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ABSTRACT: Biomass derived species represent an emerging alternative to
petroleum as an industrial carbon feedstock. Effective utilization of biomass
requires reductive upgrading of the raw carbon-oxygenates to more valuable
compounds. Electroreductive coupling offers a promising strategy for this
upgrading by reducing the oxygenated functional groups and increasing
molecular weight through C—C bond formation. Despite this promise,
elctroreductive coupling suffers from a lack of fundamental understanding.
In particular, the cross-coupling of different species remains poorly |
understood. In this work, the electroreductive coupling of benzaldehyde | (
and furfural on Cu and Pb electrodes is investigated. Reactivity studies |
show both self-coupling and cross-coupling of the two aldehydes on these
two metal surfaces, but with different selectivities. Cu shows greater
selectivity for cross-coupling, whereas Pb favors furfural coupling.
Comparison with a stochastic model suggests that both metals deviate
from stochastic coupling control, with greater deviation on Pb, likely due to a larger difference in aldehyde binding energies. Cyclic
voltammetry (CV) and in situ spectroscopy further support stronger benzaldehyde adsorption compared to furfural on both metals,
with a larger difference in binding energy for Pb. Combined, the reactivity, CV, and spectroscopy experiments suggest that cross-
coupling of the two aldehydes follows a two reactant Sabatier rule, with optimum cross-coupling for electrodes and similar reactant
binding energies.

KEYWORDS: biomass upgrading, C—C coupling, organic electrochemistry

B INTRODUCTION vanillin derivatives to produce renewable thermosetting resins
and thermoplastics.” The promise for valuable precursors also
extends to cross-coupled aldehyde species. Recently, Wilson
and Chen have synthesized linear polyesters with pendant
furan groups using a cross-coupled HMF and furfural species.”
More generally, the incorporation of different functional
groups by cross-coupling presents the opportunity for more
valuable dimer products from biomass derived aldehyde
species.

Electroreductive coupling offers a promising means of
upgrading biomass derived carbonyl species. Driven by an
applied electrical potential, this technique reduces carbonyl
species while simultaneously increasing molar mass through

dihydroxymethyl furoin and bihydroxymethyl hydrofuroin, new C—C bond formation (dimerization). Generally, electro-
have been demonstrated for C,—C,, biofuel production reductive coupling is considered to proceed by a combination

. o . . 4-6 of ketyl radical intermediates, with further reduction to
using sequential ring opening and hydrogenation steps.

Benzaldehyde derivatives have also been suggested as a
potential fuel source following coupling and hydrogenation.’ Received:  July 16, 2020

In addition to fuels, coupled furfural and benzaldehyde Revised:  September 11, 2020
derivatives also show promise for the production of value- Published: September 11, 2020
added products. Mou, Feng, and Chen employed coupled

products of hydroxymethyl furfural (HMF) as monomers for

the production of polyurethanes.” Harvey et al. used coupled

Available from sustainable sources, biomass derived carbon-
oxygenates represent a promising alternative to petroleum as
an industrial carbon feedstock. Derived from lignocellulosic
materials," these species can be upgraded to form precursors
for fuel and chemical production. Typically, this upgrading
consists of a reduction to increase stability and energy content,
or new C—C bond formation to increase the molecular weight.
Often the two processes occur sequentially to form higher
value fuels and chemicals.”” This combined upgrading via
coupling and reduction shows particular promise for larger,
biomass derived aldehydes, such as benzaldehyde and furfural
derivatives. Coupled furfural derivatives, such as furoin,
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Scheme 1. Schematic Representation of the Electrochemical Reduction Pathways for the Mixed Benzaldehyde—Furfural

Reduction System
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Figure 1. (A) Cyclic voltammograms for furfural and benzaldehyde-furfural solutions on Cu foil. (B) Same as in (A) but with a narrower potential
range. (C) Cyclic voltammograms for furfural and benzaldehyde—furfural solutions on Pb foil. (D) Same as in (C) but with benzaldehyde added
first then furfural. All voltammograms were collected in pH 6.7 phosphate buffer solution after Ar purge. Benzaldehyde and furfural both had a

concentration of 20 mM.

alcohols as an alternate reduction pathway.'’”'* The two
reductions occur sequentially, with an initial electron transfer
to form ketyl radicals, followed by either radical coupling or a
second, one-electron reduction to an alcohol (Scheme 1).
Electrochemical parameters, such as pH,'>'* catalyst,'"'*~**
and potential,“’m’22 control the selectivity of the two
pathways. Cross-coupling of different aldehydes can also
occur electrochemically.”® Electroreductive coupling has
several advantages as an upgrading technique. The one-step
process selectively reduces the aldehyde group, eliminating the
ring hydrogenation issues often encountered for benzaldehyde

11644

and furfural derivatives." Additionally, electrochemical reduc-
tion occurs at room temperature, without the need for an
external hydrogen source or the additional reagents necessary
for thermochemical coupling.“_é’24 Despite these advantages,
electroreductive carbonyl coupling remains poorly understood.
The reaction has been extensively demonstrated for
benzaldehyde,l1’13”21’25 acetophenone,26_30 furfural,>* ¢ and
hydroxymethyl furfural’” but still lacks fundamental under-
standing into the effect of electrochemical parameters on
dimerization rates and selectivities. However, recent work," !
including our own,”” has begun to address this gap in
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understanding, with a focus on variation among catalysts.
Cross-coupling remains less understood than self-coupling. To
our knowledge, only one study covers the electroreductive
cross-coupling of aldehydes, involving benzaldehyde, 4-
fluorobenzaldehyde, and benzophenone on Pb.*”* The study
suggests stochastic control of dimer product selectivities, with a
strong dependence on the reactant concentration. However,
the lack of further studies makes it difficult to discern if these
insights apply generally. In particular, it remains unclear if
stochastic control applies to aldehydes with greater structural
dissimilarity than benzaldehyde and 4-fluorobenzaldehyde.
Additionally, the exclusive investigation of Pb as a cross-
coupling catalyst limits insights into catalyst effects, hindering
cross-coupling catalyst design.

