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Merging electrocatalytic alcohol oxidation with C—
N bond formation by electrifying metal-ligand
cooperative catalystsf
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Electrification of thermal chemical processes could play an important role in creating a more energy
efficient chemical sector. Here we demonstrate that a range of MLC catalysts can be successfully
electrified and used for imine formation from alcohol precursors, thus demonstrating the first example of
molecular electrocatalytic C-N bond formation.This novel concept allowed energy efficiency to be
increased by an order of magnitude compared to thermal catalysis. Molecular EAO and the electrification
of homogeneous catalysts can thus contribute to current efforts for the electrocatalytic generation of
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Introduction

According to the International Energy Agency (IEA), the chem-
ical sector needs to reduce its emissions by 17% from the
current 925 Mt CO, footprint by 2030 in order to align with
a net-zero scenario by 2050." Achieving these ambitious goals
heavily relies on increasing energy efficiency. Electrochemistry
presents an opportunity to directly control the energy input of
a reaction through the applied potential.> By electrifying exist-
ing thermal processes, significant advancements have been
made in recent years. This approach has unlocked novel reac-
tivity’> and leveraged the inherent advantages of electrochem-
istry, including safety, scalability, and the utilization of
affordable and environmentally friendly redox agents (elec-
trons) in existing processes.*® A prime example of this is the
electrochemical Birch reduction, which elegantly demonstrates
these benefits.” Electrocatalytic alcohol oxidation, which
combines potentially renewable feedstocks with energy effi-
ciency (see also the ESIt), holds particular interest for various
applications such as low-voltage electrolyzers, fuel cells, and
organic redox chemistry (Scheme 1A).'*** Molecular systems
utilizing hydrogen atom transfer (HAT) mediators, such as N-
oxyl systems,®™® or high-valent ruthenium and iron oxo
species,** have shown intriguing activity for electrocatalytic
alcohol oxidation (EAO). However, their application is mostly
limited to activated substrates and high oxidation potentials
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C-N bonds from simple building blocks.

(Scheme 1B). Griitzmacher and colleagues conducted seminal
work demonstrating the possibility of electrifying thermal
(transfer)-hydrogenation (TH) catalysts for molecular EAO
under heterogeneous conditions.>**® This work inspired the
development of homogeneous systems based on similar (de)
hydrogenation catalysts (Scheme 1C),*** including acceptor-
less alcohol dehydrogenation (AAD) complexes.* Despite the
notable advancements achieved thus far, the realm of molecular
electrocatalytic alcohol oxidation (EAO) using (de)hydrogena-
tion catalysts remains confined to a limited array of substrates,
primarily isopropanol and benzyl alcohol.***'** We were thus
interested if the scope of such systems could be extended to
carbon-heteroatom bond formations. From a fundamental
point of view, we were intrigued to know if the thermodynamic
and kinetic challenges related to anodic processes tolerating
amine substrates could be overcome and thus targeted C-N
bond formation as a case study (Scheme 1D and ESI Section 77).
In addition, C-N bond formation has been identified as
a pivotal objective in current electrocatalysis,**** with a specific
emphasis on alcoholic substrates.*>*® We hypothesized that the
unique attributes of so-called metal-ligand cooperative (MLC)
catalysts,” such as their low oxidation potential, high activity,
and potential for substrate differentiation, make them ideal
candidates for exploring the challenging realm of C-N bond
formation under electrocatalytic conditions. In particular, we
envisioned that MLC systems could potentially overcome some
of the limitations posed by commonly employed hydrogen atom
transfer (HAT) mediators, whose oxidation potential closely
aligns with that of many amines.*® Imines are of particular
interest and have found application both at the laboratory scale
and in industrial synthesis, making them a suitable target.* In
this exploratory work, we present the first example of efficient
molecular electrocatalytic C-N bond formation from alcohols to
form imines (Scheme 1E).
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Results and discussion

