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Wilson’s, and cancer diseases

Anne Robert® * 4, Yan Liu® *?, Michel Nguyen ® ¢, Francoise Benoit-Vical ®“ and
Bernard Meunier ® *%?

@ Laboratoire de Chimie de Coordination du CNRS, LCC-CNRS, Inserm ERL 1289 MAAP,
Université de Toulouse, 205 route de Narbonne, 31077 Toulouse cedex, France

b school of Chemical Engineering and Light Industry, Guangdong University of Technology,
Higher Education Mega Center, Guangzhou 510006, PR China

E-mails: anne.robert@lcc-toulouse.fr, yanliu@gdut.edu.cn, michel.nguyen@Icc-toulouse.fr,
francoise.benoit-vical@lcc-toulouse.fr, bmeunier@lcc-toulouse.fr

This review is dedicated to Dr. Marguerite Pitié, T 2011, in memoriam

Abstract. The loss of copper homeostasis is considered a characteristic feature of several major human
diseases such as Alzheimer’s, Wilson’s, or cancer diseases. Consequently, the design of new efficient
ligands targeting copper regulation is a major concern of therapeutic bioinorganic chemistry and
should take in consideration the chelator structures for being copper-specific and the redox properties
of the corresponding complexes to obtain suitable pharmacological activities. As an improvement of
previously developed amine ligands, N4-tetradentate 8-aminoquinoline chelators, are able to inhibit
memory and behavior impairment in Alzheimer mice, by generating square planar Cu(Il) complexes
suitable for the efficient extraction of copper ions from metallated amyloid peptides, leading to a
reduction of the neurotoxic oxidative stress in the brain. These chelators also reverse the hepatotoxic
accumulation of copper in animals with Wilson’s disease and inhibit the proliferation and migration
of human cancer cell lines. This review summarizes the gradual and logical development of twenty-
five years of research in our group on copper-specific chelators and their promising development as
potential therapeutic tools against diseases in which copper is involved.

Keywords. Alzheimer’s disease, Cancer, Chelator, Copper, Medicinal chemistry, Redox metal, Wilson’s
disease.
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1. Introduction: copper in human health and  copper exists in the oxidized Cu(Il) and reduced Cu(I)

disease forms. In biological conditions, the interconversion
between these two oxidation states is easy and facil-
itates the role of this metal as catalytic co-factor in
various copper enzymes involved in electron trans-
fers and oxidations.

Copper ions are found in many different
metalloenzymes (laccases, tyrosinase, superoxide
dismutase, ascorbate oxidase, cytochrome-c oxidase

After iron and zinc, copper is the third essential metal
ion in living systems [1]. The highest concentrations
of copper are found in liver and brain. The copper
concentration in human frontal lobe and cerebellum
is ranging from 60 to 110 uM [2]. In living organisms,
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Scheme 1. Step-by-step reduction of dioxygen
catalyzed by low-valent transition metals such
as Cu(I) or Fe(ID).

to cite a few ones) and metalloproteins (hemocyanin,
ceruloplasmin) [3,4]. Among these copper proteins
involved in vital processes, cytochrome-c oxidase is
a large transmembrane terminal heme/copper oxi-
dase of the respiratory electron transport chain. Its
redox centers involved in electron transport consist
of two heme moieties and two copper centers that
catalyze the reduction of dioxygen to water with the
concomittant pumping of four protons through the
mitochondrial membrane [5] (Equation (1)).

0, 24 91,0 o)

Since the air-stable oxidation state +II of copper
can be easily reduced to the highly reactive state
(+I) by endogenous reducing agents (e.g., ascorbate,
glutathione, NADPH) [6], its acquisition, distribu-
tion and regulation in living systems is strictly con-
trolled by copper carriers and chaperone proteins [7].
As a low-valent transition metal ion, Cu(I) behaves
in the same way as Fe(II), being able to induce the
electron-by-electron reduction of dioxygen to water in
all aerobic organisms (Scheme 1). This catalytic re-
action is potentially deleterious because it produces
superoxide radical anion O3, then hydrogen perox-
ide H,O, and finally hydroxyl radical HO®, the most
aggressive form among the reactive/reduced oxygen
species (ROS).

Superoxide is a relatively mild reductant and hy-
drogen peroxide is the required cofactor of the ubiq-
uitous peroxidases. In healthy organisms, the con-
centrations of superoxide and hydrogen peroxide are
strictly controlled by metallo-enzymes. The efficient
superoxide dismutases (SODs), Cu/Zn-superoxide
dismutase (= SOD-1), to name one of them, have
a key role in the regulation of this metabolic path-
way, by converting two superoxide radical anions to
molecular oxygen and hydrogen peroxide through

the redox activity of its copper centre, while zinc
plays a structural role (Equation (2)).

Cu/Zn-SOD (= SOD-1) is present in nearly all
compartments of human cells, nucleus, mitochon-

dria, cytosol, and peroxisomes.