In this work, we seek to further understand aldehyde cross-
coupling by investigating the reduction of benzaldehyde—
furfural mixtures on Cu and Pb surfaces. We perform cyclic
voltammetry (CV) on Cu and Pb, which show a larger impact
of benzaldehyde on the furfural reduction peak for Pb than for
Cu, suggesting greater competitive adsorption on Pb.
Subsequently, we employ reactivity tests to determine coupling
rates and selectivities. Both metals produce a cross-coupled
species (1-(2-furyl)-2-phenyl-1,2-ethanediol) in addition to
alcohol and homo-dimer products. Cu shows greater
dimerization selectivity for cross-coupling, whereas Pb favors
turfural coupling. To gain further insight into this selectivity
difference, we compare the relative dimerization rates with
expectations for the stochastic coupling of the ketyl radicals.
Both metals show deviation from stochastic expectations, likely
due to overbinding of benzaldehyde radicals, with greater
deviation on Pb suggesting a greater difference in radical
binding energy. Attenuated total reflection surface enhanced
infrared reflection absorption spectroscopy (ATR-SEIRAS)
experiment results support the larger binding energy difference
on Pb. The spectra show benzaldehyde displacement of
furfural on Pb but not Cu. Combined, the CV, reactivity, and
spectroscopic evidence suggest that the higher cross-coupling
selectivity of Cu results from a greater similarity in the ketyl
radical binding energies.

B RESULTS AND DISCUSSION

Cyclic Voltammetry. Cyclic voltammograms collected for
benzaldehyde and furfural suggest a larger difference in
aldehyde binding energy on Pb than on Cu. Upon furfural
introduction to the phosphate buffer electrolyte (pH = 6.7)
with a Cu electrode, a shallow peak appears in the cyclic
voltammogram at —0.45 V versus the reversible hydrogen
electrode (RHE, all potentials in this work are referenced to
the RHE), corresponding to furfural reduction (Figure 1A).
Further addition of benzaldehyde to the furfural solution
produces a similarly weak peak at —0.33 V for benzaldehyde
reduction (Figure 1A and B), in agreement with the reduction
peak observed at —0.36 V for benzaldehyde alone (Figure S2).
We note that both aldehydes show a single broad reduction
peak instead of two distinct peaks for the sequential, one
electron reductions observed in acidic electrolytes (Scheme
1)."#** This broad peak occurs for benzaldehyde reduction at
pH > 3'"** and has been suggested to result from a cathodic
shift in the first reduction reaction due to the lower stability of
the unprotonated radical. Both aldehydes also severely inhibit
hydrogen evolution reaction (HER) activity of Cu upon
introduction. A similar inhibition is observed for Pt group
metals™ (Figure S3A) and Au (Figure S3B), and suggests site

competition between aldehydes and proton (water) reduction
on the Cu surface. Pb shows different CV behavior than Cu.
Introduction of furfural to the same electrolyte containing a Pb
electrode results in a strong reduction peak at —0.63 V (Figure
1C). The sharper peak likely results from a lack of competing
HER activity, which does not appear until approximately —1.1
V. Interestingly, unlike Cu, introduction of benzaldehyde to
the furfural system on Pb results in a slight deepening of the
furfural reduction peak and a cathodic shift to —0.68 V (Figure
1C). This change does not correspond to a benzaldehyde
reduction peak, as a weaker reduction peak appears at —0.65 V
for benzaldehyde alone (Figure 1D). A similar mixed peak
appears at —0.7 V when furfural is added to benzaldehyde
(Figure 1D). The reduction peak intensity also changes for the
mixed system but, importantly, depends on the addition order.
The peak for the mixed aldehyde system (~—0.7 V) shows a
similar intensity as furfural alone (Figure 1C), but a large
increase over benzaldehyde alone (Figure 1D). The smaller
intensity change for benzaldehyde addition to furfural solution,
compared to the reverse sequence, suggests the ~—0.7 V peak
corresponds to furfural reduction shifted cathodically due to
the presence of benzaldehyde. This shift likely results from
competitive adsorption of benzaldehyde and furfural at the Pb
surface. Similar cathodic shifts have been observed in the
reduction peaks of organic halides upon halide anion (CI~, Br~,
and I7) introduction.”® The strong competitive adsorption on
Pb contrasts with a previous cross-coupling investigation in
which the addition of 4-fluourbenzaldehdye did not signifi-
cantly affect benzaldehyde reduction.” In that case, the strong
structural and electrochemical similarities between the two
species (< 0.01 V difference in half wave potential) may explain
the negligible effect of species interactions on the reduction. A
greater structural difference between furfural and benzaldehyde
likely explains the stronger effect of competitive adsorption in
the present case. These strong interaction effects on Pb caution
that the reduction of mixtures may not always behave as a
linear combination of the individual components.

Reactivity Tests. Reactivity tests suggest effective cross-
coupling of benzaldehyde and furfural on Cu. One-hour
reactivity tests were performed on Cu to evaluate the reduction
products of equimolar benzaldehyde and furfural in phosphate
buffer (pH 6.7). Five main products were identified by coupled
gas chromatography and mass spectrometry: benzyl alcohol,
furfuryl alcohol, hydrobenzoin, hydrofuroin, and the cross-
coupled diol (1-(2-furyl)-2-phenyl-1,2-ethanediol) (Figures
S4-S9, Scheme 1). All three dimers show stereo isomers,
with two peaks in the chromatograms (Figure S4). We note
that the cross-coupled product may have more than two
isomers, suggesting that the observed peaks may represent a
convolution of multiple species. Herein, we do not distinguish
between stereoisomers; all rates and selectivities reflect the
sum of isomers for a given dimer. Cu also shows strong
hydrogen production at low potentials due to the HER. In
addition to Cu, Au and Pt were also tested for benzaldehyde—
furfural coupling. Consistent with previous work,”” neither Pt
nor Au show any aldehyde coupling activity, producing only
alcohols and hydrogen (Figure S$10). The two aldehydes show
similar reduction rates on both Au and Pt, with Pt generally
showing higher activity and a higher onset potential. Au and Pt
also produce large amounts of hydrogen, which constitutes the
major product for both metals. Given the lack of coupling
products, no further analysis is undertaken for Au or Pt.

