanol and biocatalytic 1-heptanol oxidation to
heptanal, respectively, recorded a faradaic efficiency of 44%
at 2.5 h and a conversion ratio of 91% at 4.5 h. Organocatalytic
amination of heptanal records a 73% conversion at the 19.5 h
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mark. Further analysis of the final reaction media profile will be
required to determine its ability to be extended to products like
amino aldehydes. The high conversion rates across each step
are attributable to the streamlined design, which makes it a
practical and scalable system. For instance, replacing cofactors
required for step I with reductive energy, incorporating a
custom-designed redox polymer, and choosing a cofactor-
independent engineered enzyme for step II limit the entities in
the aqueous reaction media. This controlled composition of
the media enables the eventual separation of a synthetically
important intermediate (i.e., aldehyde) by an in situ liquid—
liquid extraction with minimal crossover by interfering species.
Therefore, the bioelectrocatalytic multienzyme cascade is
seamlessly coupled to an established organocatalytic reaction.
Inadvertently, the in situ liquid—liquid transfer of heptanal
from aqueous to organic media during the system operation
increases the organocatalytic turnover.

Different catalytic elements brought together in this design
hold many future possibilities. AQ-LPEI is a versatile redox
polymer that can be adapted for C—H functionalization by
different bioelectrocatalytic systems. For example, AQ
derivatives are used in the industrial-scale synthesis of H,O,
via O, reduction (i.e., “anthraquinone H,0, process”).”” AQ-
LPEI can be coupled with a H,0,-dependent alkane
hydroxylase for electroenzgmatic conversion of small alkanes
to regioselective alcohols.”* Theoretical calculations of the
activation and concentration overpotential contributions at the
interface between the polymer modified electrode surface and
the enzymes and substrates in solution during the bioelec-
trocatalytic step are instrumental in optimizing future cell
setups. Additionally, anthraquinones are photoactive molecules
(ie., photosensitizers), which makes them also potentially
viable photocatalysts in photo-multienzymatic cascades for C—
H bond functionalization.”” Due to enzyme promiscuity, the
substrate scope for the bioelectrocatalytic multienzyme cascade
in step I extends to many aliphatic and aromatic hydrocarbons,
epoxidation, sulfoxidation, and demethylation.”’18 Similarly, in
step III, L-proline catalyzed aldol reactions for C—C bond
formation between aldehydes instead of the C—N bond
formation can further expand the synthetic target molecules
attainable with this system.43"72 Therefore, the modularity of
this “three-stage” system can extend to synthesize consistently
more complex targets within the same catalytic framework.
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