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The direct electrochemical hydrogenation of unsaturated organic compounds containing C=N and C=0 bonds using glassy

carbon electrodes and a widely available Brgnsted acid is demonstrated for a selection of a-ketoesters and benzoxazinones.

In this simple set-up, the reduced products are formed with excellent selectivity, without the use of a redox mediator, and

are easily recovered in good yields by extraction. The carbon-based electrode is essential to observation of hydrogenated

product; no turnover is observed using platinum mesh.

Introduction

Electrochemical synthesis is a promising approach to the
preparation of organic fuels, synthons and complex
molecules,-2 that can exploit renewables-sourced electricity on
the laboratory3 or Direct, uncatalyzed
electrochemical hydrogenation> is further interesting from a

industrial* scale.
sustainability perspective® as petroleum-derived H, can be
replaced with renewable Brgnsted acids’ and the reaction
avoids the use of added redox mediators. Ideally, in such
processes, abundant electrode materials would be employed;
however, examples using nickel® and iron electrodes®10 can
suffer from low efficiencies. As a result, precious metals (e.g.,

Pd, Pt) have been more often utilized to improve
performance.1!
Planar glassy carbon (GCE) and mesh-like reticulated

vitreous carbon (RVC) electrodes (which provide higher surface
area but are otherwise chemically identical to GCEs) are
appealing cost-effective alternatives made from abundant
materials12 and their inertness may be advantageous in
achieving product selectivity and limiting overreactions.?
Despite these potential advantages, carbon electrodes have
commonly employed as supports for
electrochemically active films1314 or catalysts.!®> Their
application in direct, electrochemical modifications of organic

been most

materials has been comparatively limited.16-21 Here, we report
that unsaturated a-ketoester and benzoxazinone substrates
can be selectively hydrogenated at carbon electrodes using
sustainable Brgnsted acids such as acetic acid (Figure 1).
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Figure 1. Carbon electrode-mediated hydrogenation of unsaturated substrates.

Results and discussion

The complete hydrogenation of pyridinium to piperidine via
controlled-potential electrolysis using Pt electrodes under
suitably acidic conditions has been reported,?2 with surface
proton transfer implicated in the reactivity.2? These
observations corroborate computational studies that suggest
coupled 2e/2H* reductions of N-heterocycles are
thermodynamically accessible in the range of the reported
applied potentials.2425 Similarly, the selective hydrogenation of
benzannulated pyridines such as phenanthridine to form 1,2-
dihydrophenanthridine has also been observed when the
equivalents of acid present are appropriately controlled.2¢ To
probe the generality of this process, we sought to investigate
the electrochemical hydrogenation of two substrate classes, .-
ketoesters and benzoxazinones (Figure 2), that have been
previously explored in the context of biomimetic
dihydrophenanthridine-mediated transfer hydrogenation.27.28

First, cyclic voltammograms (CVs) of a-ketoester (1a-k) and
benzoxazinone (2a-g) substrates were recorded using freshly
polished glassy carbon disc electrodes (surface area = 7.068
mm2) under neutral and acidic conditions. Representative CVs
of ethyl 2-oxo-2-(4-chlorophenyl)acetate (1a) and 3-(4-
chlorophenyl)-2H-1,4-benzoxazin-2-one (2a) are shown in
Figure 3. In acetonitrile, the first accessible reductions observed



for 1a-k are generally quasi-reversible (e.g., 1a: E12 =-1.66 V vs.
FcHOY*, j,/i. = 0.50; FcH = ferrocene). In comparison, reduction of
the cyclic benzoxazinones 2a-g are largely more fully reversible
(e.g.,2d: E1/2=-1.59 V vs. FcHY*, j,/i. = 0.98), with the exception
of 2g (E12=-1.46 V vs. FcHY*, i,/i. = 0.48). Ketoester 1a shows
two additional quasi-reversible events (E1/2 = -2.58 and -2.77 V
vs. FcHY*) within the solvent window, while a second event of
diminished current response is seen for 2a (Ei;; = -2.15 V vs.
FcHOY/*), CVs for all compounds are shown in the Supporting
Information (Figures S1-S18) and summarized in Table S1.
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Figure 2. Substrate scope.

