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ELECTROCHEMICAL REDUCTIVE
AMINATION OF FURFURAL-BASED

MOLECULES

REFERENCE TO GOVERNMENT RIGHTS

This invention was made with government support under
DE-SC0008707 awarded by the US Department of Energy.
The government has certain rights in the invention.

BACKGROUND

With the ever increasing concern over fossil fuel supply,
which has traditionally been the feedstock to produce a
diverse range of goods including fuels, polymers, organic
solvents, and even pharmaceutical compounds, research and
development of biomass-based alternatives for fuels and
commodity chemicals has gained significant attention. In the
course of developing biomass-based alternatives, raw bio-
mass is processed to a number of intermediates. 5-hy-
droxymethylfurfural (HMF) is one such intermediate that
has been the subject of considerable attention. HMF is
produced by dehydration of hexoses, such as glucose in
cellulosic matter. Among the many reactions HMF may
undergo (e.g. oxidation, reduction, etherification), reductive
amination, which adds an amine group to a hydrocarbon
framework, enables the synthesis of more diverse biomass-
driven compounds including amine-based polymers (nylon)
and pharmaceutical compounds.

Reductive amination of furfurals involves the conversion
of the formyl group to an amine group, which is commonly
accomplished in two steps as illustrated in Scheme 1. In this
scheme the aldehyde is first converted to an aldimine (Step
1 in Scheme 1) by reaction with ammonia or a primary
amine. Formation of the aldimine has traditionally utilized
concentrated or liquid amine source and nonaqueous sol-
vents. However, aldimine can also be formed in aqueous
media under pH conditions where a large portion of ammo-
nia or amine is present in its unprotonated form. The stability
of aldimine is pH dependent and lowering pH can cause the
hydrolysis of the aldimine back to aldehyde.

Scheme 1.
O NR' NHR'
)J\ R'NH, )J\ ()
f— _—
R H B0 p H or R H
Step 1 (b) 2H' + 2¢”
Step 2

The second step of reductive amination is reduction of the
aldimine to an amine by the hydrogenation of the C—N
bond (Step 2 in Scheme 1). This process has commonly been
achieved by using H, over Raney Ni or precious metal
catalysts (e.g. Au, Ir, Pd, Pt, Rh, and Ru). Recent efforts have
been made to utilize inexpensive alternatives, such as FeNi
alloy catalysts. However, for this method H,, which is a
valuable fuel that must be generated from other primary
energy sources, needs to be consumed. Hydrogenation can
also be achieved by using a hydride (e.g., sodium borohy-
dride, sodium cyanoborohydride, and sodium triacetoxy-
borohydride) or by using Zn powder as a reducing agent and
water as the hydrogen source. These reactions, however,
require the consumption of reducing agents, significant
solution cleanup, and disposal of waste that can be toxic.
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2
SUMMARY

Electrochemical cells for the reductive amination of fur-
fural-based molecules are provided. Also provided are meth-
ods of using the electrochemical cells to carry out the
electrochemical reductive amination reactions.

The electrochemical reductive aminations of furfural-
based molecules can be carried out in an electrochemical
cell comprising an aqueous electrolyte solution, a cathode
(the electrode where reduction occurs), and an anode (the
electrode where oxidation occurs), wherein the cathode and
the anode are in electrical communication. The electro-
chemical cell can be either an undivided cell, in which case
the cathode electrolyte and the anode electrolyte are not
separated and thus identical, or a divided cell, in which case
the cathode electrolyte solution is separated from the anode
electrolyte solution by a divider such as a frit or a membrane.
The methods of conducting the electrochemical amination of
the furfural-based molecules comprise: combining the fur-
fural-based molecules with a primary amine or ammonia in
the aqueous cathode electrolyte solution, wherein the fur-
fural-based molecules react with the primary amine or
ammonia to form aldimine intermediate molecules; and
creating a potential difference between the anode and the
cathode to provide a flow of electrons from the anode to the
cathode, wherein the electrons at the cathode and H* from
water in the aqueous cathode electrolyte solution undergo
reductive amination reactions with the aldimine intermedi-
ate molecules to form aminated molecules.