https://dx.doi.org/10.1021/acscatal.0c03110
ACS Catal. 2020, 10, 11643—11653


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03110/suppl_file/cs0c03110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03110/suppl_file/cs0c03110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03110/suppl_file/cs0c03110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03110/suppl_file/cs0c03110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03110/suppl_file/cs0c03110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03110/suppl_file/cs0c03110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03110/suppl_file/cs0c03110_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03110?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Reactivity tests suggest a preference for cross-coupling on
the Cu surface. The distribution of reduction products on Cu
shows a strong potential dependence (Figure 2). At less
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Figure 2. (A) Average reaction rates for the coupled products of
furfural and benzaldehyde on Cu foil. (B) Corresponding rates for the
alcohol products and hydrogen. (C) FEs for the coupled products.
(D) Total FE and efficiencies for hydrogen and the alcohol products.
The phosphate buffer consisted of 0.25 M NaH,PO, and 025 M
Na,HPO, (pH 6.7) and was Ar purged before testing.

negative potential (—0.3 V), benzaldehyde shows slightly
higher coupling activity than furfural, with self-dimerization
rates of 0.86 and 0.72 ymol h™"' cm™?, respectively. This higher
benzaldehyde coupling activity agrees with the higher (less
cathodic) onset potential observed for benzaldehyde reduction
compared to furfural in the cyclic voltammogram on Cu
(Figure 1A and B). We note, however, that the higher coupling
activity for benzaldehyde is relative to furfural, as the cross-
coupled species represents the predominant product at —0.3 V,

with a rate of 1.84 gmol h™ cm™. At —0.3 V, the reduction
also shows greater selectivity toward benzyl alcohol compared
to furfuryl alcohol, with a benzyl alcohol rate of 0.50 ymol h™
cm™ and no detectable furfuryl alcohol. Furfuryl alcohol
appears at —0.4 V, although benzyl alcohol still retains the
higher rate. Faradaic efficiencies (FEs) mirror the reactivity
trends at high potential, with cross-coupling showing the
highest FE (Figure 2C). Decreasing the potential results in a
transition from dimers to alcohols as the major reduction
products (Figure 2). Benzyl alcohol becomes the major self-
reduction product for benzaldehyde at —0.4 V with a rate of
8.32 umol h™' cm™ compared to 5.01 umol h™" ecm™ for
hydrobenzoin. Furfural reduction transitions slightly lower, at
—0.5 V, with rates of 25.8 and 322 pmol h™ cm™ for
hydrofuroin and furfuryl alcohol, respectively. The shift from
dimer to alcohol agrees with the two sequential reduction steps
suggested for benzaldehyde reduction (Scheme 1).1013:1439
Although coproduction of hydrobenzoin and benzyl alcohol at
—0.3 V suggests similar reduction potentials for the two steps,
as expected from the unresolved peak in the voltammograms
(Figure 1A, B and Figure S2). Stepping the potential down (<
—0.4 V) also results in a transition from benzaldehyde to
furfural as the predominant reduction reaction, with higher
rates and FEs for both the alcohol and dimer species (Figure
2). This transition agrees with the CV peak at —0.45 V for
furfural (Figure 1A and B) and suggests a more facile reduction
for furfural despite its more cathodic onset potential. The
higher furfural activity contrasts with recent results for
aldehyde reduction on Cu particles,'””" which suggest
benzaldehyde reduction rates approximately double those of
furfural. Although those studies used an 80 mM aldehyde
concentration, lower pH, and 47% isopropyl alcohol cosolvent,
and these factors could alter relative reduction rates compared
to the present study. Dimer production rates also increase with
decreasing potential, but at a slowing rate, with all three dimers
showing a maximum rate between —0.5 and — 0.6 V. This
maximum dimerization coincides with a strong rate increase
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Figure 3. (A) Average reaction rates for the coupled products of furfural and benzaldehyde on Pb foil. (B) Corresponding rates for hydrogen and
the alcohols. (C) FEs for the coupled products of benzaldehyde—furfural reduction on Pb. (D) Total FE and efficiencies for the alcohols and
hydrogen. The phosphate buffer consisted of 0.25 M NaH,PO, and 0.25 M Na,HPO, (pH 6.7) and was Ar purged before testing.
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for both alcohols, suggesting that the decline in dimerization
results from a lower surface radical concentration due to faster
reduction of radicals to alcohols. Alternatively, the lower
coupling and higher alcohol activity could result from the
reaction of radicals with adsorbed hydrogen species, as the
dimerization maximum also appears near the HER onset
(Figure 2). This mechanism, effectively a proton coupled
electron transfer followed by an inner sphere reaction with
adsorbed hydrogen, would also agree with the suppression of
turfuryl alcohol production by organothiols on Cu as reported
by Chadderdon et al.”’ The present data do not provide
sufficient evidence to differentiate these two mechanisms.
Despite the decline in dimerization, the cross-coupled species
remains the predominant dimer at low potentials, with rates
~1.5 times greater than that of hydrofuroin and between 1.5
and 3 times greater than that of hydrobenzoin (Figure S11A).
Interestingly, this strong cross-coupling occurs despite a large
difference in benzaldehyde and furfural self-coupling rates
(Figure 2A). The disparity suggests that the radicals may
combine nonstochastically. We discuss this nonstochastic
coupling further in the modeling section below. At potentials
below —0.7 V, alcohol activity begins to slow with a concurrent
increase in the HER activity (Figure 2B and 2D), suggesting
competition of the HER with benzaldehyde and furfural
reduction. This HER predominance at low potential agrees
with previous reactivity studies of furfural reduction.”"*’
Product FEs on Cu (Figure 2C and D) largely parallel the
trends in reduction rates (Figure 2A and B). Overall, Cu shows
a good total FE, near 80% (Figure 2D). The low FE at —0.3 V
results from a low amount of charge passed. Faradaic losses at
lower potentials (< —0.3 V) likely result from side reactions of
benzaldehyde and furfural to produce larger oligomer species.
Such electrochemically generated oligomers have previously
been observed for furfural on Cu,*' and we have previously
observed similar species for benzaldehyde reduction.”” These
oligomer losses suggest practical issues of surface fouling over
long time periods, which may be exasperated by running at
higher concentrations.””*® We note here the possible impact of
oligomerization on dimerization selectivity. Preferential elec-
trodimerization of one aldehyde or its products could alter
product distributions on Cu. However, benzaldehyde and
furfural generally show similar oligomerization selectivities,
with FE losses of ~20% for benzaldehyde reduction®” and 10—
30% for furfural reduction.”>*" The similar oligomer losses
suggest minimal impact of oligomerization on dimerization
selectivities or the k., (see below).