In the presence of added aqueous acetic acid (AA), the
primary cathodic events for all substrates shift to more positive
potentials. In general, the voltammograms of 2a-g were more
responsive to a decrease in pH (AE=0.16-0.42 V) compared with
1a-k (AE = 0.01-0.24 V), consistent with the higher basicity of
the benzoxazinone nitrogens reflecting a larger equilibrium
concentration of protonated substrate. In both cases, the
reductive events are fully irreversible in the presence of
exogenous acid. The electrochemistry of ketones is similarly
responsive to the presence of protic solvents, an observation
that has been attributed both to hydrogen bonding and the
onset of coupled proton-electron transfer.13 Here, the different
shifts in the reduction peaks of the substrates in the presence
of added AA and the onset of irreversibility likewise implies
reduction of protonated substrate and subsequent coupled
proton-electron transfer reactivity. Alternatively, a ‘weak-acid’
mechanism2® mediated by the substrate may be operative as
shown for Pt electrodes, forming surface-adsorbed hydrogens
(Hags), though this should be more challenging for glassy carbon;
the position of the new redox events are nevertheless overall
inconsistent with the electrochemical reduction of acetic acid
alone.30 Given the possibility of coupled proton-electron
transfer and/or formation of H.gs, We hypothesized that over
longer timescales, substrate hydrogenation might be accessible
and outcompete dimerization pathways, as observed with the
selective electrochemical hydrogenation of phenanthridine.2®
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Figure 3. Cyclic voltammograms of 10 mM 1a and 2a in CH3CN with 0.1 M
nBusNPF¢ (solid traces) and in the presence of 30 mM CH3COOH (dashed lines).
Conditions: Glassy carbon disk working electrode, Ag/AgCl reference electrode, Pt
wire counter electrode, scan rate = 100 mVs-1.

Controlled potential electrolyses (CPE; see Figure S19)3! of
substrates 1a-j and 2a-g (1 mM) were therefore carried out in
the presence of three equivalents of AA as a proton source (3
mM), at a set applied potential of -0.9 V vs. Ag/AgCl (-1.15 V vs.
FcHO*), A mixed solvent medium (10% v/v H,O/CHsCN) was
used based on previous findings of the importance of water in
facilitating electrochemical hydrogenation of benzannulated
pyridines.2¢ Indeed, lower conversion was observed for the
hydrogenation of 1d in neat acetonitrile, with a lower average
current consumption in the purely organic medium likely also
reflecting the change in reaction medium conductivity (Table
S2). Once the rate of charge passed had slowed, the experiment
was ended. Following simple solvent extraction to separate the
organic material from the electrolyte, 'H NMR spectroscopy
revealed the corresponding hydrogenated species [i.e., 1(a-j)-
H, and 2(a-g)-H.] were generated quite selectively (>90%
conversion), with no evidence of dimers, hydrodimers or other
side products. Figure 4 shows H NMR of thus-isolated 1b-H,
stacked with that of the oxidized starting material 1b. In the
former spectrum, only two compounds are visible: the major
product, hydrogenated 1b-H, (97%), and a small amount of
unreacted starting material 1b (3%). The product can clearly be
identified by the appearance of two additional signals
integrating to 1H each, including a sharp singlet (CH)
corresponding to the hydrogenated product (6 = 5.5 ppm).
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Figure 4. 'H NMR spectra (300 MHz, CDCl3, 22 °C) of 1b and electrochemically
hydrogenated 1b-H, isolated from electrolysis cell without further purification.
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To confirm the chemoselectivity of hydrogenation assigned by
multi-nuclear NMR spectroscopy, both 2g and its reduced
product (2g-H,) were characterized in the solid-state using X-ray
diffraction (Figure 5). Compared with 2g, the N1-C7 bond length
is longer in 2g-H, (1.457 A; cf. 2g 1.296 A). Additionally, the
N1/C7/C8 bond angle has decreased from 122.00° to 109.02°,
as expected from formation of a tetrahedral sp3 carbon. 2g-H,
crystallized in a non-centrosymmetric space group Cc with a
Flack parameter of O, indicating an enantiopure crystal. Analysis
of the bulk mixture via chiral column supercritical fluid ultra-
high-performance liquid chromatography (SFC-UHPLC),
however, indicated the overall product was a racemate.