Other principal features and advantages of the invention
will become apparent to those skilled in the art upon review
of the following drawings, the detailed description, and the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Iustrative embodiments of the invention will hereafter be
described with reference to the accompanying drawings.
FIG. 1(A) depicts a linear sweep voltammetry (LSV)
curve of a Pt electrode in 0.7 M methylamine buffer solution
(pH 11.0) with and without 0.02 M HMF (scan rate 5 mV
s™). FIG. 1(B) depicts an LSV of a Cu electrode in 0.7 M
methylamine buffer solution (pH 11.0) with and without
0.02 M HMF (scan rate 5 mV s™1). FIG. 1(C) depicts an LSV
of'a Zn electrode in 0.7 M methylamine buffer solution (pH
11.0) with and without 0.02 M HMF (scan rate 5 mV s™).
FIG. 1(D) depicts an LSV of a Sn electrode in 0.7 M
methylamine buffer solution (pH 11.0) with and without
0.02 M HMF (scan rate 5 mV s71). FIG. 1(E) depicts an LSV
of'an Ag electrode in 0.7 M methylamine buffer solution (pH
11.0) with and without 0.02 M HMF (scan rate 5 mV s™).
FIG. 2(A) shows a scanning electron microscope image
(SEM) of an Ag_, electrode. FIG. 2(B) shows LSVs of the
Ag,, electrode with (solid) and without (dashed) 0.02 M
HMF, compared with LSVs of an Ag electrode (black) with
(solid) and without (dashed) 0.02M HMF in a 0.7 M
methylamine buffer solution (pH 11.0) (scan rate 5 mV s™).
FIG. 3. Scheme (a) shows an electrochemical reductive
amination of 5-methylfurfural (5-MF) with methylamine;
Scheme (b) shows an electrochemical reductive amination
of 2,5-diformylfuran (DFF) with methylamine; Scheme (c)
shows an electrochemical reductive amination of 5-formyl-
2-furancarboxylic acid (FFCA) with methylamine; Scheme
(d) shows an electrochemical reductive amination of HMF
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with ethanolamine (NH,EtOH). The potential used for
reductive amination and Faradaic Efficiency for each case is
also shown.

DETAILED DESCRIPTION

Electrochemical cells for the reductive amination of fur-
fural-based molecules are provided. Also provided are meth-
ods of using the electrochemical cells to carry out the
electrochemical reductive amination reactions. Using the
cells and methods, furfural-based molecules can be con-
verted into amines via the conversion of their formyl groups
into amine groups. The electrolyte solution in the electro-
chemical cells may be substantially free of reducing agents
and hydrogen sources other than the water, where an elec-
trolyte solution can be considered “substantially free” of
reducing agents or hydrogen sources if it does not contain
any other chemical species whose primary function is to act
as a reducing agent or hydrogen source, although there may
be chemical species present that contribute to a minor extent
in these functions.

As used herein, the term furfural-based molecules refers
to molecules comprising a furfural group. The cells and
methods are able to convert the furfural-based molecules,
into organic building block amine compounds that are useful
in the production of a variety of chemicals. Furfural itself
(i.e., furan-2-carbaldehyde) is an example of a furfural-
based molecule. HMF, a common biomass-derived interme-
diate, is another example of furfural-based molecule. Other
furfural-based biomass-derived intermediates that can be
reductively aminated using the present methods include
HMF derivatives having different ring substituents, such as
hydroxyl or alkyl substituents, including 5-methylfurfural
(5-MF), 2,5-diformylfuran (DFF), and 5-formyl-2-furancar-
boxylic acid (FFCA).

The amindated furfural-based molecules that are formed
by the electrochemical reductive amination of the furfural-
based molecules have a variety of useful applications. For
example, the amines can be used as monomers for the
polymerization of amine-based polymers. By way of illus-
tration, the 2-hydroxymethyl-5-(methylamninomethyl)furan
produced via the electrochemical reductive amination of
hydroxymethyl furfural can be used as a monomer for the
polymerization of nylon, as described in PCT application
publication number WO 2015/137914. The amindated fur-
fural-based molecules may also have uses as pharmaceutical
compounds or as starting materials for the synthesis of
pharmaceutical compounds. See, for example, Cukalovic et
al., Green Chem., 2010, 12, 1201-1206. By way of illustra-
tion, some aminomethyl-hydroxymethylfuran derivatives,
including those made from the reductive amination of HMF,
are known to have pharmaceutical activities, as described in
Xu et al., RSC Adv, 2014, 4, 59083.

The reductions can be conducted in an aqueous electrolyte
solution comprising the furfural-based molecules and a
primary amine or ammonia under mild conditions at ambient
temperatures and pressures (e.g., about 20° C. to about 25°
C. and about 1 atm). The water of the aqueous solution can
be used as the sole hydrogen source, without the need to
include any additional hydrogen source, H, or hydrides.
Even under these mild conditions, the reductive amination
of the furfural-based molecules competes favorably with
water reduction to provide reductive amination products
with high selectivities. This is advantageous because the
electrochemical reduction of the furfural-based molecules is
thermodynamically more favorable than the reduction of
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water and because it eliminates inefficiencies related to the
production, storage and use of H,.

Primary amines that can be used as reactants in the
electrochemical reductive aminations include aliphatic
amines, such as methylamine and ethanolamine, and aro-
matic amines, such as aniline and aniline derivatives.