Reactivity tests suggest lower cross-coupling selectivity on
Pb than on Cu. Pb shows a lower onset potential than Cu, with
no detectable products until —0.5 V (Figure 3). To account for
this lower onset, the potential window is adjusted, with
reactions performed between —0.5 and — 1 V. No significant
hydrogen production occurs in this region, as expected from
the ~—1.1 V onset observed in the Pb voltammogram (Figure
1C and D). Similar to Cu, the product distribution on Pb
shows a strong potential dependence. At high potentials (>
—0.6 V), the reduction favors dimerization, with slightly higher
selectivity toward hydrobenzoin and the cross-coupled species
over hydrofuroin. This stronger benzaldehyde coupling
supports the higher reduction onset potential for benzaldehyde
in the mixed system as inferred from the CV data (Figure 1C
and D). Additionally, the dimer predominance agrees with the
sequential, one-electron reductions 3previously suggested for
benzaldehyde reduction on Pb."*'*** The presence of benzyl

alcohol at —0.5 V (0.13 umol h™' cm™) does suggest similar
reduction potentials for the two steps, similar to the reduction
on Cu, in agreement with the voltammograms (Figure 1C and
D) and previous reactivity studies.'¥”’ Stepping the potential
further down results in a transition from benzaldehyde to
furfural as the predominant self-coupling reaction and in the
predominant reduction path from dimerization to alcohol
production. The benzaldehyde to furfural transition occurs
sharply between —0.6 and — 0.7 V, in agreement with the
—0.63 and — 0.68 V reduction peaks observed for
benzaldehyde and furfural, respectively, in the Pb voltammo-
grams (Figure 1C and D). Unlike Cu, cross-coupling does not
remain dominant after this transition. Instead, hydrofuroin
becomes the predominant dimer product at potentials below
—0.6 V, with rates 1.3 to 2.7 times higher than the cross-
coupled species (Figure 3A and Figure S11B). Benzaldehyde
self-coupling again shows the lowest activity, with rates
between one half and one tenth those of hydrofuroin (Figure
S11B). The strong hydrofuroin activity suggests that the
weaker cross-coupling activity does not result from a low
furfural radical concentration. Instead, the lower cross-coupling
activity (compared to hydrofuroin) likely results from either a
low benzaldehyde radical concentration or a smaller rate
constant for cross-coupling. The product ratios alone do not
provide sufficient information to determine the more likely
explanation. However, the stronger benzaldehyde adsorption
inferred from the CV data (Figure 1C and D) and
spectroscopy (see below) suggests benzaldehyde radicals likely
adsorb more strongly than those of furfural, making a low
benzaldehyde radical concentration explanation less likely. All
three dimers show a maximum rate with potential, with
hydrofuroin peaking at a lower potential (—0.8 V) compared
to hydrobenzoin and the cross-coupled dimer (—0.6 and — 0.7
V, respectively). We note that these maxima represent a higher
coupling selectivity than Cu. All three dimers show similar
maximum FEs, between 29 and 35% (Figure 3C), approx-
imately 10 percentage points higher than the largest coupling
FE on Cu (Figure 2C). At —0.6 V, the dimer species combine
for 95% FE, highlighting the strong Pb dimerization selectivity
at intermediate potentials. Similar to Cu, the dimer maxima on
Pb coincide with increasing alcohol rates (Figure 3B),
suggesting that the subsequent decrease in dimerization results
from greater radical consumption by the alcohol pathway. The
alcohol rates continue increasing until —0.9 V at which point
they begin to plateau. This plateau likely results from mass
transport limitations, as no detectable hydrogen production
occurs (Figure 3B). Like the dimer products, the alcohols also
show a transition from benzaldehyde to furfural predominance
with potential, although the shift occurs at a more cathodic
potential (~—0.7 V), in agreement with the lower onset
potential expected for the second reduction step. Similar to Cu,
reduction FEs on Pb reflect the trends in the rate data (Figure
3C and 3D). Overall, Pb also shows better charge balance than
Cu, with total efficiencies near 100% for potentials below —0.5
V. The higher total FE suggests less electrochemical
oligomerization on Pb, although spectroscopic data suggest
the surface still fouls through chemical means (see below).
Similar to Cu, Pb shows low total efliciencies at high potentials
(=0.4 and — 0.5 V). These low efficiencies could result from
electrochemical oligomerization similar to Cu, although they
could also result from errors due to low rates or loss because of
the reduction of trace PbO, on the surface. Given the small
amount of charge passed at these potentials (< 2 C) and the

https://dx.doi.org/10.1021/acscatal.0c03110
ACS Catal. 2020, 10, 11643—11653


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03110/suppl_file/cs0c03110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03110/suppl_file/cs0c03110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03110/suppl_file/cs0c03110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03110/suppl_file/cs0c03110_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03110?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

confinement of low FE to high potentials, the latter two
explanations appear more likely.

