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Quinone-mediated hydrogen anode for 
non-aqueous reductive electrosynthesis

Jack Twilton1,4, Mathew R. Johnson1,4, Vinayak Sidana1, Mareena C. Franke1, Cecilia Bottecchia2, 
Dan Lehnherr2, François Lévesque2, Spring M. M. Knapp1, Luning Wang1, James B. Gerken1, 
Cynthia M. Hong2, Thomas P. Vickery2, Mark D. Weisel2, Neil A. Strotman2, Daniel J. Weix1 ✉, 
Thatcher W. Root3 ✉ & Shannon S. Stahl1 ✉

Electrochemical synthesis can provide more sustainable routes to industrial 
chemicals1–3. Electrosynthetic oxidations may often be performed ‘reagent-free’, 
generating hydrogen (H2) derived from the substrate as the sole by-product at the 
counter electrode. Electrosynthetic reductions, however, require an external source 
of electrons. Sacrificial metal anodes are commonly used for small-scale applications4, 
but more sustainable options are needed at larger scale. Anodic water oxidation is  
an especially appealing option1,5,6, but many reductions require anhydrous, air-free 
reaction conditions. In such cases, H2 represents an ideal alternative, motivating the 
growing interest in the electrochemical hydrogen oxidation reaction (HOR) under 
non-aqueous conditions7–12. Here we report a mediated H2 anode that achieves indirect 
electrochemical oxidation of H2 by pairing thermal catalytic hydrogenation of an 
anthraquinone mediator with electrochemical oxidation of the anthrahydroquinone. 
This quinone-mediated H2 anode is used to support nickel-catalysed cross-electrophile 
coupling (XEC), a reaction class gaining widespread adoption in the pharmaceutical 
industry13–15. Initial validation of this method in small-scale batch reactions is followed 
by adaptation to a recirculating flow reactor that enables hectogram-scale synthesis 
of a pharmaceutical intermediate. The mediated H2 anode technology disclosed here 
offers a general strategy to support H2-driven electrosynthetic reductions.

Electrochemical HOR is well established in fuel cells (Fig. 1a). Humidified  
H2 gas is delivered to the anode within a membrane–electrode assem-
bly (MEA) that incorporates gas-diffusion, catalyst and proton- 
exchange-membrane layers. This approach is not readily adapted 
to organic electrosynthesis in non-aqueous media because pro-
tons derived from HOR migrate to the cathode through the proton- 
exchange-membrane layer accompanied by substantial amounts of 
water. For typical electrosynthetic reductions, water would accumulate 
in concentrations of 1–5 M in the cathode compartment16, markedly 
changing the reaction medium and complicating moisture-sensitive 
reduction reactions. Gas-diffusion electrodes (GDEs) offer an alterna-
tive approach to achieve non-aqueous electrochemical HOR and they 
have been used recently to support lithium-mediated N2 reduction9,11. 
Contemporary efforts are directed towards mechanistic studies and 
catalyst-design efforts to address the kinetic limitations of electro-
catalytic HOR in organic solvent7,8,11.

This study was initiated to explore another strategy, whereby thermal 
catalytic hydrogenation of a redox-active molecule is used to support 
indirect electrochemical HOR. Quinone hydrogenation is well estab-
lished in organic solvent and is featured in the industrial anthraqui-
none process for hydrogen peroxide synthesis17. Separately, good 
electrochemical properties of quinones are evident from their recent 

use in organic redox-flow batteries18,19 and mediated fuel cells20. The 
reversible chemical/electrochemical interconversion of quinone and 
hydroquinone (Fig. 1b) provides the basis for a quinone-mediated H2 
anode to support electrosynthetic reduction reactions. Ni-catalysed 
XEC reactions were selected as the cathode reaction for this study 
(Fig. 1c,d). The widespread use of stoichiometric metal reductants (Zn, 
Mn) in these reactions complicates large-scale applications, owing to 
the non-uniform reactivity and particle properties of these metals, 
difficulty in suspending dense metal powders in batch reactors and 
formation of stoichiometric Zn or Mn salts as waste21. These issues 
have motivated considerable efforts to develop electrochemical vari-
ants of these reactions22–31 and H2 offers the most atom-economical 
and sustainable source of electrons for these reactions. Although H2 
introduces potential safety hazards, it is often the preferred reagent 
for chemical reductions in industrial manufacturing32.

Ni-catalysed coupling of aryl and alkyl halides to form C(sp2)–
C(sp3) bonds is among the most thoroughly developed class of XEC 
reactions33 (see Fig. 1c). For this study, we selected a Ni catalyst com-
posed of NiBr2 and a dual dtbbpy/ttbtpy ligand system, adapted 
from recent reports26,29 (dtbbpy = 4,4′-di-tert-butyl-2,2′-bipyridine, 
ttbtpy = 4,4′,4″-tri-tert-butyl-2,2′:6′,2″-terpyridine). Selection of com-
ponents for the mediated H2 anode was inspired by recent reports 
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using anthraquinones and other substituted quinones under aque-
ous conditions for redox-flow batteries18,19 and mediated fuel cells34,35. 
Sodium anthraquinone-2-sulfonate (AQS) exhibits good solubility in 
polar organic solvents, such as N,N-dimethylformamide (DMF) and 
N-methyl-2-pyrrolidone (NMP). Cyclic voltammetry (CV) analysis of 
AQS in NMP revealed a redox potential of −0.59 V versus a ferrocenium/ 
ferrocene (Fc+/Fc) reference potential (Fig. 2a and Extended Data Fig. 1c). 
This value is 200 mV higher than the H+/H2 potential (−0.79 V), meas-
ured under the same conditions using CV and open-circuit-potential 
(OCP) methods (Fig. 2a and Extended Data Fig. 1a). CV analysis was also 
used to investigate the redox potentials of nickel bromide complexes 
bearing the dtbbpy and ttbtpy ligands. The measured two-electron and 
one-electron reduction potentials of these complexes range from −1.3 
to −2.1 V versus Fc+/Fc (Fig. 2a and Extended Data Fig. 1b). The 0.5–1.3 V 
difference between the redox potentials of H2 and catalytically relevant 
Ni complexes confirms that H2 lacks the driving force necessary to serve 
as a chemical reductant for thermal Ni-catalysed XEC. Application of 
an external voltage, however, allows the potential of electrons from H2 
to be adjusted to the potential needed to support the reactions under 
electrochemical conditions.