One embodiment of an electrochemical cell for carrying
out the electrochemical reductive amination of the furfural-
based molecules comprises a cathode, an anode, and an
aqueous electrolyte comprising the furfural-based molecules
and primary amines. Optionally, a reference electrode can be
added to the cell to precisely control the potential applied to
the cathode. The cathode, which is in electrical communi-
cation with the anode, comprises a material that is catalyti-
cally active for the reductive amination of the furfural-based
molecules to amines. In embodiments of the methods in
which the furfural-based molecules can be consumed by
oxidation reactions at the anode, which would lower the
efficiency for the cathode reaction undesirably, a divided cell
can be used in which only the cathode compartment contains
the furfural-based molecules. However, if the oxidation of
the furfural-based molecules at the anode is not a concern,
the reductive amination can be carried out in an undivided
cell in which the anode and cathode are both submerged in
the same aqueous electrolyte solution. Optionally, the solu-
bility of the primary amines, the ammonia, and/or the
furfural-based molecules can be enhanced by including
additional organic solvents in the aqueous electrolyte solu-
tion.

The operation of the electrochemical cells is described in
detail in the Example. A more general description of elec-
trochemical reductive amination of furfural-based molecules
in an aqueous electrolyte solution is provided here. To
operate the electrochemical cell, a voltage source is used to
create a potential difference between the anode and the
cathode, such that a flow of electrons from the anode to the
cathode through an external wire results. The electrons at the
surface of the cathode then undergo reduction reactions with
the furfural-based molecules in the aqueous electrolyte
solution, while oxidation reactions occur at the anode. More
specifically, in a first step, aldimine intermediates form via
the reaction of the furfural-based molecules with the primary
amine and/or ammonia in the aqueous cathode solution and,
in a second step, the electrons and H* from the water
hydrogenate the aldimine intermediates at the cathode to
form the amines. This two-step process is shown using HMF
and methylamine as reactants in Scheme 2.

The cathode materials should be catalytically active for
the reductive amination of the aldimine intermediates to
amines, which includes having good surface absorption
properties for the aldimine intermediates and being a poor
catalyst for the reduction of water, which competes with the
reductive amination of the furfural-based molecules. In
addition, the cathode materials are desirably non-toxic.
Cathode materials that are catalytically active for the reduc-
tive amination of aldimine intermediates to aminated fur-
fural-based molecules include silver, zinc, tin, copper, and
indium. An example of a catalytically active cathode mate-
rial that works well is silver having a dendritic fractal
morphology, as shown in FIG. 2(A) and described in J. J.
Roylance, T. W. Kim and K. S. Choi, ACS Catal., 2016, 6,
1840-1847. Thus, cadmium, lead, and mercury electrodes
are not necessary, nor are precious metal electrodes. The
catalytically active material may be supported or unsup-
ported. For example, the cathode may comprise a film or
particles of the catalytically active material on a non-
catalytic, but electrically conducting, substrate.
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In order to achieve high selectivity, the electrochemical
reductive aminations are desirably carried out in aqueous
cathode electrolyte solutions at a pH that favors the unpro-
tonated form of the primary amine over its protonated form
or, if ammonia is used as the reactant, that favors ammonia
over ammonium, since only the unprotonated form of the
reactant will undergo aldimine formation. For the complete
conversion of the furfural-based molecules to their aldimine
forms using primary amines, the pH of the solution should
be adjusted to generate the unprotonated form of the primary
amine in an amount that is equal to or greater than the
amount of furfural-based molecules. The relationship
between the solution pH, the pK, of the protonated amine,
and the concentrations of the protonated and unprotonated
amine is shown below by the Herderson-Hasselbalch equa-
tion.

M

molarity of unprotonated amine
pH = pK_ +log

molarity of protonated amine

For example, using the present cells and methods, the
complete reductive amination of 20 mM furfural-based
molecules can be achieved with a 0.7 M methyl amine
solution at a pH of 10 or higher (the pK, of the protonated
methyl amine, CH;NH,", is ~10.6.) Similarly, for the com-
plete conversion of the furfural-based molecules to their
aldimine forms using ammonia, the pH of the solution
should be adjusted to generate ammonia in an amount that
is equal to or greater than the amount of furfural-based
molecules. In general, the aldimine formation with ammonia
is not as favored as the aldimine formation with primary
amines. Therefore, when ammonia is used instead of pri-
mary amines, higher pH conditions or more concentrated
ammonia solutions are required to convert the same amount
of furfural-based molecules to aldimines by providing
excess ammonia and shifting the equilibrium shown in Step
1 in Scheme 1 to the right.

The electrochemical reductive amination of the furfural-
based molecules can be carried out with very high Faradaic
Efficiencies (FE), where FE is defined as follows:

mol of amine formed
Total charge passed (C)/(FXn)

@

FE(%) = % 100%,

where F is the Faraday constant (96485 C/mol) and n is the
number of electrons required for the conversion of the
aldimine to an amine. For example, the furfural-based
molecules can be converted into amines with an FE of at
least 80%. This includes embodiments of the cells and
methods that produce the product amines at an FE of at least
85%, and further includes embodiments of the cells and
methods that produce the product amines at an FE of at least
90%. Methods for quantifying the FE of an electrochemical
reductive amination are described in the Example.