Stochastic Modeling Analysis. Deviation from stochastic
control suggests that aldehyde binding energies control
coupling selectivities on Cu at low potentials. To gain further
insight into cross-coupling selectivity, ratios of the dimer
products are compared with those expected from a stochastic
model. The model assumes coupling upon the encounter of
two radicals, with a first order dependence for each radical
(second order overall) and different rate constants for the
three coupling reactions. We assume that rate constants may
result from either coupling energetics or surface diffusion
depending on the rate limiting step (Scheme 2, see the

Scheme 2. Schematic of the Electroreductive Coupling
System
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Supporting Information for more detailed discussion).
Unfortunately, the resulting predictions for dimer ratios
depend on the ratio of ketyl radical species coverages at the
Cu surface, which remains unknown. Guena and Pletcher*
circumvented this issue by assuming the radicals had the same
ratio as the reactants. In the present case, however, such an
assumption seems imprudent given the difference in
benzaldehyde and furfural adsorption strength suggested by
CV and the spectroscopic data (see below). Fortunately,
altering the parameter of interest can circumvent this issue. In
particular, we remove radical concentration dependence by
taking the ratio of the cross-coupling rate to the geometric
average of the self-coupling rates. The resulting parameter,
herein termed the k., represents a geometric average of the
relative cross-coupling activity compared to furfural and
benzaldehyde self-coupling, as in eq 1:

_ _ 2kecCriCpe 2kcc
~/THF"HB \/ kiieCrikpCoas \/ kiipkg (1)

where r¢c, ryp and ryp are the rates of formation of the cross-
coupled dimer, hydrofuroin, and hydrobenzoin, respectively,
and k¢, kyp, and kyg are the rate constants of formation of the
cross-coupled dimer, hydrofuroin, and hydrobenzoin, respec-
tively. Eq 1 applies generally for a second order coupling of
two radicals, with the rate constants determined either by the
energetics of the radical-radical coupling or by the relative
diffusion of the reactants (Scheme 2). Assuming a facile
coupling step with rates dependent solely on radical
concentrations, i.e., a purely stochastic coupling (kcc = kyp
= kug), gives a k, value of 2. A model based on a modified

r
cc
k

ratio

Smoluchowski approach*' ~* suggests that a k.4, of 2 also

applies for semistochastic control based on surface diffusion—
reaction under certain circumstances (see the Supporting
Information for further details). In particular, surface
diffusion—reaction approximates stochastic control if the
radicals have similar diffusivities and the time scale for
diffusion is greater than the radical decomposition time.
Rough estimates suggest that these criteria likely apply for the
ketyl radical species (see the Supporting Information for
further details). We note that the k,;, controls the selectivity
of cross-coupling to self-coupling for a given ratio of total
radical production rates (Figure 4A) so that a k4, of 2
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Figure 4. (A) Cross-coupling selectivity (vs hydrofuroin) as a
function of k., and radical formation ratio for the furfural—
benzaldehyde mixtures. The dashed lines are selectivities calculated
from the mass balance. (B) k., as a function of potential for the
reduction of furfural—benzaldehyde mixtures on Cu and Pb foil. The
k..o is defined as the ratio of the cross-coupled dimerization rate to
the geometric average of the individual coupling rates (eq 1). The
phosphate buffer consisted of 025 M NaH,PO, and 025 M
Na,HPO, (pH 6.7) and was Ar purged before testing.

guarantees stochastic product selectivities (see the Supporting
Information for more detail). Deviation of the k., from 2,
therefore, implies deviation from stochastic coupling. At —0.4
and — 0.5 V, Cu shows a ki, of approximately 2 (Figure 4),
suggesting stochastically controlled coupling. Reactivity data
collected at the most positive potential on Cu and Pb are not
included in Figure 4, as the low absolute production rates of
dimers result in large uncertainties for their ratios (rcc/ryp). At
lower potentials, the k.4, on Cu drops, with values of
approximately 1.4 and 1.6 at —0.6 and — 0.7 V, respectively
(Figure 4). This sharp transition likely results from a change in
the rate determining step with potential. For high potentials,
the radical formation (first electron transfer) step is likely rate
limiting, whereas the coupling step becomes rate limiting at
lower potentials. The lower k., at lower potential suggests a
relatively lower rate for cross-coupling compared to that which
the stochastically controlled coupling would entail. This
decrease in the relative cross-coupling rate could result from
a smaller cross-coupling rate constant compared to furfural
coupling, benzaldehyde coupling, or both. Given the larger rate
of cross-coupling compared to benzaldehyde coupling (Figure
2A), a smaller cross-coupling rate constant compared to
furfural appears more likely. From a physical perspective, this
result suggests that the furfural radicals show lower activity in
reacting with benzaldehyde radicals than with other furfural
radicals. As a necessary corollary, the less active benzaldehyde
ketyl radicals would also show lower self-coupling, as observed
in the reactivity data (Figure 2A). This difference in radical
activity likely results from a difference in radical binding
energy. Recent computations have suggested a higher (~0.3
eV) binding energy for benzaldehyde on Cu compared to
furfural.'' Assuming a similar difference holds for the radical
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species, the stronger binding energy for the benzaldehyde
species would explain the lower reduction activity despite the
higher onset potential for benzaldehyde (Figure 1A and B). In
short, the benzaldehyde species bind too strongly to Cu,
resulting in lower coupling activity.