The relative redox potentials of H2 and AQS indicate that AQS hydro-
genation is thermodynamically favourable and experimental tests 
further show that this reaction is kinetically facile when using a hetero-
geneous Pd/C catalyst with 1 atm of H2 at room temperature (Extended 
Data Fig. 2). These results provided a starting point for H-cell batch 
electrolysis experiments to test a mediated H2 anode system in combi-
nation with cathodic Ni-catalysed XEC (Fig. 2b). Both half-cells feature 
indirect electrochemical processes with a combination of electrochemi-
cal and off-electrode chemical reactions (Fig. 2b, grey and coloured 
boxes, respectively). Optimization of the H2-coupled Ni-catalysed XEC 
reaction conditions used ethyl 4-bromobenzoate and (3-bromopropyl)
benzene as the aryl and alkyl electrophiles (Fig. 2c). Individual reaction 
parameters were varied (Extended Data Fig. 3 and the Supplemen-
tary Information) to identify the most effective conditions for this 

substrate. The following conditions led to formation of the desired 
C(sp2)–C(sp3) XEC product in 82% yield: 0.2 M aryl bromide as the 
limiting reagent, 1.25 equiv of the alkyl bromide, a 10 mol% catalyst 
composed of NiBr2·3H2O with a 4:1 ratio of dtbbpy/ttbtpy ligands and 
0.2 M LiBr as the supporting electrolyte in NMP. The anode chamber 
contained 5 wt% Pd/C (with a Pd loading of 5 mol% relative to the Ar–Br), 
20 mol% AQS, 2 equiv Na2CO3 and 0.2 M LiBr in NMP. These or closely 
related conditions proved to be effective with a broad range of phar-
maceutically relevant coupling partners (Fig. 2d). For example, both 
electron-rich and electron-poor aryl bromides undergo coupling in high 
yields (1–4 and 9) and the method proceeds well with a pendant arylbo-
ronic ester group (5), a standard reactive group in cross-coupling reac-
tions. This Ni/dtbbpy/ttbtpy catalyst system tolerates a range of Lewis 
basic nitrogen heterocycles, which are prevalent in drug candidates. 
Examples include pyridines substituted at the 2-position, 3-position 
and 4-position (10, 11, 13–18), pyrimidine (12), indole (19) and indazole 
(20, 21). This catalyst system is also effective with different primary and 
secondary alkyl bromides (14–18, 21), including those with strained 
rings (15, 21) and tert-butoxycarbonyl (Boc)-protected primary and 
secondary amines (1–13, 19, 20). These results show excellent compat-
ibility between the mediated H2 anode and Ni-catalysed XEC reactions 
and they often exceed those obtained in previous studies using the 
same catalyst system with a tertiary amine reductant26,29.

The primary merits of the mediated H2 anode will be experienced 
at larger scale. Therefore, subsequent efforts focused on develop-
ment of a flow cell that could be integrated with a parallel-plate 
electrochemical reactor. To facilitate development and testing of 
the system, the mediated anode was paired with a simple cathodic 
electron-transfer reaction, involving reduction of Bobbitt’s salt, 
[ACT+BF4

–], an oxoammonium compound derived from 4-acetamido-2, 
2,6,6-tetramethylpiperidine-N-oxyl (ACT; Fig. 3a). This reaction was 
selected for anode-characterization studies because one-electron 
reduction of ACT+ to the aminoxyl ACT exhibits good electrochemical  
kinetics and thus will not limit anodic performance. The mediated 
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anode was designed with two separate flow loops sharing a common 
liquid reservoir. The hydrogenation loop includes a packed-bed reac-
tor containing Pd/C and is used to support continuous hydrogena-
tion of AQS to AQSH2. The electrolysis loop circulates the mediator/ 
electrolyte solution over the anode, resulting in electrochemical  
oxidation of AQSH2 to AQS. This mediated-anode design provides a 
unique opportunity to manage protons generated during electro-
chemical oxidation of AQSH2. The protons are retained in flowing 
solution, rather than passing through the membrane, and they are 
transported back into the anolyte reservoir, in which they undergo neu-
tralization by Li2CO3. This neutralization exchanges H+ with Li+ ions in 
solution and results in the transport of lithium ions rather than protons 
through the Nafion membrane during electrolysis. Inductively coupled 
plasma optical emission spectroscopy analysis of the catholyte solution 

during operation of the mediated H2 anode showed a linear increase in 
[Li+], with a magnitude that directly correlates with the charge passed 
during electrolysis (Extended Data Fig. 5c). This feature is in contrast 
to conventional H2 anode configurations, which are designed to ensure 
efficient proton transport through the membrane to support O2 reduc-
tion or other cathodic reactions. In this system, proton migration would 
have a deleterious effect, resulting in parasitic H2 evolution at the  
cathode and/or generating undesirable by-products through proto-
nolysis of organometallic Ni intermediates (Extended Data Fig. 6). Thus, 
the mediated H2 anode enables the use of H2 as a source of electrons—
without protons—for the cathodic reduction reaction.