The electrochemical reductive amination of the furfural-
based molecules can be carried out substantially completely
to provide the reductive amination products at a high selec-
tivity. For example, the furfural-based molecules can be
converted into amines with a product selectivity of at least
70%, where selectivity is defined as follows:

mol of amine formed

©)

Selectivity(%) = X% 100%.

mol of furfurat based molecule consumed
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6

This includes embodiments of the cells and methods that
provide amine product selectivities of at least 80%, at least
90%, at least 95% and at least 99%. Methods for quantifying
the selectivity of an electrochemical reductive amination are
described in the Example.

By way of illustration only, the high Faradaic Efficiencies
and amine product selectivities recited above can be
achieved at or near room temperature (i.e., at temperatures
in the range from about 20° C. to about 23° C.) using cell
potentials in the range from about -1 to -2 V vs Ag/AgCl,
as illustrated in the Example.

EXAMPLE

In this example, the catalytic ability of various metal
electrodes (Ag, Cu, Pt, Sn, Zn) for reductive amination of
HMF with methylamine were investigated and compared.
For each metal electrode, potentials necessary to initiate
reductive amination as well as potential dependent FE were
investigated systematically. Ag and Zn electrodes showed an
exceptional ability for reductive amination of HMF. Based
on these results, optimum electrodes and reduction condi-
tions that can achieve a FE and a selectivity nearing 100%
are reported. Reductive amination of HMF derivatives such
as 5-MF, DFF, and FFCA using methylamine as well as
reductive amination of HMF using ethanolamine
(HOCH,CH,NH,) to establish electrochemical reductive
amination as a general route for reductive amination of
furfural-based biomass intermediates are also demonstrated.

A 0.7 M aqueous methylamine buffer solution (pH 11.0)
containing 20 mM HMF, was prepared for electrochemical
reductive amination. Aldimine formation is pH sensitive
because amines go through base dissociation reaction in
aqueous media and only the unprotonated base form of
amine can undergo aldimine formation (Step 1 in Scheme 2).
Since the pK, of CH;NH;* is ~10.6, adjusting the solution
pH to 11 ensures a significant portion of amine to be present
as a base form (0.5 M) to react with HMF to form aldimine.
An NMR spectrum of 20 mM HMF in a methylamine
solution (pH 11.0) shows all HMF in this solution is con-
verted to aldimine. When the pH was lowered, the acid-base
equilibrium of amine was shifted, resulting in hydrolysis of
the aldimine to the aldehyde. As a result, HMF was recov-
ered to near completion by pH 7.0.

Scheme 2.
HO 0]
o / CH3NH,
\ / —H,0
Step 1
HMF
HO N—
(o) / JH + 2¢"
\ / Step 2
HO HN-"
O,
HMMAMF

The reduction of the aldimine to the amine product, 2-hy-
droxymethyl-5-(methylaminomethyl)furan ~(HMMAMF)
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(Step 2 in Scheme 2) was first examined by performing
linear sweep voltammetry (LSV) using Ag, Cu, Pt, Sn, and
Zn metal electrodes using methylamine solution with and
without 20 mM HMF in an undivided cell (FIGS. 1A-1E).
In order to maximize FE for reductive amination, metals that
are known to be poorly catalytic for water reduction were
investigated, except for Pt, which was chosen to serve as a
control electrode. A three-electrode cell composed of one of
the aforementioned metal electrodes as the cathode, a Pt
anode, and a Ag/AgCl (in 4 M KCl) reference electrode was
used. Cathodic current generated in the absence of HMF can
be attributed to water reduction to H,, as there is no other
species that are reductively active. Changes to the current
profile upon addition of HMF, particularly a shift in current
onset to the positive direction can be considered an indica-
tion that reductive amination of HMF is favored over water
reduction.

The LSVs obtained for a Pt electrode with and without
HMF are shown in FIG. 1(A). When HMF was added, the
cathodic onset was shifted to the negative direction with a
decrease in current density. This suggests that reduction of
aldimine is not favored over water reduction on Pt and
aldimine adsorption on the Pt surface suppresses water
reduction by blocking a portion of the active sites for H,
evolution.

When Cu was used, a slight onset shift to the positive
direction was observed, indicating that aldimine reduction is
more favored than water reduction on Cu (FIG. 1(B)).
However, cathodic current in the higher overpotential region
(V>-1.41V vs Ag/AgCl, which is equivalent to =0.56 V vs.
the reversible hydrogen electrode (RHE)), where both
aldimine and water reduction can occur at a considerable
rate, was less than the cathodic current observed without
HMF. This suggests that in this potential region, aldimine
reduction is slower than water reduction and interferes with
water reduction. Consequently, reduction of both aldimine
and water results in a smaller current than water reduction
alone.