Comparison with the stochastic model suggests the low
cross-coupling rate on Pb results from a lower cross-coupling
rate constant compared to hydrofuroin. Similar to Cu,
comparison of the Pb dimerization data with a stochastic
model allows insight into the relative dimerization rates. Unlike
Cu, Pb deviates strongly from stochastic control. Below —0.6
V, the k., is consistently less than 2 on Pb, with values
ranging between 1.25 and 0.9 (Figure 4). The deviation from 2
suggests a lower cross-coupling rate constant compared to
either benzaldehyde or furfural self-coupling. Similar to Cu, the
lower benzaldehyde coupling rate compared to cross-coupling
(Figure 3A and Figure S11B) suggests that the deviation of the
k.., from 2 likely results from a lower cross-coupling rate
constant compared to furfural coupling. The lower rate
constant has the same interpretation as for Cu, i.e., furfuryl
ketyl radicals show greater self-coupling activity compared to
coupling with benzaldehyde radicals. This interpretation agrees
with the stronger hydrofuroin activity on Pb (Figure 3A). Like
Cu, the difference in radical activity likely results from a
difference in radical binding energy. The lower k4, on Pb
suggests a greater difference in radical coupling activity and
binding energy compared to Cu. This greater binding
difference agrees with the greater effect of benzaldehyde on
the furfural CV for Pb compared to Cu (Figure 1).
Unfortunately, to the authors” knowledge, the binding energies
for benzaldehyde and furfural on Pb have not been determined
experimentally or computationally, preventing a quantitative
comparison. Qualitatively, however, the difference in aldehyde
binding energies on Pb appears large given the large difference
in coupling selectivities and the furfural peak shift in the cyclic
voltammogram. The lower coupling activity for benzaldehyde,
despite its stronger binding energy, suggests that benzaldehyde
overbinds on both Cu and Pb, with greater overbinding on Pb.
Furfural shows more optimal binding, resulting in higher
coupling activity. Combined, the two metals suggest that an
optimal cross-coupling catalyst requires similar binding
energies for the reacting aldehydes.

In Situ Spectroscopic Investigations. In situ spectros-
copy supports a difference in aldehyde binding energies on Cu.
ATR-SEIRAS is employed to probe the relative adsorption of
benzaldehyde and furfural on the Cu surface. To probe relative
adsorption strengths, furfural and benzaldehyde are introduced
to the Cu surface: first separately, then sequentially.
Introduction of furfural to the Cu surface results in new
peaks corresponding to furfural (Figure SA and Figure S13).
The peaks at 1567, 1464, and 1395 cm™" correspond to furan
ring modes, while the 1667 and 1369 cm™" peaks correspond
to the C=O stretching and C—H bending modes of the
carbonyl, respectively.***® The small peaks at 1667 and 1476
em™! correspond to contaminant trans-furfural.**~*® We note
that all identified furfural bands correspond to in-plane
vibrations. Generally, the furfural peaks appear close to those
of the bulk species (Figure SA, Figures S13 and S14),
suggesting relatively weak furfural adsorption on Cu. Despite
the weak adsorption, the furfural peak intensities do show a
relative change compared to the bulk species. In particular, the
carbonyl (1667 cm™") peak intensity decreases relative to the
other bands. This decrease occurs relatively slowly (~12 min)
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Figure 5. (A) ATR-SEIRAS spectra collected for furfural on a Cu
surface before (lower solid trace) and after (upper solid trace)
benzaldehyde introduction. (B) ATR-SEIRAS spectra for a furfural-
covered Pb surface before (lower solid trace) and after benzaldehyde
introduction (upper solid trace). Both aldehydes were added to
achieve a 20 mM concentration. All spectra were collected using 64
coadded scans, with 128 background scans. Backgrounds were
collected at —0.2 and — 0.3 V versus RHE for Cu and Pb,
respectively. Phosphate buffer consisted of 0.25 M NaH,PO, and 0.25
M Na,HPO, (pH 6.7) and was Ar purged before testing.

during furfural adsorption (Figure S13) and suggests a
concentration dependent reorientation of furfural upon
adsorption. Per ATR-SEIRAS surface selection rules,””*" the
intensity of vibration modes decreases as their dipole moment
becomes more parallel to the surface, with no infrared (IR)
absorption for vibrations completely parallel to the surface. For
furfural, the selection rules suggest that adsorption results in a
C=0 bond more parallel to the surface than the furan ring
vibrations. Furthermore, the decrease of the carbonyl peak
with time suggests that the C=0 bond becomes more parallel
as additional furfural adsorbs. Higher furfural coverage may
force furfural to adsorb more perpendicular to the surface to
enable closer packing, resulting in a concurrent change in the
orientation of the C=0 bond (Scheme 3). This interpretation

Scheme 3. Schematic Representation of the Proposed
Changes in Furfural Orientation on Cu with Increasing
Coverage and Benzaldehyde Adsorption