To monitor the interplay between the hydrogenation and electrolysis 
loops, in situ ultraviolet–visible spectroscopy was used to follow redox 
speciation of the quinone mediator in the anolyte reservoir. Operation 
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of the hydrogenation loop without electrolysis leads to full reduction of 
the AQS to AQSH2 (Fig. 3b, hydrogenation loop only), with an isosbestic 
point at 355 nm. Stopping flow in the hydrogenation loop and initiating 
the electrolysis loop while applying 5 mA current at the anode shows 
regeneration of AQS, while maintaining the isosbestic point (Fig. 3b, 
electrolysis loop only). When both loops are operating, the anolyte 
reservoir reaches a steady-state AQS/AQSH2 ratio that reflects the bal-
anced rates of the chemical and electrochemical reactions (85% AQSH2 
state of charge for the conditions shown in Fig. 3b, hydrogenation 

and electrolysis loops). Stable cell voltages were observed at current 
densities of 2–16 mA cm−2 (Fig. 3c), extending beyond the current den-
sities determined to be necessary to support optimal performance of 
Ni-catalysed XEC at the cathode (Fig. 3d). Analysis of the yields and 
selectivities of the Ni-catalysed XEC reaction showed that optimal 
results with the indicated substrate were obtained at a current density 
of about 4 mA cm−2.

The mediated H2 anode was then evaluated in larger-scale applica-
tions of Ni-catalysed XEC using flow-electrolysis methods. A 5 cm2 
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parallel-plate flow reactor was used to synthesize several compounds 
on the gram scale (Fig. 4a). The core structure of the antidepressant 
medication rolipram36 was obtained in 94% isolated yield (1.70 g) using 
this method. Also, several candidates from batch screening were inves-
tigated, giving priority to examples previously shown to be challenging 
with a Ni-catalysed XEC process using sacrificial amine reductants  
(7, 10, 14)29. These gram-scale reactions proceeded in 15–30% higher 
yields than those obtained with the amine reductant and comparable 
yields to those obtained with a sacrificial Zn anode (see Extended Data 
Fig. 8). The origin of the improvement relative to the amine-based 
reductant was not examined; however, the positive results highlight 
the merits of this H2-driven electrolysis method.

Gram-scale synthesis of an intermediate to the Phase III clinical can-
didate cenerimod37 was similarly effective (Fig. 4b). An 82% product 
yield was obtained in a batch H-cell and no loss of yield was observed 
following transition to the gram-scale flow reactor. The flow conditions 
were then translated into a larger-scale commercial parallel-plate reac-
tor that featured a stack of four membrane–electrode units with a total 
electrode surface area of 1,600 cm2 (Extended Data Fig. 10). A current 
density of 4 mA cm−2 was retained in the larger reactor and the reaction 
proceeded at the 100 g scale with 71% yield (without optimization).  
The flow reactor applications show the stable operation of the H2 
anode and Ni XEC flow cell over 4–16 h of operation, and the total cur-
rent of 6.4 A applied in the large-scale demonstration would be suf-
ficient to deliver approximately 0.5 kg per day of the cross-coupled  
product.

Hydrogen represents an ideal, sustainable alternative to stoichio
metric metal-based reductants, and the quinone-mediated H2 anode 
system outlined herein establishes a unique strategy to use H2 as 
the reductant for Ni XEC reactions. The quinone mediator is a ver-
satile, electrochemically active hydrogen carrier. Pairing catalytic 

hydrogenation of the quinone with electrochemical oxidation of the 
hydroquinone enables efficient net electrochemical oxidation of hydro-
gen under non-aqueous conditions. The data presented above show 
how electrochemistry provides a means to amplify the reducing power 
of H2, allowing H2 to serve as a source of electrons even when it lacks 
the intrinsic chemical potential needed to generate highly reduced 
catalytic intermediates. The recirculating-flow mediated-anode system 
also offers unique flexibility in proton management that differs from 
other H2 anodes, such as fuel-cell MEAs or gas-diffusion electrodes. 
Protons derived from hydroquinone oxidation are readily retained in 
the anode compartment, in which they can be neutralized and replaced 
with lithium ions, thereby allowing H2 to serve as a proton-free source 
of electrons for the cathodic reaction. Each of these features has impor-
tant implications for future development of H2-driven electrosynthetic 
reduction reactions. Important opportunities include other reductive 
coupling reactions, such as those using various sp, sp2 and sp3 electro-
philes; ketones, aldehydes and other carbonyl compounds; alkenes; and 
various small molecules, including CO2 and SO2 (ref. 38). Adaptations 
of this system may be considered that promote the transport of pro-
tons, rather than metal ions, through the membrane. Such extensions 
will provide the basis for electrochemical hydrogenation of organic  
molecules5,39, including those proceeding by means of non-conventional 
mechanisms, such as the Birch reductions40.
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71% yield

Nickel foam cathode

Nickel foam cathode

Carbon anode
1 atm H2, Li2CO3
LiBr (0.2 M), NMP

Na�on 115 membrane, RT
3–5 mA cm–2 constant current

+ – NiAQSPd
H2

+ – NiAQSHPd

N

CF3

NBoc

N

NBoc

Me2N

Other gram-scale examples:

H2

Carbon anode
1 atm H2, Li2CO3

LiBr (0.2 M), NMP
Na�on 115 membrane, RT
5 mA cm–2 constant current

Fig. 4 | Scalable demonstration of the mediated H2 anode to prepare 
molecules of pharmaceutical interest. a, Gram-scale Ni-catalysed XEC using 
a small parallel-plate flow reactor (5 cm2 electrode surface area) to synthesize 
molecules, including an intermediate to the drug rolipram. b, Synthesis of an 
intermediate to the drug cenerimod in three different formats: an H-cell batch 

reactor, a small parallel-plate flow reactor (5 cm2 electrode surface area) and a 
large parallel-plate flow reactor (1,600 cm2 electrode surface area). See Methods 
for experimental details and the Supplementary Information for individual 
reaction conditions. RT, room temperature.
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Methods