When Cu was used, a slight onset shift to the positive
direction was observed, indicating that aldimine reduction is
more favored than water reduction on Cu (FIG. 1(B)).
However, cathodic current in the higher overpotential region
(V>-1.41V vs Ag/AgCl, -0.56 V vs. RHE), where both
aldimine and water reduction can occur at a considerable
rate, was less than the cathodic current observed without
HMF. This suggests that in this potential region, aldimine
reduction is slower than water reduction and interferes with
water reduction. Consequently, reduction of both aldimine
and water results in a smaller current than water reduction
alone.

When Zn was used, the most dramatic shift in cathodic
current onset to the positive direction (by 250 mV) was
observed upon the addition of HMF (FIG. 1(C)). Also, the
cathodic current is significantly higher for all potential
region when HMF is present. This shows that Zn is particu-
larly catalytic for reductive amination of HMF.

For the case of Sn and Ag, a shift in cathodic onset of 200
mV to the positive direction was observed when HMF was
added. Also, a well-defined diffusion-limited reduction peak
for aldimine was observed before water reduction, which
clearly confirms that HMF reduction is favored over water
reduction on the Sn and Ag surface (FIGS. 1(D)-(E). In
terms of the onset potential for aldimine reduction, the Ag
electrode showed the best performance as its onset for HMF
reduction occurred at as early as -0.97 V vs. Ag/AgCl
(-0.12 V vs RHE).

Using the LSVs as a guide for potential regions of
interest, reductive amination under constant potential was
performed to investigate the effect of potential on amine
formation and FE. A divided cell where the cathodic com-
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partment and the anodic compartment were divided by a
glass frit was used. The cathode of interest and the Ag/AgCl
reference electrode were placed in the cathode compartment
while the Pt anode was placed in the anode compartment.
The cathodic compartment contained 14 ml. of the buffer
solution (pH 11.0) with 0.02 M HMF while the anodic
compartment contained the same solution without HMF.
Reduction was performed by passing 20 C (or the desired
coulombs) at various potentials. Results for HMF reductive
amination with Ag, Cu, Sn, and Zn can be seen in Table 1.
The FE and selectivity of each reaction were calculated
using equations (2) and (3), where n is 2 for all substrates
except DFF, where n=4.

The Pt electrode did not produce any HMF-related reduc-
tion products, suggesting that all the cathodic current gen-
erated was associated with water reduction. The Cu elec-
trode shows a FE of 84% for aldimine reduction at -1.2 V
vs. Ag/AgCl but as the potential becomes more negative, the
FE for aldimine reduction gradually decreases as water
reduction becomes more favorable.

The Zn, Sn, and Ag electrode showed high FE for
aldimine reduction in a very wide potential region (-1.3V to
-1.6 V vs. Ag/AgCl) because there is a wide window of
potential where HMF reduction can occur before water
reduction initiates. The most efficient condition for reductive
amination in terms of FE was achieved by Zn at -1.4 V vs
Ag/AgCl (-0.55 V vs RHE) with 95% FE. In fact, the FE of
Zn remained near 90% to E=-1.6 V vs Ag/AgCl1 (-0.75V vs
RHE), at which point H, evolution becomes prevalent
according to the LSVs (FIG. 1(E)). However, in terms of
overpotential required, Zn was not as good as Ag. Although
the maximum FE achieved by Ag was slightly less at 83%,
it was achieved at -1.2 V vs. Ag/AgCl where Zn generates
negligible current for aldimine reduction.

TABLE 1

Results obtained from electrochemical reductive amination of HMF
by Cu, Zn, Sn, Ag, and Aggd electrodes at various potentials.”

Average Rate of
Current HMMAMF
Elec. E (V) vs FE Selectivity Density formation
Mat. Ag/AgCl (%) (%) (mA/em?)  (umol/cm?min)
Cu -1.2 84 96 9.02 0.789
-1.3 71 65 14.1 1.04
-1.4 39 68 34.2 1.38
-1.5 26 69 46.0 1.22
Zn -1.3 82 85 9.83 0.831
-1.4 95 >99 21.6 2.14
-1.5 94 >99 28.6 2.77
-1.6 90 >99 35.9 3.34
Sn -1.3 70 72 7.08 0.515
-1.4 94 >99 21.4 2.08
-1.5 83 >99 27.9 2.41
-1.6 77 >99 37.0 2.96
Ag -1.1 79 >99 6.81 0.558
-1.2 83 >99 12.2 1.05
-1.3 68 >99 18.8 1.33
-1.4 51 >99 41.0 2.17
Ageq -1.0 85 >99 3.86 0.339
-1.1 >99 >99 18.5 1.91
-1.2 91 >99 26.7 2.53
-1.3 83 >99 33.0 2.83
-1.4 59 >99 48.8 2.96

“Reported values are averages obtained from three or more measurements. Reaction
conditions: 0.7M methylamine buffer (pH 11.0) containing 0.02M HMF for 20 C. passed.