In our endeavour to tackle the challenge of electrifying thermal
dehydrogenation systems, we recently successfully employed
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the renowned Milstein catalyst Ru-1 (Scheme 1E) under elec-
trochemical conditions, showcasing its versatility and potential
for transformative electrocatalysis. Significantly, we unravelled
the beneficial role of electricity in promoting turnover at
significantly lower temperatures, a breakthrough that holds
promise to increase the energy-efficiency of such systems in the
future.*® Building upon these foundations, we sought to harness
the benefits of MLC catalysts under electrochemical conditions,
aiming to overcome the hurdles associated with alcohol oxida-
tion in the presence of amines while mitigating the undesirable
outcomes of alcohol overoxidation, undesired amine oxidation
or competitive amine dehydrogenation.

After screening optimal reaction conditions (see ESI Section
47), we were pleased to find that Ru-1 is capable of promoting
C-N bond formation in neat benzyl alcohol in the presence of n-
hexyl amine (H,N-Hex) and 0.2 M LiOH to form the corre-
sponding imine 1 in excellent yield (99%) and faradaic effi-
ciency (F.E.) close to 100% (Table 1, entry 1). To confirm the
successful electrification of Ru-1 for C-N bond formation, we
performed corresponding blank experiments (see Table 1, note
that the reactions were stopped after 6 h to compare electro-
chemical and thermal reactions). Notably, we eliminated any
significant contributions from thermal activation of Ru-1
(ref. 51) by running the experiment without an applied potential
(open-circuit potential, OCP), which resulted in considerably
lower amine conversions (Table 1, entry 2). The presence of Ru-1
proved crucial for the successful formation of the C-N bond, as
evidenced by the limited yield and faradaic efficiency obtained
with a blank carbon electrode® (Table 1, entry 3). This under-
scores the indispensability of Ru-1 as a catalyst for achieving the
desired outcome. Motivated by our hypothesis that metal-
ligand cooperative (MLC) complexes, exemplified by Ru-1, could
offer advantages over the conventional hydrogen atom transfer
(HAT) mediators employed in alcohol oxidation, we investigated
the activity of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO).
However, under our reaction conditions, TEMPO displayed
limited efficacy in promoting oxidative C-N bond formation
(Table 1, entry 5). This lack of catalytic activity of TEMPO
underscores the challenges associated with merging EAO with
C-N bond formation. Notably, catalysts for this transformation
must be capable of tolerating low working potentials and highly
coordinating reaction media to enable the selective conversion
of easily oxidizable substrates,” aligning with the inherent
difficulties in identifying suitable catalysts for this intricate
transformation (Scheme 1D).

In order to demonstrate the generality of the concept of
electrifying (de)hydrogenation catalysts for C-N bond forma-
tion, we conducted a comprehensive screening of common
ruthenium-based systems (Scheme 2). Notably, both the
pyridine-based PNNH and PNP pincer complexes Ru-2 (ref. 54)
and Ru-3 exhibited higher activity towards C-N bond formation,
achieving quantitative conversion of the amine. However, the
high reactivity came at the cost of reduced faradaic efficiency
(F.E). On the other hand, the MACHO-type aliphatic pincer
complexes Ru-4, Ru-5, Ru-6, Ru-7, Ru-9, and Ru-10 (ref. 55)
demonstrated decreased selectivity, with F.E. values dropping
to around 60%. The increased flexibility in the ligand backbone

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Blank tests and comparison to commonly used alcohol oxidation electrocatalysts
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Entry Deviation from standards® Yield 17 (%) 1° Aldehyde Ester (mmol) (Total F.E.)
1 None >99 0.257 0.142 — 0.788 65 (101)