Electrochemical potential benchmarking
The H+/H2 reduction potential was characterized through both OCP 
and CV analysis (Extended Data Fig. 1a). CV analysis took place over a 
very narrow potential window centred around the OCP and served to 
allow for calculation of a zero-point potential (Ez), the averaged poten-
tials at which the voltammogram reached zero current on its oxidative 
(Ea) and reductive (Ec) sweeps (Ez = (Ea + Ec)/2). This complementary 
analytical approach, reported in a recent study41, validated the OCP 
measurements and confirmed that the solution was electrochemically 
well poised. All measurements were conducted using a Pt coil working 
electrode, platinum wire counter electrode and a Ag/Ag+ reference 
electrode composed of a Ag wire in 0.1 M AgNO3 in NMP containing 
0.1 M tetrabutylammonium hexafluorophosphate (NBu4PF6), with the 
latter then calibrated to Fc+/0 at a 3-mm-diameter glassy carbon working 
electrode. The Pt coil was pretreated by electrolysis at +1.5 V and −0.25 V 
versus Ag/AgCl in 1 M aqueous H2SO4 immediately before OCP measure-
ments. Data were collected using a solution of 0.1 M CF3SO3H (proton 
source) and 0.1 M NBu4PF6 (supporting electrolyte) in NMP under an 
atmosphere of H2. CV analysis was conducted at a scan rate of 10 mV s−1.

CV analysis was also used to determine the reduction potential and 
electrochemical reversibility of AQS and the Ni catalyst species used for 
XEC (Extended Data Fig. 1b and Fig. 1c). CV data for AQS was collected 
as follows: to a glass CV reaction vessel fitted with a cross-shaped stir 
bar was added AQS (31.0 mg, 0.1 mmol), triflic acid (0.09 ml, 1 mmol) 
and 10 ml of 0.1 M NBu4PF6 in NMP solution. The vessel was then sealed 
with a cap fitted with a 3-mm-diameter glassy carbon working electrode, 
Pt wire counter electrode and a Ag/Ag+ reference electrode. N2 was 
bubbled through the solution for 20 min to degas the solution and 
cell. At this point, the gas stream was pulled above the solvent line, 
the solution was allowed to become quiescent for 2 min and a cyclic 
voltammogram was collected. For the Ni catalysts, CV analysis was 
conducted on a 0.01-M Ni/ligand solution in NMP with 0.1 M LiBr as 
the supporting electrolyte. Catalysts were formed by pre-stirring 1:1 
solution of the Ni salt and the ligand of interest. CV was conducted with 
a glassy carbon working electrode and platinum wire counter electrode. 
A Ag/Ag+ reference electrode was used, calibrated to Fc+/0. A scan rate 
of 100 mV s−1 was used for these experiments.

General procedures for mediated H2 anode enabled XEC
Divided H-cell. In a nitrogen-filled glovebox, to a 6-dram vial fitted with 
a cross-shaped stir bar and a Teflon-lined cap was added LiBr (347 mg, 
4.00 mmol) and NMP (20 ml) to generate a 0.2-M LiBr in NMP electro-
lyte solution. The mixture was stirred in a glovebox until complete 
dissolution of the LiBr. This vial was then removed from the glovebox 
and placed under positive pressure of nitrogen on a Schlenk line. A 
2.5 × 2.5-cm square of Nafion 115 was cut and placed in a small beaker. 
A 1 ml aliquot of the 0.2 M LiBr solution was removed under positive 
pressure of nitrogen and used to soak the Nafion membrane for 10 min. 
A divided H-cell was then assembled around the Nafion membrane us-
ing a Viton O-ring and ring clamp to secure the cell. Each chamber of the 
cell was fitted with a cross-shaped stir bar. To the anodic chamber was 
added 5 wt% palladium on carbon (42 mg, 0.020 mmol, 2 mol%), AQS 
(62 mg, 0.19 mmol, 20 mol%) and Na2CO3 (210 mg, 2 mmol, 2 equiv). 
A 5 × 1 × 0.5 cm rectangle of reticulated vitreous carbon (RVC) was cut 
using a razor blade and affixed to copper wire. A 14/20 rubber septum 
was punctured with a 14-gauge needle and the copper wire (with RVC 
electrode) was threaded through the rubber septum before removal of 
the needle. The RVC electrode was then placed in the anodic chamber 
roughly 5 mm above the stir bar and the 14/20 joint sealed with the 
rubber septum.

To the cathodic chamber was added NiBr2·3H2O (27.3 mg, 0.105 mmol, 
10 mol%), dtbbpy (23.6 mg, 0.088 mmol, 8.8 mol%) and ttbtpy (8.8 mg, 
0.022 mmol, 2.2 mol%). At this stage, if the aryl halide or alkyl halide 

coupling partners were solid, they were added to the cathodic compart-
ment. A 2 × 4-cm rectangle of nickel foam was cut and affixed to copper 
wire (folded over the wire and crimped with a pair of pliers). A 14/20 
rubber septum was punctured with a 14-gauge needle and the copper 
wire (with nickel foam electrode) was threaded through the rubber 
septum before removal of the needle. The nickel foam electrode was 
then placed in the cathodic chamber roughly 5 mm above the stir bar 
and the 14/20 joint sealed with the rubber septum. The headspace of 
the chamber of the H-cell was cleared by means of nitrogen flush for 
10 min. The anodic compartment headspace was then cleared with 
hydrogen gas for 10 min. The electrolyte solution was withdrawn using 
a syringe; 5 ml was added to the cathodic compartment under nitro-
gen atmosphere and 7.5 ml was added to the anodic compartment. 
The hydrogen purge needle was submerged under the surface of the 
solution and the hydrogen flow rate adjusted to provide roughly one 
bubble per second. The anolyte and catholyte were stirred at 600 rpm 
until complete dissolution of the catholyte. At this stage, if the aryl or 
alkyl halide electrophile were a liquid, they were added to the cathodic 
compartment with the use of a Hamilton syringe. The copper wires 
were attached to a BASi Epsilon or CH Instruments potentiostat with 
the cathode identified as the working electrode and the anode as the 
counter and reference electrode. Constant-current electrolysis was 
performed at −3 to −4 mA until the passage of 3.5 F mol−1 or until the 
cell potential reached −10 V.