The selectivity of the aldimine reduction was approxi-
mately 100% for most metals and potential conditions. Cu is
the notable exception, where both the FE and selectivity
decreased when moving to more negative potentials. The
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products formed were amine dimer and oligomers. For the
case of Sn and Zn, the formation of dimer and oligomer of
amine was observed only in the low potential region (-1.3
V vs Ag/AgCl). All other potentials yielded HMMAMF
exclusively as a conversion product of HMF.

The ideal catalytic electrode should achieve a high FE for
aldimine reduction, like Zn, but require a lower overpoten-
tial, like Ag. It was demonstrated that high surface area
dendritic Ag electrodes prepared by galvanic displacement
of Cu (referred to as Ag,,) (FIG. 2(A)) are particularly
catalytic for electrochemical reduction of HMF to 2,5-bis
(hydroxymethyl)furan (BHMF) in a pH 9.2 borate buffer
solution. (See J. J. Roylance, T. W. Kim and K.-S. Choi, ACS
Catal., 2016, 6, 1840-1847)

While Ag,, is highly catalytic for reduction of HMF of
BHME, since all HMF is present as aldimine in the amine
buffer solution (pH 11) used in this study, BHMF production
cannot compete with reductive amination, ensuring a high
FE for aldimine reduction.

The LSVs of the Ag,, electrode for water and aldimine
reduction is shown in FIG. 2(B) in comparison with those of
the plain Ag electrode. The current onset for water reduction
is =1.2 V vs Ag/AgCl (-0.35 V vs RHE) for both Ag and
Ag,,, though the current increases at a greater rate moving
to more negative potentials for Ag,, likely due to the
increased surface area. In the presence of HMF, while Ag
shows the shift of onset to the positive direction by 200 mV,
Ag,, shows the shift of onset by 300 mV, providing a wide
window of overpotential where only aldimine can be
reduced. The onset shift observed by Ag_, by adding HMF
is even greater than that of Zn, which suggests that Ag_, is
particularly catalytic for aldimine reduction.

The constant potential reduction results show that the FE
for reductive amination of HMF on Ag,, is >99% at -1.1 V
vs Ag/AgCl (-0.25 V vs RHE), which is remarkable. The FE
for reductive amination decreases for E<—1.2 V vs Ag/AgCl
as H, evolution initiates. As in the case of Ag, other than H,,
HMMAMF was the only reduction product produced by
Ag,_,, resulting in the selectivity of >99% for HMMAMF
formation.

The surface morphologies of all the electrodes before and
after reductive amination were imaged using SEM. No signs
of surface changes were observed for the Ag, Ag,,, and Sn
electrodes. For the Cu and Zn electrodes, minor surface
restructuring was observed, which should be due to the
interactions with aldimine and not due to dissolution as these
metals were cathodically protected during the reduction
process.

To further assess the viability of an electrochemical
reductive amination, the Ag,, electrode was used to inves-
tigate reductive amination of various HMF-based substrates,
which included 5-methylfurfural (5-MF), 2,5-diformylfuran
(DFF), and 5-formyl-2-furancarboxylic acid (FFCA) (FIG.
3, Schemes (a)-(c), respectively). The reductive amination
of 5-formyl-2-furancarboxylic acid results in an artificial
amino acid, which could have implications in food and drug
applications as well as polymer synthesis. The reductive
amination product of 2,5-diformylfuran (DFF) could also
have applications in polymer synthesis.

The results show that these substrates were efficiently
converted to corresponding amines with high FEs (>90%).
The efficiency for the reductive amination of 2,5-diformyl-
furan (DFF) appeared to be low with an observed FE of
51%. However, this is likely due to the low solubility of the
resulting amine, as the product solution became cloudy and
a small amount of precipitate could be seen after reductive
amination. Judging from the fact that there are no other
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10
soluble DFF related reduction products detected by NMR
analysis and that water reduction is not efficient at -1.2 V vs.
Ag/AgCl, the actual FE value for the reductive amination of
DFF should be much higher than the observed value.

Reductive amination of HMF using ethanolamine instead
of methylamine in 0.7 M ethanolamine solution containing
20 mM HMF (FIG. 3, Scheme (d)) was also tested. The use
of ethanolamine results in the addition of an alcohol group
as well as an amine group, further diversifying the chemistry
the product can undergo. The reductive amination of HMF
with ethanolamine was found to be achieved with an FE of
92%.

The successful demonstration of reductive amination
using various furfural substrates and primary amines sug-
gests that the electrochemical conditions and catalytic elec-
trodes reported in this study can be used as a general
approach for electrochemical reductive amination of bio-
mass intermediates. The Ag,, electrode was identified as an
ideal electrode, which achieved the highest FE and selec-
tivity with a minimum overpotential necessary. The use of
water as the hydrogen source at ambient temperatures with-
out requiring chemical reducing agents will decrease the
cost and environmental concerns associated with conven-
tional reductive amination.

EXPERIMENTAL

Materials.