2 No applied potential 7 0.029 0.009 — n.d. —

3 No catalyst 11 0.022 — — 0.41 10 (10)

4 No applied potential and no catalyst 0 — — — — —

5 TEMPO instead of Ru-1 2.5 0.009 0.006 — 0.041 4 (73)

“ Condltlons 0.2 M LiOH in 6 mL solvent (neat BnOH), 50 pL hexylamine (65 mM), 1.3 mM Ru-1 (2 mol%), 0.3 V vs. Ag/AgCl, 25 °C, stopped at 6 h.
b Gc-MS yield with mesitylene as an internal standard. The amount of imine and ester formation from benzyl alcohol is subtracted from the product

distribution and the yield (and F.E.) is corrected for the initial presence of benzaldehyde (see ESI Section 3 also for the calculations of F.E.).
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The

of these systems could lead to reduced stability under electro-
catalytic conditions, which aligns with the limited turnover
numbers observed for similar iron-MACHO systems in the
context of electrocatalytic alcohol oxidation.** Furthermore, the
presence of steric bulk around the metal center seemed to
hinder the catalytic activity of the aliphatic systems (e.g., Ru-4),
while the inherent configurational stability of aromatic pincer
complexes enabled the tolerance of bulky tert-butyl groups (Ru-
2, Ru-3). Notably, the utilization of Gusev's air-stable thio-
MACHO complex Ru-8 (ref. 56) yielded results similar to those
of the other aliphatic systems, albeit with a slightly higher
amount of over-oxidation to the ester product, accompanied by
a modest overall F.E. of approximately 65%. Nevertheless, this
observation underscores the potential for fine-tuning the ligand
environment to modulate the selectivity between two- and four-
electron oxidation pathways within these systems. Having
established the generality of our concept, we aimed to investi-
gate the scope of the reaction by exploring its applicability to
other benzyl alcohols. Since most commercial benzyl alcohols
are solid under standard conditions, we employed optimized
diluted conditions to assess the effectiveness of our system in
promoting C-N bond formation with benzylic alcohols exhib-
iting varying electronic demands (Scheme 3 and ESI Section 47).
We observed the highest conversion rates for sterically acces-
sible electron-rich alcohols, such as those bearing hydrogen,
methoxy, and methyl groups in the para-position. These
substrates successfully underwent conversion to the corre-
sponding imine products (1, 1a, and 1b) with good yields and
nearly complete F.E. In contrast, benzyl alcohols carrying
electron-withdrawing groups in the para-position, such as tri-
fluoromethyl, bromo, or nitro groups, exhibited reduced reac-
tivity, resulting in lower yields and faradaic efficiency.

The extent of the decrease in reactivity followed the order of
increasing inductive effects of the substituents (1c-1f). The
introduction of electron-donating groups in the ortho-position
(1g, 1h) or electron-withdrawing groups (1i-1k) led to

Chem. Sci, 2023, 14,13437-13445 | 13439
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Scheme 3 Scope of benzyl alcohols used for the electrocatalytic imine formation. Reactions are stopped after 2F per amine (to account for
differences in electrode/cell dimensions), which is in general well below 6 hours. The initial amine concentration is adjusted for benzyl alcohol
auto-oxidation (see ESI Section 31). @The total F.E. includes electrochemically formed aldehyde and ester. P’NMR yield. “Isolated yield. '“'Run at
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decreased yields, with 0-CF; (75%) and 0-NO, (21%) being
outliers. electron-donating groups in the meta-
position were well-tolerated (1m), resulting in a good yield of
72% and an excellent faradaic efficiency of 100%. Alkyl alcohols
are a particular challenge for most (de)hydrogenation-based
systems in EAO, where mostly secondary aliphatic alcohols
are reported as substrates.* Indeed, under standard conditions,
primary aliphatic alcohols proved to be less competent coupling
partners (1n, 10), yielding modest yields and faradaic efficiency.
Notably, the presence of hydroxylated amine side-products
(mono and bis) was detected by GC-MS, constituting up to
19% of the reaction mixture. We hypothesized that the lower
acidity of alkyl alcohols in organic media, as compared to benzyl
alcohols, hinders sufficient deprotonation, leading to parasitic
oxidation of the amine at the applied potential. Encouragingly,
when the potential was adjusted to 0.1 V, the corresponding
alkyl amine (10) was recovered with a good yield of 69% and an
excellent faradaic efficiency of 97%, while the accumulation of
hydroxylation side-products was significantly reduced to under
4%. Thus, adjusting the working potential provides a straight-
forward approach to expand the scope of our procedure to
include alkyl alcohols. While we did not seek to provide an
extensive scope in this exploratory study, we were pleased to
demonstrate the inherent adaptability of this procedure
offering interesting avenues to expand the scope of electro-
catalytic C-N bond formation.