On completion of the reaction, the catholyte was either isolated (for 
substrate scope experiments, as in Fig. 2) or an aliquot was collected for 
determination of an analytical yield (during optimization; see Extended 
Data Fig. 3 and the tables in the Supplementary Information). Isolation: 
catholyte was collected and concentrated under reduced pressure 
to dryness. The resultant residue was dissolved in EtOAc and passed 
through a small plug of silica to remove metal salts, concentrated under 
reduced pressure to dryness and purified by silica gel chromatography. 
Yields were calculated by mass of isolated product, accounting for nota-
ble remaining impurities. Analytical yield: catholyte was transferred 
using an Eppendorf pipette to a 4-dram vial. The cathode and cathode 
chamber were rinsed with acetonitrile (MeCN) and these rinsings were 
transferred to the vial. 1,3,5-Trimethoxybenzene (84 mg, 0.5 mmol, 
0.5 equiv) was added to the vial as internal standard. Either a 2-μl  
aliquot was removed and diluted into a 200-μl 3:1 (v/v) mixture of MeCN/
dimethyl sulfoxide for ultra-performance liquid chromatography-mass 
spectrometry (UPLC-MS) analysis or a 50-μl aliquot was removed and 
diluted into 500 μl of MeCN-d3 for 1H NMR analysis. A 400-MHz NMR 
spectrometer was used with a d1 value of 6 s with 32 scans.

Divided gram-scale flow cell. An ElectroCell Micro Flow Cell  
(Extended Data Figs. 4 and 7a) was used as the flow apparatus. The 
flow cell consisted of a Nafion 115 cation-exchange membrane, a 5-cm2 
carbon paper anode distanced from the membrane with a polytetra-
fluoroethylene (PTFE) screen, a 5-cm2 commercial nickel foam cathode 
directly against the membrane and two PTFE flow frames, with incom-
pressible components separated by Viton gaskets.

The packed-bed hydrogenation reactor (2.2 in. length, 0.5 in. OD) 
was made from a stainless-steel (SS) tube with 5 wt% Pd/C (23 mg, 
0.01 mmol, 1 mol%), retained using 1 in. of glass wool on each end. The 
anolyte solution, catholyte solution and catalytic packed bed were 
prepared before the operation. Two 24/40 rubber septa were punc-
tured with a 14-gauge needle and Teflon tubing (1/8 in. ID and 3/16 in. 
OD) was threaded through the septa. This Teflon tubing was fitted 
with 20 µm high-performance liquid chromatography (HPLC) frits 
(Analytical Sales, product number 49225A). To a 100-ml three-neck 
24/40 round-bottom flask with an oval stir bar was added AQS (78 mg, 
0.25 mmol, 5 mol%) and Li2CO3 (554 mg, 7.50 mmol, 1.5 equiv). Two of 
the openings were fitted with the septa fitted with the frits and the final 
opening was fitted with an unmodified 24/40 rubber septum. The flask 
was then transferred into a nitrogen-filled glovebox and LiBr (1.042 g, 
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12.00 mmol) and NMP (60 ml) were added and the heterogeneous mix-
ture was stirred for 20 min. The flask was removed from the glovebox 
and placed under nitrogen atmosphere on a Schlenk line for 10 min. 
The Teflon tubing outlets were attached to size 14 Masterflex PharMed 
BPT tubing connected to the packed-bed reactor (with HPLC pump) 
and flow cell (with peristaltic pump). H2 gas was then vigorously bub-
bled through a 22-gauge needle into the solution to allow for hydrogen 
saturation of the solution. To a 8-dram vial fitted with a cross-shaped stir 
bar was added NiBr2·3H2O (136 mg, 10 mol%, 0.5 mmol), dtbbpy (118 mg, 
8.8 mol%, 0.44 mmol) and ttbtpy (44.2 mg, 2.2 mol%, 0.11 mmol). At 
this stage, if the alkyl or aryl electrophile were solid, they were added 
to the vessel. The vial was then transferred to a nitrogen-filled glovebox 
and LiBr (0.208 g, 2.4 mmol, 0.48 equiv) and NMP (12 ml) were added. 
The catholyte-containing vial was then stirred for 10 min. The sealed 
vial was then removed from the glovebox and placed under nitrogen 
atmosphere on a Schlenk line. Size 14 Masterflex PharMed BPT tub-
ing connected to the cathodic side of the Micro Flow Cell was fed into 
the cathodic reservoir by means of a 16-gauge needle (with peristaltic 
pump). The system was left to equilibrate under nitrogen/hydrogen 
purge for 10 min. In one flow loop, a HPLC pump flowed the anolyte at 
4 ml min−1 through the Teflon tubing and into the catalytic packed-bed 
reactor. In the catalytic reactor, the AQS was reduced to AQSH2 and 
the anolyte then flowed back into the reservoir. After 45 min, a second 
flow loop, which used a peristaltic pump to cycle anolyte and catholyte 
through the electrochemical flow cell, was started. There the AQSH2 was 
oxidized on the carbon anode to form AQS and protons. The protons, 
separated from the proton-exchange membrane by a PTFE screen, 
were carried back into the reservoir. Protons were prevented from 
accumulating by reaction with Li2CO3 in the anodic reservoir. On the 
cathode, Ni-catalysed reductive coupling was expected to take place.

The flow cell was connected to a BioLogic BP-300 potentiostat with 
the cathode selected as the working electrode and the anode as the 
counter electrode. A chronopotentiometry experiment was conducted 
with a constant current of −20 mA (current density = 4 mA cm−2) until 
3.5 F mol−1 were passed or until the cell potential dropped below −8 V. 
Initial cell voltages were reasonably constant, averaging −1.99 V with a 
standard deviation of 0.045 V over four replications of the cenerimod 
intermediate synthesis. On completion of electrolysis, the catholyte 
was collected and concentrated to dryness under high vacuum. The 
resultant residue was dissolved in EtOAc and passed through a small 
plug of silica to remove metal salts, concentrated to dryness and puri-
fied by silica gel chromatography.