Zinc foil (0.25 mm thick, 99.98%), Sn foil (0.025 mm
thick, 99.9%), and silver nitrate (99.9+%) were purchased
from Alfa Aesar. Copper foil (1 Mil, 0.001 in. thick, 99.9%)
was purchased from Nimrod Hall Copper Foil Company.
Sulfuric acid (95-98%), methylamine (40 wt %), etha-
nolamine (>99%), S5-hydroxymethylfurfural (299%),
S-methylfurfural (99%), dimethylsulfone, (98%), and
sodium acetate (299.0%) were purchased from Sigma
Aldrich. 2,5-diformylfuran (>98%) and 5-formyl-2-furan-
carboxylic acid (>98%) were purchased from TCI. All
chemicals were used without further purification.

Preparation of Electrodes.

Cu, Sn, and Zn electrodes used in this study were prepared
by cutting the foil to pieces with dimensions of 1.5 cmx2.5
cm. The Zn surface was mechanically polished with sand-
paper. The Cu and Sn surfaces were first rinsed with
2-propanol and water, then cleaned by immersing in 1 M
HCI for 1 minute to remove surface oxides. After rinsing
with DI water and drying, Cu tape was attached to the foil
electrodes to enable connection to the potentiostat lead. The
backside and top 0.5 cm of the foil electrodes were then
covered with Teflon tape to yield a 3.0 cm? working area.
The cleaning and preparation of electrodes were performed
immediately before use in experiments. Ag electrodes were
prepared by placing clean Cu foil, cleaned using aforemen-
tioned procedures, in a sputter coater (Anatech USA, DC/RF
Dual Source Sputtering System) where 100 nm of Ag was
sputter-coated onto the Cu substrate. The films were then
made into electrodes in the same manner as for the foil
electrodes. The Pt working (1.5 cmx2.0 cm) and counter
electrodes (2.5 cmx2.0 cm) were prepared by sputter coating
a 100 nm platinum layer over a 20 nm titanium layer onto
cleaned glass slides. Cu and Teflon tapes were then attached
to the top of the Pt in the same manner as for the other
electrodes. High surface area Ag electrodes (Ag,,) were
prepared by galvanic displacement by immersing clean Cu
foil electrodes (1.5 cmx2.0 cm working area), cleaned and
prepared just prior to deposition using the aforementioned
procedures, into a 50.0 mM solution of AgNO; for 30
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seconds. See J. J. Roylance, T. W. Kim and K.-S. Choi, ACS
Catal., 2016, 6, 1840-1847. Following deposition, the film
was rinsed gently with water and dried in an air stream.

Solution Preparation and Aldimine Formation.

The 0.7 M methylamine buffer solution was prepared by
diluting concentrated aqueous CH;NH, (pK,=10.6) with
ultrapure water and acidifying to pH 11.0 with concentrated
H,S0,. The necessary amount of HMF, 5-MF, DFF, or
FFCA was added to make a 0.02 M solution. The same
procedure was followed for reaction of HMF with etha-
nolamine (HOCH,CH,NH,), where the solution was pre-
pared with ethanolamine instead of methylamine. Although
the pK,, (9.5) of ethanolamine is lower than that of methyl-
amine, the pH of the ethanolamine solution was adjusted to
11 to be consistent with the pH of the methylamine solution
used in this study.

Reduction of HMF.

LSVs were performed in a 0.7 M methylamine buffer
solution (pH 11.0) with and without 0.02 M HMF in an
undivided three-electrode cell without stirring. The potential
was swept from the open circuit potential to the negative
direction using a scan rate of 5 mV/s. The constant potential
reduction of HMF was performed in a divided cell where the
cathodic compartment and the anodic compartment were
divided by a glass frit. The cathodic compartment contained
14 mL of the buffer solution (pH 11.0) with 0.02 M HMF
while the anodic compartment contained the same solution
without HMF. Reduction was performed by passing 20 C (or
the desired coulombs) at various potentials. The FE and
selectivity of each reaction were calculated using equations
(2) and (3), where F is the Faraday constant (96485 C/mol)
and n is the number of electrons required for the conversion
of the aldimine to an amine, which is 2 for all substrates
except DFF, where n=4.

Product Analysis.

Products were detected and quantified via 'H nuclear
magnetic resonance (NMR) spectroscopy using a Bruker
Avance 111 400 MHz NMR spectrometer. An internal stan-
dard of dimethyl sulfone or sodium acetate was used to
determine product concentrations. The HMF signal in the
product solution was also compared to that of the initial
solution to determine the amount of HMF consumed. The
identities of the products were further confirmed by '*C-
NMR, and 'H-*C HSQC. Since the water suppression
method used to analyze the sample also results in a sup-
pression of the signals near water (4.7 ppm), the product was
extracted with CDCI; and analyzed to confirm peak assign-
ments and product identification.

