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The “self-adaptability” of galvanostatic electrolysis was shown to
assist a multistage unprecedented chemo- and diastereoselective
electrochemically promoted cyclodimerization of chalcones. The
process, all involving the reductive events, delivered densely func-
tionalized cyclopentanes featuring five contiguous stereocenters
(25 examples, yields of up to 95%, dr values up to >20:1). Dedi-
cated and combined experimental as well as electrochemical
investigation revealed the key role of a dynamic kinetic resolution
of the aldol intermediate for the reaction mechanism.

In recent years, the development of effective and sustainable
synthetic strategies in organic chemistry has been shown to be
tremendously advanced by the diversification of enabling
technologies." In particular, the highest potential is reached
when the application of different techniques dictates reaction
outcomes such as chemoselectivity, product distribution and
stereoselectivity. This goal extends the shades of the synthetic
palette, allowing a multifaceted chemical space, where the
outcome can be easily diversified even when drawing from
the same pool of starting materials.

The use of synthetic organic electrochemistry (electroChem)
not only replaces stoichiometric oxidizing/reducing chemical
agents with electrons as traceless equivalents, but also delivers
novel reaction pathways and complementary selectivity.” In this
scenario, the peculiar features of galvanostatic electrolysis offer
a reaction manifold of unparalleled power and simplicity.® Self-
adapting the reaction potential to the one that is needed for the
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Reductive cyclodimerization of chalcones:
exploring the “self-adaptability” of galvanostatic
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less demanding process to occur allows for the precise control
of cascade processes, even where the subsequent reactive
events are energetically more demanding than the previous
ones (Fig. 1). This approach has yielded significant landmarks
in organic synthesis with applications in non-trivial C-C and
C-X bond formations.* Moreover, by exercising easy and pre-
cise control over the quantity and energy of the electrons
participating in a redox process, electroChem is an unparal-
leled protocol for obtaining insights into reaction pathways, in
particular by enabling ready access to the isolation of inter-
mediates in a controlled manner. In contrast, traditional stoi-
chiometric or other redox technologies commonly lack the
same “live” adaptability and operational tunability during the
chemical event.” On the other hand, the use of harsh chemical
reagents, capable of covering all potential ranges of the redox-
active functional groups, could be detrimental to the overall
process selectivity.

In continuation with our recent interests in selective
radical processes and electrochemical reaction development,®
we tackled the exploitation of galvanostatic electrolysis for
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Fig. 1 Pictorial representation of the concept of “self-adaptability” of
galvanostatic electroChem utilized in organic synthesis.
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Scheme 1 Electroreductive cyclodimerization of chalcones. The state of
the art and the present proposal. [H]: stoichiometric chemical reductive
agent.

achieving rapid access to chemical diversity and efficient mon-
itoring of reaction pathways, by investigating the reductive
cyclodimerization of chalcones 1.” This machinery was used
as a platform to improve and expand reductive synthetic
methodologies, featuring chemo-, regio-, and diastereoselectiv-
ity issues in the preparation of densely functionalized cyclo-
pentanes (Scheme 1).%

In detail, the 1,3-keto alcohol moiety of cyclodimerization
products 2 could undergo further reduction to 1,3-diols 3
(vide infra). This process, creating a further exocyclic stereocenter,
was posited to be more energetically demanding than the first
monoelectronic reduction of the extended enone system (vide infra
for an electrochemical characterization of both starting materials as
well as intermediates). Not surprisingly, stoichiometric metal-
promoted or photocatalytically assisted reductive conditions led
exclusively to aldols 2 (Scheme 1 upper panel). In contrast, self-
adaptive galvanostatic electrochemical conditions could yield an
elegant way to achieve densely functionalized 1,3-diols 3 featuring
five contiguous stereogenic centers (Scheme 1 lower panel).’

Despite the intrinsic synthetic challenges posed by this
transformation, namely chemoselectivity (3a vs. 2a/2a’ for-
mation) as well as diastereoselectivity (formation of five con-
secutive stereogenic centers), we were pleased to find that the
use of a silver (Ag) cathode and graphite (C) anode, in the
presence of triethanolamine (TEOA, 2 equiv.)”"*° as a sacrificial
reductant (constant current electrolysis, I = 4 mA, 4 F mol,, ),
resulted in the fully chemo- and diastereoselective formation of
3a in 84% isolated yield (Table 1, entry 1). Importantly, the
supporting electrolyte (TEABF,: tetraethylammonium tetra-
fluoroborate) could be used in a substoichiometric amount
(20 mol%, 0.01 M) without consistent issues concerning the
medium resistivity. In addition, the reaction could be imple-
mented to the mmol scale with minimal loss of efficiency
(vield = 79%).