This approach was used to synthesize several Ni XEC products on 
the gram scale. The API intermediates for rolipram and cenerimod 
were isolated and the figure reflects the isolated yield. Replicating 
the synthesis of the cenerimod intermediate four times yielded an 
average (analytical) yield of 82.7 ± 4.8%. The corresponding faradaic 
efficiency for these reactions averaged 84.9 ± 3.1%. Compounds 7 
and 10 were characterized by UPLC-MS, with yields obtained through 
the use of an external standard calibration curve using authentic  
product. Compound 14 reports an assay yield using 19F NMR with C6F6 
as an internal standard.

Divided large-scale flow cell. An electrochemical flow cell (the Electro 
Syn Cell from ElectroCell A/S) was used as the flow apparatus (Extended 
Data Fig. 10a). The flow cell consisted of a Nafion 117 cation-exchange 
membrane, a 0.16 m2 carbon felt on graphite anode distanced from 
the membrane with a PTFE screen, a 0.16 m2 commercial nickel foam 
cathode directly against the membrane and two polypropylene flow 
frames, with incompressible components separated by PTFE gaskets.

The anodic solution was prepared in a nitrogen-filled glovebox by 
weighing AQS into an 8-dram vial (7.69 g, 24.8 mmol, 5 mol%) and LiBr 
into two 8-dram vials (2 × 52-g vials = 104 g, 1,200 mmol, 2.4 equiv). In 
a nitrogen-filled glovebox, lithium carbonate (55 g, 744 mol, 1.5 equiv) 
was weighed into a 500-ml Nalgene container. AQS and one vial of 

LiBr were added to a 1-l Nalgene bottle fitted with a cross-shaped stir 
bar inside the glovebox. To a second 1-l Nalgene bottle fitted with a 
cross-shaped stir bar was added the second vial of LiBr. To each of the 
Nalgene bottles was added approximately 750 ml of anhydrous NMP 
from 2 × 1-l bottles. Each Nalgene bottle was mixed using rotary stirring 
for 1 h. On the day of reaction, the bottles were then removed from the 
glovebox, the stir bar was removed and the contents were charged to 
the anolyte reservoir (12-l round-bottom flask). The bottle was rinsed 
with the remaining NMP (approximately 250 ml NMP per bottle).  
Further dry NMP (1 l) was used to rinse the two Nalgene bottles. Lithium 
carbonate was added into the anodic reservoir to avoid accumulation 
of generated protons in solution. To retain the lithium carbonate, it 
was packaged into seven pouches made of filter paper sealed with 
polypropylene zip ties (approx. 7.9 g per pouch) for a total of 55 g of 
lithium carbonate charged. Finally, 3 l of NMP were added to the anolyte 
reservoir to bring the total volume to 6 l. The headspace was purged 
with N2, maintaining a vessel pressure below 5 psi.

The cathodic solution was prepared in a nitrogen glovebox. To sepa-
rate 8-dram vials was weighed NiBr2·glyme (1,2-dimethoxyethane)nickel 
dibromide (15.31 g, 49.6 mmol, 10 mol%), dtbbpy (8.79 g, 32.7 mmol, 
6.6 mol%), ttbtpy (8.76 g, 21.82 mmol, 4.4 mol%) and LiBr (52.1 g, 
600 mmol, 1.2 equiv). These solids were transferred to a 1-l Nalgene bot-
tle fitted with a cross-shaped stir bar followed by 0.5 l of dry NMP. Methyl 
2-chloro-6-methoxyisonicotinate (100 g, 496 mmol) was weighed into 
a 500-ml Nalgene bottle and then transferred into a second 1-l Nalgene 
bottle containing a stir bar inside the glovebox followed by 0.5 l of dry 
NMP. The contents of each were mixed using rotary stirring overnight, 
after which they were partially dissolved but not entirely homogene-
ous. On the day of the flow experiment, stir bars were removed and 
both solutions were charged to the catholyte reservoir (a 10-litres glass 
vessel) and every bottle was rinsed with 2 × 0.5 l NMP. Then a solution 
of cyclopentyl bromide (111 g, 80 ml, 744 mmol, 1.5 equiv) in 0.25 l of 
NMP was added. Finally, 0.75 l of dry NMP was added to the reservoir 
to achieve the desired 3-l volume. The headspace was swept with N2 
(maintaining a vessel pressure below 5 psi) and the catholyte was mixed 
with overhead stirring for more than 1 h (40 rpm); as a result, a homo-
geneous mixture was obtained and overhead stirring was stopped.

The packed-bed hydrogenation reactor was composed of a Pd bed 
in a cylindrical SS reactor. The SS reactor (0.5 in. OD, 9.5 in. height) was 
packed with 3 g of dry Pd/C (Evonik 5 wt%, lot no. PMPC150388, catalyst 
type PMPC SP1010D, 1.4 mmol, 0.3 mol%) and secured with two SS disk 
frits (304 SS, 40 mesh). The Pd column was rinsed with NMP without 
a return line to the anolyte reservoir to remove any loose particulates 
and then the column outlet was plumbed into the anolyte reservoir 
return loop. All NMP was removed from both the anolyte and catholyte 
reservoirs and then Karl Fischer titrations were performed to assess 
water content before charging reagents. (KF anolyte = 2 measurements: 
4,558 ppm, 4,582 ppm; KF catholyte = 2 measurements: 1,486 ppm, 
1,455 ppm.) Anolyte and catholyte solutions were then charged and 
brought to the desired final volume (6 l anolyte, 3 l catholyte).