Our procedure also demonstrated excellent tolerance
towards various aliphatic amines (Scheme 4, 1-4), delivering

However,

13440 | Chem. Sci, 2023, 14, 13437-13445

moderate to good yields and high faradaic efficiencies (>64%).
Even sterically hindered substrates (2, 3, and 9) were success-
fully converted, showcasing the versatility of our approach.
Amines bearing electron-rich heterocyclic substituents such as
furanyl or thiophenyl groups exhibited outstanding perfor-
mance (5 and 6), with yields exceeding 75% and faradaic effi-
ciencies exceeding 80%. Aniline proved less suitable due to
parasitic polymerization, which led to high conversion of the
starting material and low product yield (23%, 7, see ESI
Table S8 for other non-successful substrates). Benzylic amines
emerged as excellent coupling partners, as both electron-
donating and electron-withdrawing groups in the para posi-
tion were well-tolerated, leading to quantitative yields and
faradaic efficiencies (8-14). Remarkably, amines bearing
substituents in the ortho position of the phenyl group proved to
be potent coupling partners (15-18), affording nearly quantita-
tive yields and faradaic efficiencies. To further demonstrate the
utility of our molecular EAO with C-N bond formation, we
explored the synthesis of diimine motifs. Starting from the
corresponding diamine, we successfully obtained 1,2-diimine
(19), 1,3-diimine (20), and 1,4-diimine (21) with good yields
(>53%) and high faradaic efficiencies (>64%). Additionally, we
investigated the involvement of radical/HAT pathways by
employing a radical-clock substrate. Notably, the exclusive
formation of cyclopropyl imine (4) without detection of the ring-
opened species indicated the absence of nitrogen-centred
radicals/HAT pathways during electrolysis, underscoring the
significance of catalytic systems operating at low potentials (see

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Scope of amine coupling partners used for the electrocatalytic imine formation. Reactions are stopped after 2F per amine (to account
for differences in electrode/cell dimensions), which is in general well below 6 hours. The initial amine concentration is adjusted for benzyl alcohol

auto-oxidation (see ESI Section 37). @

ESI Section 77). These results collectively highlight the broad
applicability and exciting potential of our procedure in facili-
tating efficient electrocatalytic C-N bond formation. Under our
standard conditions, the Ru-1 catalyst demonstrates full
conversion of the 65 mM amine starting material, as indicated
by the accumulation of unreacted benzaldehyde (see Scheme 2).
This suggests that the catalyst retains its activity even after the
consumption of the limiting amine substrate. To investigate the
longevity of Ru-1 under these conditions, we introduced addi-
tional equivalents of the amine substrate after passing 2F of
charge. Interestingly, the production of the imine product
continued, indicating that the catalyst remained active. After
passing 4F of charge, catalyst deactivation became apparent
(Scheme 5A). Despite this deactivation, we were able to achieve
the formation of over 70 mmol of imine and a turnover number
close to 90, demonstrating the reasonable stability of Ru-1.
These results are particularly noteworthy when compared to
those of other molecular electrocatalytic alcohol oxidation
(EAO) systems based on transition metal catalysts, such as
a diamine iridium complex (TON = 32),*' a cobalt-triphos
complex (TON = 20)* or a tan iridium PNP pincer complex

© 2023 The Author(s). Published by the Royal Society of Chemistry

The total F.E. includes electrochemically formed aldehyde and ester. ) NMR vyield.