Figure 5. Solid-state structures of (a) 2g and (b) 2g-H, with selected atom labels
omitted for clarity. Thermal ellipsoids are shown at 50% probability. Selected bond
distances (A) and angles (°) for 2g: N(1)-C(7) 1.296(2), N(1)-C(4) 1.390(2), C(7)-C(8)
1.497(2), C(7)-C(9) 1.490(2); C(4)-N(1)-C(7) 119.19(14), N(1)-C(7)-C(8) 122.00(15),
N(1)-C(7)-C(9) 117.80(15), C(9)-C(7)-C(8) 120.20(14). 2g-H,: N(1)-C(7) 1.457(4),
N(1)-C(4) 1.398(4), C(7)-C(8) 1.515(4), C(7)-C(9) 1.511(4); C(4)-N(1)-C(7) 114.5(2),
N(1)-C(7)-C(8) 109.0(2), N(1)-C(7)-C(9) 111.6(2), C(9)-C(7)-C(8) 111.2(2).

Electrolyses at higher concentrations (3-6 mM) enabled
isolation and complete characterization of the hydrogenated
products (Table 1). The CPE plots were found to level off after
ca. 2 electrons per equivalent of substrate (see Supporting
Information). Given the excess acid utilized to perform these
hydrogenations, the excess charge passed is attributed to the
reduction of AA in solution to hydrogen (H,) under the
potentials applied, as well as Ohmic losses in the system.
Indeed, measuring the solution pH before and after electrolysis
of 1b, a drop in proton concentration corresponding to the
excess charged passed was observed (see Sl). Extraction of the
products from the electrolysis solution confirmed the majority
species generated in each case is hydrogenated substrate (see
Sl for comprehensive NMR analysis). No dimers or side products
were observed, with only residual starting material observed
beyond hydrogenated product. Under the conditions
employed, dimer formation appears not to be favourable
compared with 2H*/2e" reduction of the substrates. As higher
concentrations might be expected to favour bimolecular
dimerization,32 the absence of such pathways is consistent with
a ‘weak-acid’ reduction?®:33 of the electrode followed by hydride
attack on the substrates, rather than direct, 1e-reduction of the
substrate. No conversion to product was observed when Pt
mesh was employed in place of the RVC working electrode,
highlighting the importance of electrode material choice here.34

Compounds 1a-h present a combination of electronic and
steric variances at the 4-position of the phenyl substituent, para
to the ketoester moiety. Altering the electronic nature of the
phenyl ring through the introduction of electron-
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donating/withdrawing groups resulted in a predictable shift in
Eip [e.g., 1c -1.84 (R = OMe) vs. 1g -1.60 (R = CF3) V vs. FcHY+].

Table 1. Electrochemical hydrogenation of 1a-j and 2a-gl?

%

) % Mass Faradaic
Substrate Conversion Recoveryldl  Efficiency / %
to 1/2-H,"®!

1a 93 74 26
1b 92 96 25
1c 96 75 30
id 9Qle! 68l 30l
id 641 721 26l
le 93 78 21
1f 97 67 12
1g 91 67 17
1h 94 71 14
1i 86 53 15
1j 99 99 49
1k n.d. - -

2a 99 91 40
2b 97 98 39
2c 99 97 38
2d 98lel 99lel 40l
2e 98 95 36
2f 96 89 36
2g 87 99 32

[a] Conditions: E,p, = -0.90 V vs. Ag/AgCl (-1.15 V vs. FcHY*), 10% v/v H,0/CH;CN,
0.1 M LiClO,, reticulated vitreous carbon (RVC) working electrode (~ 700 cm?),
graphite rod counter electrode in a fritted tube, Ag/AgCl quasi-reference
electrode, constant sparge with Ar (1 atm). [b] Determined through comparison
of 'H NMR signal integrals of hydrogenated product and unreacted starting
material. [c] Represents % mass of substrate recovered following simple solvent
extraction to remove electrolyte at the level of purity indicated by the %
conversion. The remnant material in each case was unreacted starting material.
[d] Determined from control potential electrolysis plots (Figures S1-S17). [e] No
product was detected when Pt mesh was used as the working electrode. [f]
Solvent was pure acetonitrile.