The fully composed flow system (Extended Data Fig. 9) was then used 
to perform a Ni XEC reaction on scale. Anolyte and catholyte solutions 
were pumped between the bed and the reservoir using a Masterflex 
Digital Gear Pump with pump head N25, whereas an N21 pump head 
was used for the hydrogenation reactor loop. Before electrolysis, the 
anolyte solution was pumped through the hydrogenation reactor at 
a rate of 0.5 l min−1 in co-flow with H2 gas, which was controlled by an  
Alicat mass flow controller at 70 SCCM (roughly 70 cm3 min−1). The 
anolyte solution transitioned from yellow (fully oxidized) to green 
(partially or fully reduced). Any unreacted hydrogen flowed into 
the anolyte reservoir and combined with a N2 sweep to achieve a 
diluted, non-flammable gas mixture that was vented to exhaust. After 
pre-reduction of the anthraquinone species, the anolyte and catho-
lyte were circulated through the cell at rates of 4.0 l min−1 and a power  
supply was used to apply 6.4 A of constant current.



The reaction was monitored with analysis of cathodic aliquots by 
UPLC analysis every 20–30 min (Extended Data Fig. 10b) and the liquid 
chromatography area percent (LCAP) of the substrate and product 
were used to roughly monitor the degree of the reaction. When the 
reaction reached the cutoff cell voltage of 3 V after just under 4 h, the 
experiment was stopped. The final product assay was conducted by 
quantitative 1H NMR in triplicate and showed 72% assay yield.

Mediated-anode benchmarking using a Bobbitt’s salt cathode
A modified version of the divided gram-scale flow cell was also used for 
benchmarking of the mediated hydrogen anode with a Bobbitt’s salt 
cathode. Typically, these data were collected while maximizing parame-
ters that would enable maximum attainable currents. Alterations to that 
end were as follows: a 5-cm2 carbon paper cathode was used, distanced 
from the membrane with a PTFE screen; the concentration of AQS in 
the anolyte was 0.3 M (5.58 g, 16.9 mmol) with 0.4 M NBu4BF4 (7.9 g, 
24 mmol 0.4 M) as the supporting electrolyte, in 60 ml NMP (near the 
solubility limit of AQS in NMP), with a large excess of Li2CO3 supplied for 
the purpose of the experiment; the packed-bed hydrogenation reactor 
used 5 wt% Pd/C (50 mg, 0.023 mmol); the catholyte consisted of 0.6 M 
Bobbitt’s salt (4-acetamido-2,2,6,6-tetramethylpiperidine-1-oxyl tetra-
fluoroborate, 3.6 g, 12 mmol) and 0.4 M NBu4BF4 (2.63 g, 7.99 mmol) as 
the supporting electrolyte in 20 ml NMP, matching the faradaic capacity 
of the two solutions. The flow rate through the cell was 80 ml min−1.

Data availability
The NMR spectra for characterized compounds are available in the 
data repository at https://doi.org/10.6084/m9.figshare.23511828.  

The authors declare that all other data supporting the findings of this 
study are available in the paper and its Supplementary Information files.
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Extended Data Fig. 1 | Electrochemical reduction potential measurements. 
CV and OCP measurements were performed using a glassy carbon (CV) or Pt 
(OCP) working electrode and a platinum wire counter electrode, with CV scan 
rates of 10 mV s−1 (panel a) or 100 mV s−1 (panels b and c). A Ag/Ag+ reference 
electrode was used and calibrated to Fc+/0. a, H2/H+ OCP data showing a stable 
potential of −0.79 V versus Fc+/0 and complementary CV analysis, conducted at 
a scan rate of 10 mV s−1, showing a zero-point potential at −0.79 V versus Fc+/0. 
Data were collected using a solution of 0.1 M CF3SO3H (proton source) and  
0.1 M NBu4PF6 (supporting electrolyte) in NMP under 1 atm of H2. b, CV data for 

0.01 M Ni/ligand (1:1) solutions in NMP with 0.1 M LiBr as the supporting 
electrolyte. NiBr2·dtbbpy shows a single clear redox feature corresponding to  
a NiII/Ni0 transition; NiBr2·ttbtpy shows two redox features: a higher-potential 
feature corresponding to NiII/NiI and a lower-potential feature corresponding 
to NiI/Ni0. Ni/ligand solutions often generate mixtures of different species and 
the precise speciation was not investigated or explained to identify the origin 
of the smaller CV peaks present in these scans. c, CV analysis of a 0.01-M AQS 
solution in NMP. 0.1 M CF3SO3H proton source, N2 atmosphere, 0.1 M NBu4PF6.



Extended Data Fig. 2 | Reduction of AQS on carbon-supported Pt and Pd 
catalysts at 24 °C and 70 °C under 1 atm H2. Theoretical full substrate 
conversion corresponds to 100 μmol of consumed H2. Both Pd/C and Pt/C 
catalysts demonstrated rapid rates of AQS hydrogenation, achieving quasi- 
complete conversion within 15 min. Pd/C was selected owing to its lower cost. 
At higher temperatures, although the initial rate remained unchanged, reactivity 
stopped before complete substrate reduction and reduction of the catalyst 
loading showed progressively earlier cessation of hydrogen consumption. 
These data suggest that the catalyst tolerates the AQS solution at room 
temperature but that it deactivates at elevated temperature. The reactor bed 
was operated at room temperature.
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Extended Data Fig. 3 | Optimization of mediated H2 anode conditions for  
Ni XEC. Screening on mg scale in an H-cell identified advantageous reaction 
conditions (top table), including choice of polar aprotic solvent (NMP), 

supporting electrolyte (LiBr) and substrate ratio (1:1.25 Ar:Alk). An optimal 
catalyst composition of 8.8 mol% dtbbpy and 2.2 mol% ttbtpy with 10 mol% 
NiBr2·3H2O was identified for aryl bromides. DMA, N,N-dimethylacetamide.