o

o0 LAl

Intermediate Coverage High Coverage Benzaldehyde Addition

agrees with a study in vacuum suggesting that benzaldehyde
undergoes a transition to vertical adsorption with increasing
coverage on Pd.*’ In addition to furfural, a broad peak also
appears at 1750 cm™', developing more slowly with time than
the other bands (Figure SA and Figure S13). Given the peak
width and stronger time dependence, the peak likely
corresponds to oligomer or decomposition products formed
by furfural on the Cu surface. Benzaldehyde introduction to
the Cu surface results in peaks consistent with those Ereviously
reported for adsorbed benzaldehyde (Figure S$15).* Peaks at
1598, 1584, 145S, and 1310 cm™' correspond to the ring
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modes of benzaldehyde.”® The peak at 1706 cm™ corresponds
to the carbonyl stretch of bulk benzaldehyde, with a shoulder
at 1695 cm™" corresponding to the carbonyl of the adsorbed
benzaldehyde species.””*"* Like furfural, all observed
benzaldehyde bands correspond to in-plane vibrations. Unlike
furfural, benzaldehyde does not show an appreciable change in
carbonyl peak intensity upon adsorption or with adsorption
time (Figure S1S), suggesting a similar orientation of the
carbonyl and ring modes. To probe relative binding strengths
and coadsorption effects, benzaldehyde is introduced to a
furfural covered Cu surface (Figure SA). As expected,
benzaldehyde peaks appear at 1700, 1598, 1584, 1455, and
1310 cm™, similar to benzaldehyde on Cu (Figure S15). We
note that the peak frequencies typically vary by + 2 cm™
between tests. In addition to benzaldehyde peak emergence,
furfural carbonyl peak intensity decreases with benzaldehyde
introduction. Similar to furfural adsorption (Figure S13), this
decrease in carbonyl intensity does not coincide with a
decrease in any other furfural band, suggesting reorientation,
not displacement, of furfural. The C—H aldehyde bending
peak (1369 cm™') actually increases upon benzaldehyde
adsorption. Combined, these changes suggest that benzalde-
hyde adsorption likely causes a similar reorientation as that
observed during the adsorption of furfural on Cu, forcing the
turfural into a vertical adsorption with the C=0 nearly parallel
to the surface (Scheme 3). The reorientation, rather than
displacement, of furfural by benzaldehyde suggests only
marginally stronger binding for benzaldehyde. This slightly
stronger benzaldehyde binding agrees with the calculated
binding energies,11 as well as the negligible effect of
benzaldehyde on the furfural voltammogram (Figure 1A).
Additionally, the furfural reorientation supports the assignment
of the aldehyde peaks to adsorbed species, as bulk spectra
would add linearly and not result in a peak decrease.
Benzaldehyde introduction results in more effective displace-
ment of furfural on Pb, suggesting a greater difference in
aldehyde binding energies compared to Cu. The introduction
of furfural to the Pb surface results in similar peaks as on Cu,
with major peaks at 1668, 1564, 1476, 1464, 1395, and 1369
cm™' (Figure SB and Figure S16). The carbonyl peak position
shows greater variation (+ S cm™') than the other furfural
peaks due to interference from the adjacent water band (Figure
SB and Figure S16). Similar to Cu, the carbonyl peak for
furfural decreases over time during adsorption (Figure S16)
while the other peaks remain nearly constant, suggesting
reorientation of furfural with increasing coverage. Pb also
shows an oligomer/decomposition peak at 1750 cm™'. The
peak appears larger (relative to the furfural bands) than that on
Cu, suggesting greater furfural oligomerization and/or
decomposition on Pb. Benzaldehyde on Pb also shows similar
peaks as Cu, with bands at 1694, 1596, 1582, 1453, and 1310
cm™" (Figure S17). We note that the contribution of the bulk
benzaldehyde band (1700—1706 cm™) varies between tests
(Figure SB and Figure S17) due to film damage during the
plating process. Similar to Cu, the benzaldehyde carbonyl peak
does not decrease during adsorption on Pb, suggesting minimal
reorientation. The benzaldehyde spectra on Pb also show a
broad peak at 1389 cm™' (Figure S17). This peak likely
corresponds to an adsorbed benzoate species, given its similar
position and width to benzoate observed on Au”” and likely
results from the reaction of benzaldehyde with trace PbO, on
the surface. We note here the possible impact of the Au
underlayer on the Pb spectra. Previous work has shown

benzaldehyde adsorption on Au,”* with similar peak locations
as observed on Pb and Cu. However, two considerations
suggest a negligible effect of the Au underlayer in the present
case. First, the current decay observed during plating (Figure
S1) suggests nearly complete Pb coverage, with minimal Au
exposure. Second, the spectroscopic observation of dimer
species for the Pb film (see below) supports a predominantly
Pb surface, as these species do not appear on Au spectroscopi-
cally’” or in reactivity tests (Figures SI0A and S10C).
Combined, these considerations suggest that the Pb films
represent a Pb surface, with minimal interference from the Au
underlayer. The main difference between Pb and Cu appears
upon sequential aldehyde addition. Introducing benzaldehyde
to the furfural covered Pb surface results in a decrease in the
furfural carbonyl band (Figure SB). Unlike Cu, however, the
other furfural bands also decrease, although not as drastically as
the carbonyl peak. The more general decrease in furfural
intensity suggests greater displacement of furfural by
benzaldehyde on Pb, likely due to a larger difference in
aldehyde binding energies for the Pb surface. This greater
binding difference agrees with the stronger effect of
benzaldehyde on the furfural CV for Pb (Figure 1C and D)
and the lower k., (Figure 4). The stronger benzaldehyde
binding also likely applies to its ketyl radical intermediate,
supporting different radical binding energies as an explanation
for the different coupling selectivities on Cu and Pb. On both
surfaces, stronger benzaldehyde binding makes a lower
benzaldehyde radical concentration unlikely and suggests that
the difference in dimerization rates results from different
radical binding energies. Furthermore, the increase in the
aldehyde binding energy difference from Cu to Pb corresponds
to a decrease in cross-coupling selectivity. This inverse
correlation of binding energy difference and cross-coupling
selectivity suggests that overbinding of benzaldehyde (relative
to furfural) limits cross-coupling, as well as benzaldehyde self-
coupling, on both surfaces, with Pb showing greater over-
binding of benzaldehyde than Cu. In short, the combined
reactivity and spectroscopic data suggest cross-coupling follows
a two reactant Sabatier rule, with the difference in aldehyde
binding energy controlling the relative rates of cross-coupling
and self-coupling.