(TON = up to 8).*° Our findings highlight the potential of our
electrocatalytic approach for synthetic applications in alcohol
oxidation. Electrifying thermal catalysis offers several advan-
tages, including increased energy efficiency by controlling the
energy input and providing excellent temporal and spatial
control over reaction progress. To showcase these benefits, we
conducted a standard controlled-potential electrolysis (CPE)
run, where we analyzed the formation of the imine product at
hourly intervals, followed by a 30-minute switch to open circuit
potential (OCP) (Scheme 5B). Remarkably, imine formation
ceased upon stopping the applied potential and was restored
upon switching back to the working potential. This demon-
strates the exceptional temporal control of the reaction under
electrochemical conditions. Furthermore, we observed that
interrupting the run did not affect the selectivity, as the reac-
tivity stalled at room temperature in the absence of applied
potential. This precise control over the reaction progression
under electrochemical conditions opens up exciting possibili-
ties for selective tandem reactions in the future. Building upon
the demonstrated stability of Ru-1 during imine formation, we
investigated the possible resting states and the fate of the

Chem. Sci., 2023, 14,13437-13445 | 13441
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catalyst after CPE. By extracting the crude reaction mixture with
CDCl;, we obtained NMR resonances that closely matched those
of independently synthesized samples of the benzyloxo complex
Ru-OBn (ref. 57) and the hydroxo complex Ru-OH (ref. 58)
(Scheme 5C). This suggests that under the employed condi-
tions, Ru-OBn serves as the resting state of the catalyst. This
finding aligns with previous experimental (ref. 59) observations
and theoretical® investigations of similar systems for thermal
alcohol activation and dehydrogenation in basic media.

While our proof-of-concept study demonstrates the broad
applicability of electrocatalytic alcohol oxidation (EAO) for C-N
bond formation, the use of a large excess of alcohol substrate
can be a limiting factor for practical applications. However, we
are confident that by optimizing the reactor design, specifically
the electrode surface-to-volume ratio, the excess alcohol can be
significantly reduced. We nevertheless sought to prove that even
with a simple home-made cell, excess alcohol can be signifi-
cantly reduced. By repeatedly adding the amine substrate and
catalyst after passing 2F of charge, we were able to isolate the
imine product 1 on a sub-gram scale, resulting in a reduced
excess alcohol ratio of approximately 4 : 1 (300 mg, 33% isolated
yield). Furthermore, we successfully recovered over 74% of the
excess alcohol for reuse (Scheme 6A). These results indicate that
even with our current experimental setup, the excess alcohol
can be effectively reduced. Additionally, we demonstrated that
under the standard conditions with a large excess of alcohol, the
imine product can be efficiently separated from the excess
alcohol and the alcohol can be recovered in an excellent yield of
92% (Scheme 6B). These preliminary findings highlight the
potential scalability of EAO approaches, which would greatly
benefit from the optimization of cell designs in future studies.

To provide a rational explanation for the observed reactivity of
the ruthenium (de)hydrogenation catalysts employed in our
study, we have developed putative catalytic cycles based on
several key observations. These observations are as follows: (1) we
propose that the initial step in the catalytic cycle involves the
deprotonation of the alcohol substrate. This step is crucial for
achieving selectivity in favour of amine oxidation, as alkyl

A Scale-up and alcohol recovery

OH
©/ @c *) ﬁpt ) Ay Hox

+ H,N—Hex ——————— > N
0.2 M LiOH,
THF/H,0 (7:1)
25°C/ 6 x 2 F mol
CPE 0.3 V vs Ag/AgCI
6 x 2 mol% cat.

1

300 mg
33% isolated yield
(54% GC yield, 55% F.E.)