The word “illustrative” is used herein to mean serving as
an example, instance, or illustration. Any aspect or design
described herein as “illustrative” is not necessarily to be
construed as preferred or advantageous over other aspects or
designs. Further, for the purposes of this disclosure and
unless otherwise specified, “a” or “an” means “one or
more”.

The foregoing description of illustrative embodiments of
the invention has been presented for purposes of illustration
and of description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and modi-
fications and variations are possible in light of the above
teachings or may be acquired from practice of the invention.
The embodiments were chosen and described in order to
explain the principles of the invention and as practical
applications of the invention to enable one skilled in the art
to utilize the invention in various embodiments and with
various modifications as suited to the particular use contem-
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plated. It is intended that the scope of the invention be
defined by the claims appended hereto and their equivalents.

What is claimed is:
1. A method for the electrochemical reductive amination
of furfural-based molecules to aminated furfural-based mol-
ecules in an electrochemical cell comprising an aqueous
electrolyte solution, a cathode that is catalytically active for
the reductive amination of aldimine intermediate molecules,
and an anode in electrical communication with the cathode,
wherein the electrochemical cell is either an undivided cell
in which the anode and cathode are both in the aqueous
electrolyte solution or a divided cell in which the cathode is
in the aqueous electrolyte solution, the anode is in an anode
electrolyte solution and the aqueous electrolyte solution is
separated from the anode electrolyte solution by a divider,
the method comprising:
combining the furfural-based molecules with a primary
amine or ammonia in the aqueous electrolyte solution,

adjusting the pH of the aqueous electrolyte solution, such
that the amount of the unprotonated form of the pri-
mary amine or ammonia is greater than the amount of
furfural-based molecules and the furfural-based mol-
ecules react with the unprotonated form of the primary
amine or ammonia to form the aldimine intermediate
molecules; and

creating a potential difference between the anode and the

cathode to provide a flow of electrons from the anode
to the cathode, wherein the electrons at the cathode and
H+ from water in the aqueous electrolyte solution
undergo reductive amination reactions with the
aldimine intermediate molecules to form the aminated
furfural-based molecules.

2. The method of claim 1, wherein the aminated furfural-
based molecules are formed with a selectivity of at least 80%
and a Faradaic efficiency of at least 80%.

3. The method of claim 2, wherein the cathode is a zinc
cathode.

4. The method of claim 2, wherein the cathode is a tin
cathode or a copper cathode.

5. The method of claim 2, wherein the cathode is a silver
cathode, an indium cathode, a copper cathode, or a tin
cathode and the pH of the aqueous electrolyte solution is
selected to convert substantially all of the furfural-based
molecules in the aqueous electrolyte solution into the
aldimine intermediate molecules.

6. The method of claim 5, wherein the aqueous electrolyte
solution is maintained at a pH of at least 11.

7. The method of claim 1, wherein the aminated furfural-
based molecules are formed with a selectivity of at least 90%
and a Faradaic efficiency of at least 90%.

8. The method of claim 1, wherein the aminated furfural-
based molecules are formed with a selectivity of at least
99%.

9. The method of claim 1, wherein the pH of the aqueous
electrolyte solution is greater than the pKa of the protonated
form of the primary amine.

10. The method of claim 1, wherein the cathode is a silver
electrode.

11. The method of claim 10, wherein the silver has a
dendritic fractal morphology.

12. The method of claim 10, wherein the aminated fur-
fural-based molecules are formed with a selectivity of at
least 80% and a Faradaic efficiency of at least 99%.

13. The method of claim 1, wherein the cathode is an
indium cathode.
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14. The method of claim 1, wherein the aqueous electro-
lyte solution is substantially free of reducing agents and
hydrogen sources other than the water.

15. The method of claim 1, wherein the furfural-based
molecules are hydroxymethyl furfural molecules.

16. The method of claim 15, wherein the primary amine
is methylamine.

17. The method of claim 1, wherein the furfural-based
molecules are derivatives of 5-hydroxymethyl furfural.

18. The method of claim 17, wherein the primary amine
is methylamine.

19. The method of claim 17, wherein the derivatives of
5-hydroxymethyl furfural are selected from S-methylfur-
fural, 2,5-diformylfuran, S-formyl-2-furancarboxylic acid,
and combinations of two or more thereof.

20. The method of claim 1, wherein the electrochemical
cell further comprises a reference electrode.

21. The method of claim 1, wherein the aqueous electro-
Iyte solution further comprises an organic solvent that
increases the solubility of the furfural-based molecules, the
primary amine, or both relative to the solubility of the
furfural-based molecules, the primary amine, or both in the
absence of the organic solvent.

22. The method of claim 1, wherein the cathode is a tin
electrode.

23. The method of claim 1, wherein the aqueous electro-
lyte solution is maintained at a pH of at least 11.

24. The method of claim 1, wherein the cathode is a silver
cathode, an indium cathode, a copper cathode, or a tin
cathode.

15

25

30

14