Benzaldehyde shows a greater impact on furfural reduction
for Pb than Cu, supporting stronger relative benzaldehyde
binding on the Pb surface. The potential of the Cu surface is
stepped down to observe surface adsorbates under reduction
conditions. Upon stepping the potential down, additional
peaks appear at 1505, 1496, and 1455 cm™' for the
benzaldehyde—furfural mixture (Figure 6A and Figure S18).
We note that the 1455 cm™' peak overlaps with the
benzaldehyde peak at the same wavenumber. However, as no
other benzaldehyde peaks increase with the potential, the 1455
cm™! peak largely results from a new species. The peaks at
1496 and 1455 cm™ correspond to both hydrobenzoin and
benzyl alcohol, as these bands overlap for the two species.”
Both peaks have been previously observed for benzaldehyde
reduction on Cu’” and appear for the reduction of
benzaldehyde alone (Figure S19). The peak at 1505 cm™
corresponds to a furfural reduction product, as it also appears
for furfural reduction on Cu (Figure S20). Given the peak size,
and the lack of a peak near 1380 cm™" expected for furfuryl
alcohol,”® the 1505 cm™ peak likely corresponds to hydro-
furoin. This assignment agrees with the spectrum collected for
synthesized hydrofuroin in acetonitrile (Figure S21). We note
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Figure 6. (A) Spectra collected for equimolar benzaldehyde and
furfural under reduction conditions on Cu. (B) Same, but for a Pb
surface. All spectra were collected using 64 coadded scans, with 128
background scans. Backgrounds were collected at —0.2 and — 0.3 V
versus RHE for Cu and Pb, respectively. The phosphate buffer
consisted of 0.25 M NaH,PO, and 0.25 M Na,HPO, (pH 6.7). The
buffer was Ar purged before testing.

that no distinct peak appears for the cross-coupled species
despite its predominance in the reactivity tests (Figure 2A and
C). The lack of this peak could result from two possibilities.
First, the cross-coupled species may have a distinct peak
between the two individual product peaks which remain
unresolved. This explanation appears unlikely given its
predominance in the product distribution. Alternatively, the
two moieties of the cross-coupled species may have relatively
independent vibrational modes, resulting in two peaks for the
cross-coupled species at nearly identical frequencies as
hydrobenzoin and hydrofuroin. This explanation appears
more likely given the negligible effect of the additional phenyl
ring on the hydrobenzoin peak position compared to benzyl
alcohol.™ The spectra collected during the coelectrolysis of
benzaldehyde and furfural also lack any distinguishable feature
for benzaldehyde or furfural ketyl radical species (Figure 6A).
The lack of radical peaks could result from the higher rate of
radical consumption in the present case, with total
dimerization rates 3.5 times larger than those of the previous
work under acidic conditions (pH 4.6).”> Alternatively, the
smaller difference in aldehyde and radical reduction potentials
at higher pH'*** may play a role by limiting the potential
window in which radicals predominate. In addition to growth
in product peaks, the reactant peaks decrease at lower
potentials. This decrease suggests some mass transport
limitations for the spectroscopic cell, as it coincides with the
reduction onset (—0.3 to —0.4 V, Figures 2 and 6A).
Importantly, neither the reactant nor product peaks show
any shift in position with potential, i.e., a Stark tuning effect
(Figure 6A, Figure S18-5S20). The lack of Stark tuning suggests
these species adsorb outside the inner Helmholtz layer which
contains the strong electric field required for Stark tuning.>*
This layer has been estimated as 2 to 4 A thick, based on CO
Stark tuning rates’>>* and X-ray scattering of cations.””*” The
relatively distant adsorption of the benzaldehyde and furfural
species suggest relatively weak interaction with the Cu surface.
Although the different Cu and Pb reduction rates and
selectivities suggest an appreciable effect of surface interaction
on the reduction. Stepping the potential down on Pb gives
spectra similar to Cu, but with different onset potentials
(Figure 6B, Figures S22 and S23). On Pb, benzaldehyde
introduction suppresses furfural reduction at high potentials
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and shifts the appearance of furfural products ~200 mV
cathodically (Figure 6B and Figure $22). Although weak dimer
peaks still appear at higher potentials (Figure 6B). This
cathodic shift agrees with the effect of benzaldehyde on the
farfural CV (Figure 1C and 1D) and suggests stronger
competitive adsorption for benzaldehyde species on Pb. The
stronger competitive adsorption supports greater benzaldehyde
overbinding on Pb as the cause of lower cross-coupling
selectivity, as inferred from the stochastic modeling and
benzaldehyde displacement data. Importantly, this stronger
adsorption remains nonspecific. No detectable Stark tuning
occurs on Pb (Figure 6B, Figures S22 and S23), suggesting
that the variation in dimerization selectivities between Pb and
Cu does not result from greater specific adsorption on Pb.

B CONCLUSIONS

Effective cross-coupling of benzaldehyde and furfural has been
demonstrated on Cu and Pb foil. Of the two, Cu shows a
higher selectivity toward the cross-coupled species, while Pb
favors furfural dimerization. For both metals, dimerization
occurs at high potentials, with a transition to alcohol
production at lower potentials. Cyclic voltammograms show
a larger impact of benzaldehyde on furfural reduction for the
Pb surface, suggesting a larger difference in aldehyde binding
energy on Pb. Analysis of relative dimerization rates suggests
that the difference in radical binding energies may explain the
difference in dimerization selectivities. In particular, the k.,
(cross-coupling rate over geometric average of the self-
coupling rates) has been demonstrated as a useful parameter
to characterize relative dimerization rates independent of
intermediate concentrations. In situ ATR-SEIRAS spectra
show greater furfural displacement by benzaldehyde on Pb,
supporting a greater aldehyde binding energy difference for the
Pb surface. Both surfaces show IR peaks for hydrofuroin,
hydrobenzoin, and benzyl alcohol under reduction conditions.
Combined, the voltammetry, reactivity, and spectroscopic data
suggest that benzaldehyde—furfural cross-coupling follows a
two-reactant Sabatier rule, with the difference in ketyl radical
binding energy controlling the cross-coupling selectivity of a
catalyst. This rule likely applies to other cross-coupling systems
and the difference in radical binding energy may provide a
design criterion for further development of cross-coupling
catalysts.
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