An extensive survey of reaction parameters (see ESIY)
revealed that variations from optimal conditions resulted in a
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Table 1 Optimization of reaction conditions?

TEOA (2 equiv)
o TEABF, (20 mol%)

- B,

C(+)||Ag (-), CCEI=4 mA

1a 4 F/mol
[e)
Ph
Ph,,
OH
. “'Ph
Ph’
2a 2a' 2a"
Entry Deviation from optimal Y 3a” [%] 2a/2a’/2a”*
1 None 84 (799 Traces
2 Cgraph as cathode 22 —/12/—
3 Ni as cathode 75 Traces
4 LiBF, as electrolyte 47 Traces
5 TEABF, (100 mol%) 82 Traces
6 HE as reductant — 18/17/—
7 Zn as anode, no TEOA — 33/—/—
8 CCEI=2mA 74 —/5/—
9 CCEI=6 mA 69 Traces
10 DMSO as solvent 69 Traces
11 CH;CN as solvent 58 Traces

“All reactlons were carried out in dry solvents and under nitrogen
conditions. ? Isolated yields after flash chromatography In all cases, 2a
was isolated in >20:1 dr as determined from * H NMR analysis of the
crude reaction products. ¢ Yields determlned via "H-NMR analysis with
mesitylene as an internal standard. ¢ Isolated yield for a 1.0 mmol-scale
reaction (see ESI for additional details). CCE: constant current electro-
lysis; HE: Hantzsch ester.

significant drop in reaction performance or no formation of
desired product at all. In particular, the importance of using a
non-Lewis-acid electrolyte and a metal cathode was under-
scored for entries 2, 3 and 4, with graphite giving a mixture
of 2a” and 3a in poor yield and Ni behaving similarly to the
optimal Ag. Analogously, using different stoichiometric reduc-
tants (entry 6) or a sacrificial anode (entry 7) prevented the
formation of the desired product, yielding mixtures of aldols 2
and partial reduction of 1a. On the other hand, the outcome of
the process was found to be less reliant on the intensity of the
current (entries 8 and 9) or the reaction solvent (entries 10 and
11), always furnishing diol 3a, although with diminished
efficiency.

Once optimal reaction conditions were established, the
generality of the electroreductive cyclodimerization was
assessed on a range of densely functionalized chalcones 1b-x
(Scheme 2). Apart from a few cases, the target products 3 were
isolated as single diastereoisomers in good to excellent yields
(up to 95%). In particular, high tolerance toward electronic
perturbations of the electron-deficient double bond, via dec-
oration of the adjacent aryl group, was observed. Electron-
donating substituents, including alkyl (1b-c), phenyl (1d),
methoxy (1th,m) and mercaptomethyl (1i) groups placed at the
para or meta positions of the arenes, provided a smooth formation
of the products 3 (43-80% yields). Electron-poor arenes bearing
CF; (1e), ester (1f) cyano (1g) and halogen substituents (F, Cl, Br
1k-n) performed equally well (59-84% yields). Finally, an
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Scheme 2 Reaction scope: reaction conditions as in Table 1, entry 1.
Isolated yields were determined after flash chromatography. All com-
pounds were isolated essentially as a single diastereoisomer (dr > 20:1)
unless otherwise specified: dr = 8.0:1. °dr = 11:15dr = 4.4: 1.

extended m-system (10), as well as electron-rich heteroarenes
(furan and thiophene, 1p, q) and electron-poor pyridine
(1r), were also well tolerated in the disclosed protocol
(35-95% yields).

Variations of the aromatic ketone moiety of 1 were also
investigated by means of testing substrates 1s-y. Here, when
subjecting electron-rich (1s-u) and electron-poor (1v-x) chal-
cones to the optimized conditions, good to excellent yields
(62-90%) were obtained regardless of the functional group
position. In fact, ortho, meta and para substitutions did not
affected significantly the outcome of the process, with only a
slight drop in diastereoselectivity (4.4 : 1) with product 3u.