Extended Data Fig. 4 | Schematic representation of electrochemical flow 
cells used to conduct Ni XEC on the gram scale. a, Schematic depicting the 
symmetrical flow-cell configuration used for anodic benchmarking with a 
Bobbitt’s salt cathode. Carbon paper and turbulence-promoting mesh are  

used for both half-cells. b, Schematic depicting the flow-cell configuration 
used for cathodic Ni XEC. A Ni foam cathode was used for the reduction of the 
Ni catalyst.
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Extended Data Fig. 5 | Schematic representation of the system used to 
benchmark mediated H2 anode performance against a Bobbitt’s salt 
cathode with data investigating accessible current densities and 
ion-transport selectivity. a, Schematic representation of the flow design for 
gram-scale synthesis using the mediated H2 anode. One flow loop passes the 
reservoir solution through a catalytic hydrogenation bed, whereas the other 
passes the solution through the electrochemical flow cell to enable reduction 
on the cathode. b, Polarization curves benchmarking kinetically accessible 
rates of electrochemical AQSH2 oxidation. See Fig. 3c for further analysis.  
c, Monitoring of [Li+] in the cathodic reservoir over time during electrolysis. 
Aliquots of catholyte solution were analysed using inductively coupled plasma 
optical emission spectroscopy to determine Li+ concentration, which is plotted 
on the y axis. See the Supplementary Information for details. We observe the 
correct starting concentration of 0.1 M, derived from the LiBr electrolyte, 
followed by a linear increase over time. This is consistent with the selective 
transport of Li+ rather than H+ ions across the Nafion cation-exchange 
membrane. japp, applied current density.



Extended Data Fig. 6 | Ni-catalysed XEC driven by direct application of 
anodic H2, conducted using a fuel-cell-inspired cell with an integrated MEA. 
Gaseous hydrogen was saturated with either H2O or NMP solvent and used as  
a terminal reductant without the use of an anodic mediator solution. See the 
Supplementary Information for detailed methods. a, The reaction proceeded 
with a steady cell voltage of −0.8 V for the allotted time. Both conversion (24%) 
and product yield (7%), however, were substantially lower than can be achieved 
using the mediated system (see Extended Data Fig. 3). We speculate that the  
low faradaic efficiency and the reduced product yield arise from a high rate  
of proton crossover to the cathode during operation. This flux provides a 

low-potential reduction reaction in the form of the hydrogen evolution reaction 
and makes formation of the protodehalogenated side product (18%) the highest- 
yielding product of Ni-catalysed processes. b, To control for any effect from 
exogenous H2O, the experiment was repeated with a ‘dry’ (solvent-saturated) 
hydrogen source. This approach proved untenable, as the applied cell potential 
reached the cutoff potential of −8 V within 15 min. This was attributed to rapid 
desiccation of the Nafion membrane, with solvated protons being transported 
across the membrane without sufficient replacement of solvent from the 
anode. RT, room temperature.
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Extended Data Fig. 7 | Electrolysis reactor components used for gram-scale 
synthesis and reaction time course for Ni XEC. a, Photographs of the assembly 
of the Electro Syn Cell (from ElectroCell A/S) used for the mediated H2 system 
on the gram scale. Viton gaskets are used to separate solid components such as 
PTFE flow frames, turbulence mesh and 316 SS or graphite electrodes. PTFE and 
SS end frames are pressed together with bolts to secure the assembly. b, Time- 
course data for a representative Ni-catalysed XEC, depicting the optimized 
reaction of 1-bromo-3-phenylpropane and ethyl-4-bromobenzoate under 
optimized conditions: 4 mA cm−2, 0.5 M in Ar–Br substrate.



Extended Data Fig. 8 | Comparison of reductants for Ni-catalysed XEC.  
a, Two-electrode undivided cells used for screening conventional Zn or amine 
reductants (Zn anode pictured). See the Supplementary Information for 
detailed methods. b, Two-electrode membrane-divided H-cell for screening  
of the mediated H2 anode. c, Reaction screening data comparing reductant 
efficacy. Comparison between amine and mediated H2 reductants, with the H2 
results disadvantaged by the reporting of isolated rather than assay yields, 
show that electron-deficient substrates can be coupled in about the same yield 

with either method but that sterically hindered and electron-rich substrates 
benefit from the divided mediated H2 conditions. A subset of these reactions 
was then further compared with undivided cell reductions with a Zn anode 
(compare 7, 10 and 14). Although some variations were observed, the results 
reveal comparable or improved efficacy of the mediated H2 anode relative to 
other anode systems for electrochemical XEC, as well as providing a foundation 
for larger-scale applications. DIPEA, Hünig’s base; TBAPF6, tetrabutylammonium 
hexafluorophosphate; rt, room temperature.
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Extended Data Fig. 9 | Reactor system and peripheral components used to conduct Ni XEC on the 100-g scale. a, Schematic depicting the reactor 
configuration using four sets of parallel electrodes. b, Annotated photograph of the fully constituted large-scale flow-reactor system. RBF, round-bottom flask.



Extended Data Fig. 10 | Electrolysis reactor components used for the 
synthesis of the cenerimod intermediate on the 100-g scale and associated 
time-course data. a, Photographs of the assembly of the Electro Syn Cell  
(from ElectroCell A/S) used for mediated H2 anode synthesis of the cenerimod 
intermediate on the 100-g scale. b, LCAP data of product and Ar–Cl SM from the 
100-g-scale synthesis of the cenerimod intermediate as a function of supplied 

charge. The reaction was monitored with analysis of cathodic aliquots by UPLC 
analysis every 20–30 min and the LCAP of the substrate and product were used 
to roughly monitor the degree of the reaction. LCAP was determined by 
integrating all SM-related peaks and dividing the area of the product by that 
combined area. When the reaction reached the cutoff cell voltage of 3 V after 
just under 4 h, the experiment was stopped. Q, charged passed.
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