3M 6 x 0.76 mmol
145¢ (130 mM)

74 % recovery
B Alcohol recycling from standard run

OH
@ >-DPt m ex
+
FsC

HoN—Hex —»

0.2 M LiOH
3M 0.38 mmol  THF/H,0 (7:1) 1c
92% recovery (65 mM) 25°C/ 2 F mol 53% isolated yield

CPE 0.3 V vs Ag/AgCI (73% GC yield, 80% F.E.)
2 mol% cat.

Scheme 6 (A) Successive addition of both amine and catalyst equiv-
alents for multi-mmol scale synthesis with starting material recovery.
(B) Alcohol recovery experiment from a standard run.
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Scheme 7 Possible reaction mechanism for the electrocatalytic
alcohol oxidation with common ruthenium-based MLC catalysts.

alcohols with lower acidity exhibit increased levels of amine
oxidation side-products. Deprotonation of the alcohol is consis-
tent with our experimental findings regarding the reactivity of
alkyl alcohols and provides a thermodynamically and kinetically
favourable pathway for subsequent reactions. (2) Resting states:
post-electrolysis NMR studies have indicated that hydroxo- and
alkoxo-ruthenium complexes could be potential resting states of
the catalysts. (3) Hydride transfer: we propose that hydride
transfer from the alcohol to the catalyst proceeds through the
alcoholate species. Alcoholates have been shown to be signifi-
cantly better hydride donors compared to their corresponding
alcohols.® This hypothesis is also supported by theoretical
studies on thermal activated alcohol dehydrogenation, where
ion-pairing transition states are often proposed.®®*>* (4) Oxida-
tion of hydride intermediate: the oxidation of the hydride inter-
mediate is expected to be readily feasible at the applied potential
as shown in our previous study® and could serve as thermody-
namic driving force to regenerate active species.** These obser-
vations can be rationalized by the putative catalytic cycle
proposed in Scheme 7 (see also ESI Section 87).

We believe that the electrification of thermal processes holds
significant potential and can offer important benefits in the
future. One of the key advantages of electrochemical
approaches is their ability to achieve the desired trans-
formations with significantly reduced time and temperature
compared to traditional thermal conditions. In the case of
imine bond formation, the conventional thermal process typi-
cally requires prolonged reaction times (>24 hours) and high
temperatures (>110 °C).** By contrast, our electrochemical
approach allows for faster reaction kinetics and can be con-
ducted at lower temperatures. We believe that energy efficiency

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of electrochemical approaches could be a crucial advantage. A
rough estimation suggests that the energy efficiency of elec-
trochemical methods for C-N bond formation can be an order
of magnitude higher than that of traditional thermal methods
(see ESI Section 9t). Electrifying thermal processes could thus
help achieve higher energy efficiency in the chemical sector.
While this study represents an initial step towards this goal,
further research and development are needed to overcome the
current limitations and expand its applicability on a larger
scale. The optimization of reactor designs, catalyst systems, and
process conditions will be crucial in harnessing the full
potential of electrochemical approaches for C-N bond forma-
tion and other transformations.

Conclusions

In summary, this study represents the first example of molecular
EAO for C-N bond formation. Smooth reaction conditions (room
temperature, below 6 h) compare well to thermal conditions
(>110 °C, >24 h), demonstrating the usefulness of this electro-
chemical approach. Over 30 imine products were obtained and
long-term stability tests showed that TON close to 90 can be
obtained for this molecular system. Furthermore, we demon-
strated the excellent temporal control of the system by switching
between working and open circuit potential (OCP), illustrating
the unique opportunities presented by electrified organic redox
chemistry. This temporal control opens up avenues for selective
tandem reactions and the design of more complex reaction
sequences. We demonstrate the scalability of the process, as well
as the possibility of recycling excess alcohol. Building upon the
success of this study, we are actively expanding the scope of
molecular EAO, exploring new catalyst systems, and investigating
the potential for other types of bond formations. We hope that
this work will serve as a foundation for further developments at
the interface of homogeneous catalysis and electrochemistry,
driving innovation in sustainable synthetic methodologies.
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