This impact, however, was not mirrored in conversion rates
for the bulk hydrogenations. These were generally high,
exceeding 90%, with the exception of 1i (86%) which also
showed the smallest mass recovery by extraction. Substrate 1j
showed the highest (~¥50%) Faradaic efficiency (%FE).
Interestingly, of the ketoesters, this substrate showed one of
the most reversible redox couples in the absence of added acid.
Runs using substrate 1f were among the lowest in %FE,
suggesting that the substituent at this position may not play a
role in facilitating favourable interactions between the
substrate and the electrode surface. We note that CPE
experiments were not optimized for charge passed but stopped
once current consumption was observed to have levelled off
(see Figures S20-S36). When monitoring conversion vs. time in
the electrolysis of 1a, an increase in conversion over time was
observed (NMR analysis of reaction aliquots) and a
corresponding drop in %FE [% conversion, %FE (time) = 80, 42
(30005s);91,30(6000s); 93,26 (12000 s); Fig. S37]. Thus, while
near quantitative conversion of substrate to product can be
obtained, a background reduction of protons contributes to
current consumption over time, decreasing the %FE of the
overall process.
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While the steric bulk present on the phenyl ring had little
effect on the hydrogenation process, the steric bulk of the ester
correlated with bigger changes in conversion, mass recovery,
and %FE. When the steric hindrance of the ester is reduced from
an ethyl (1d) to a methyl (1i), the mass recovery was lower (53%
vs. 68%) and %FE dropped from 30% to 15%. Accordingly, when
the steric environment of the ester was increased from ethyl
(1d) to 1,2-dimethylcyclohexyl (1j), an increase in mass recovery
was observed, improving to 99% with a corresponding increase
in FE to 49% from 30%. The reduced compound 1j-H; is an
analog of the vasodilator cyclandelate.3> Given the likely role of
surface interactions between electrode and substrate, it might
be expected that a sterically encumbered substrate would
facilitate increased recovery. In comparison, mass recoveries
for benzoxazinones 2a-g were nearly uniformly high (>89%). We
attribute this to potentially less favourable interactions
between the hydrogenated benzoxazinones and the electrode,
promoting product recovery by easier dissociation. No
hydrogenated product could be detected using the alkyl-
substituted substrate 1k. Attempts to replace the LiClO4
electrolyte with LiCl was hampered by partitioning of the
water/CHsCN solvent medium, while use of the more benign
electrolyte nBusNPFs prevented product isolation by simple
extraction due to similar solubilities of electrolyte and product.
Lowering the concentration of LiClO,4 led to lower conversion.

From these results, a mechanism for the electrochemical
hydrogenation of 1a-j and 2a-g can be proposed. As for the
electrochemical hydrogenation of aromatic N-heterocycles
such as pyridine2223 or phenanthridine,26 hydrogenation of 1a-j
and 2a-g likely occurs through a surface-coupled mechanism
involving reduction of protonated substrate at the electrode
surface. At this point, three pathways are then feasible: (i) Hags
may be formed along with surface-adsorbed substrate, which is
then subsequently be reduced by H,4s via proton-coupled
electron transfer (PCET), as proposed for pyridine;37 (ii) a
surface-adsorbed radical anion of protonated substrate may be
further reduced to surface-adsorbed hydrogenated product,
which subsequently dissociates;3¢ or (iii) solution-based
protonated substrate may be directly reduced by H.g4s to form
solution-phase hydrogenated product in a 2e-/1H* process. We
favour path (i) or (ii) which involve a substrate-electrode
interaction, as no conversion to product is observed when using
a Pt mesh working electrode, despite the proclivity of Pt metal
to generate H,g4s from the reduction of Bronsted acids.2%:33 This
interaction may be through the Lewis basic heteroatom38 or via
the -system of the substrate.3® The solid-state structures of 2a-
b (see Sl) and 2g (Figure 5) show a highly variable angle between
the planes formed by the benzoxazine core and the aryl
substituents (8-43°) which suggests a low barrier to rotation
into a flattened orientation disposed to adsorb to the electrode
surface. Due to the increased proton content from the three
equivalents of Brgnsted acid in solution, hydrogenation is more
favourable than dimerization for 1a-j/2a-g. The direct attack of
an electrode-based Hags is reminiscent of direct radical addition
to unsaturated substrates.*0

4| J. Name., 2012, 00, 1-3

Conclusions

In conclusion, we present a methodology for the selective
electrochemical hydrogenation of a range of aryl-substituted o-
ketoesters and benzoxazinone oa-imino-esters under
electrochemically reducing conditions using carbon electrodes
and a simple Brgnsted acid, with high selectivity for
chemoselectively hydrogenated products. Compared with
existing methods for the hydrogenation of these types of
substrates, no hydrogen gas, additional catalysts, redox
mediators, or expensive/toxic electrode materials are required.
Given the strong indications of a critical role for surface
interactions, investigations into the asymmetric hydrogenation
of related substrates using carbon electrodes is presently
underway.
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