In order to shed light on the mechanism of the whole
process—and, in particular, on the key unprecedented late-
stage reduction to 3—we monitored the progress of the reaction
over time. To our surprise, by simply interrupting the reaction
after providing 1 F mol;, ", an equimolar mixture of diaster-
eoisomers 2a”"* and 2a’ was observed (68% combined yield).
Isomer 2a’ was unambiguously identified as an epimer of 2a via
a single-crystal X-ray diffraction analysis (Scheme 3 upper-
right), thus showing a lack of diastereoselectivity in the aldol
cyclization stage. This evidence resulted in sharp contrast with
the highly diastereoselective outcome observed at the end of
the cascade (3a, dr >20:1). Interestingly, by re-subjecting
either isomer 2a or 2a’ to the optimized conditions indepen-
dently, 3a was isolated in a diastereoselective manner
(dr >20:1) in both cases and no traces of the putative epimer
3a’ (theoretically 2a’ — 3a’) were observed. Thus, both 2a and
2a’ were deemed to be productive intermediates in the for-
mation of 3a and, while 2a was reduced directly to the final
target, 2a’ is believed to undergo a retro-aldol ring opening
event, responsible for an equilibration between 2a and 2a’.'!
Following these experimental results, the tentative mechanism
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Scheme 3 Upper panel: control experiments proving the electrochemi-
cal dynamic resolution. Lower panel: overall picture of the tentative
operating mechanism.

depicted in the lower panel of Scheme 3 is porposed. Accord-
ingly, after a monoelectronic reduction of chalcone 1a (radical
anion A), a tail-to-tail Giese addition to a second molecule of 1a
(intermediate B) is postulated, giving, after a second cathodic
event and protonation, the 1,6-diketone monoenolate C
(pathway a). Alternatively, C can be directly produced (after
protonation) from a radical-radical coupling of A, given the
high concentration of this species at the cathode surface (path-
way b). Hereafter, C is thought to undergo a non-diastereo-
selective intramolecular aldol cyclization, followed by a
dynamic kinetic resolution of the intermediates resulting from
an irreversible ketone reduction. This hypothesis could be
rationalized in terms of higher reactivity of isomer 2a, relative
to 2a’, toward the reductive step, probably due to the formation
of an activating intramolecular hydrogen bond being possible
only in the former isomer. Moreover, note that in the present
machinery, TEOA would act both as a sacrificial reductant as
well as protic source, whenever needed.”'°

In this framework, a preliminary electrochemical investiga-
tion deploying cyclic voltammetry was carried out on chalcone
1a and intermediate 2a (Fig. S3, ESIT). The analysis of the cyclic
voltammetric curve of 1a showed a completely chemically
irreversible process (Ep. = —1.52 V vs. SCE) followed by a broad
and partially reversible voltammetric wave, made of two closely
spaced processes, with a height of about half of the first
irreversible reduction. To account for the proton exchange
stages involved in the mechanism (formation of C, followed
by an aldol cyclization), an experiment with a controlled
concentration of H,O was carried out.

Here, the second peak was made completely reversible and
occurred at Ex = —1.86 V. The cyclic voltammetric curve of 2a

This journal is © The Royal Society of Chemistry 2024
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was also recorded under the same conditions, and showed a
reversible reduction at the same potential (E: = —1.86 V) as that
of the second voltammetric wave of chalcone 1a. Interestingly,
the voltammetric analysis supported the first steps of the
mechanism depicted in Scheme 3. In particular, the reduction
of 1a (formation of intermediate A) was concluded to be
followed by a dimerization of the radical anion A and proton
exchange (Scheme 3, pathway b).">'® Finally, the exocyclic
ketone moiety of the newly formed product(s) 2 can undergo
a reduction process. All these steps agree both with the redox
potentials recorded and the half height of the second voltam-
metric peak with respect to the first one.

In conclusion, we have demonstrated that the ‘“self-
adaptability” of galvanostatic electrolysis is a compelling tool
for the realization of cascade processes with a high level of
chemo- and stereocontrol. Under these conditions, a new route
for the reductive cyclodimerization of chalcones was developed,
leading to cyclopentane scaffolds, in high yields (up to 95%)
and diastereocontrol (dr > 20:1) over five contiguous stereo-
centers. The tunability of reaction conditions allowed us to
shed light on the whole operating electrochemically mediated
mechanism, revealing a dynamic kinetic resolution of the
intermediate aldol products by means of the final irreversible
reduction.
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