205" 2L 0, +Hy0, )

Hydrogen peroxide is used as cofactor by per-
oxidases, but any excess of production of this per-
oxide is controlled by catalases that are highly ef-
ficient at HyO, disproportionation. In the case of
H,0, overproduction, the three-electron reduction
product of dioxygen, hydroxyl radical HO®, is pro-
duced. This radical is the strongest oxidizing agent
(standard redox potential = 2.8 V/NHE) after fluorine
gas (2.9 V/NHE) and, unlike O3 or H202, no spe-
cific detoxifying enzymes exist for HO®. At diffusion-
controlled rates, HO® hydroxylates aliphatic C-H
bonds, or performs the one-electron oxidation of
rather inert molecules, or modifies unsaturated com-
pounds by addition [8]. All biomolecules of living or-
ganisms can be quickly oxidized by HO®, leading to
extensive damage up to cell death. The only way to
prevent the formation of this deleterious radical is to
control the upstream reduction of molecular oxygen.
Involvement of an oxidative stress induced by mis-
regulated copper in the brain has been documented
as a key feature of Alzheimer’s disease and proposed
to be important for the development of the brain
pathology [9-11]. It is also well known that the dereg-
ulation of copper homeostasis is involved in other
inherited or sporadic neurodegenerative pathologies
like Parkinson’s disease, amyotrophic lateral sclero-
sis that is caused by mutations of SOD-1 [12], or
prion-mediated encephalopathies [13]. Copper ions
are also essential for the function of several brain
metalloenzymes like tyrosinase [14] or dopamine (3-
hydroxylase [15].

In addition, any deficiency of a human copper car-
rier protein involved in the regulation of copper up-
take, may generate a pathology. This is the case for
Wilson’s disease, a genetic condition caused by muta-
tions of the Atp7b gene coding for the copper carrier
ATP7B in charge of excreting copper from liver to bile.
Impairment of ATP7B causes massive accumulation
of copper in liver, brain, and other organs, result-
ing in liver disease and neurological disorders [16-
18]. Moreover, copper is essential for efficient iron
and zinc trafficking in mammals. The major copper
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transporter ceruloplasmin exhibits a ferroxidase ac-
tivity that promotes the Fe(II) oxidation to facilitate
the iron loading into ferritin, and Zn(II) is a substrate
of ferroportin [19]. So it should be noted that the
roles of these three vital metal ions, copper, zinc, and
iron, are often interconnected in different proteins or
enzymes. Consequently, any metal chelator, if con-
sidered as drug candidate, should be specific for one
of these metal ions to avoid as much as possible per-
turbations of metalloproteins dependent on the two
other metal ions. This is a prerequisite point in the
rational design of a copper ligand for being beneficial
in the therapy of a copper-related disease.

As bioinorganic chemists initially involved in DNA
cleavage by metal complexes, our group became in-
terested by using copper complexes as DNA cleavers
(Section 2 of the present review article), then some
copper ligands were designed for antitumor activ-
ity (Sections 3 and 6). Different series of specific
copper chelators were then developed as potential
drugs to treat Alzheimer’s disease (Section 4) and Wil-
son’s disease (Section 5). In relation to the state of
the art, the present review is therefore focused on
the last twenty-five years of research on copper lig-
ands with potential therapeutic interest performed in
our research group, especially on the step-by-step ra-
tional design of metal-selective and biologically effi-
cient drugs.

2. Copper complexes as DNA cleavers

Among the various metal complexes developed over
the last three decades as artificial nucleases, cop-
per complexes of 1,10-phenanthroline (Phen) have
been widely used as DNA cleavers [20-24]. The ver-
satile Phen ligand is able to chelate copper ions as
redox-active Cu(Phen) and Cu(Phen), complexes (for
a general review on the chemistry of phenanthro-
lines, see Ref. [24]). Interaction of the redox-active
Cu()/Cu(Il)-phenanthroline complexes in the mi-
nor groove of double-stranded DNA in the presence
of H,0,, triggers the oxidation of C1’ and C4' of
2-deoxyribose units, resulting in single-strand DNA
cleavage [20,21]. This cleavage can also be achieved
by aerobic oxidation in the presence of a reducing
agent. Cu(Phen), was found significantly more active
than Cu(Phen), but the association constant for the
second Phen ligand onto the copper ion is too low to

General structure of
Clip-Phen derivatives

2-Clip-Phen 3-Clip-Phen

Figure 1. Structures of the covalently linked
bis-phenanthroline ligands, 2-Clip-Phen and
3-Clip-Phen.

enhance DNA oxidation at submicromolar concen-
trations (log Kapp = 5.5) [25]. Consequently, chelators
named “Clip-Phen” were prepared, containing two
Phen residues linked through their C2 or C3 positions
by an adjustable bridge, to favor the coordination
of two Phen units around a single copper ion (Fig-
ure 1) [26,27]. The efficiency of oxidative DNA cleav-
age by Cu—Clip-Phen complexes, under aerobic and
physiological conditions in the presence of a reduc-
tant, was evaluated by quantification of the cleavage
of supercoiled circular bacteriophage ®X174 DNA
(form 1) into relaxed (form II) and circular (form III)
forms. In these conditions, Cu—Clip-Phen complexes
exhibited a nuclease activity that was dramatically
higher than that of Cu-1,10-phenanthroline [26].

The DNase activity of Clip-Phen was higher when
the bridge was linked at the C3 position of the Phen
moiety (3-Clip-Phen series) compared to the C2 po-
sition (2-Clip-Phen series) and when the bridge con-
tained three methylene units [27,28]. The most ef-
ficient chelator of this series was 3-Clip-Phen (Fig-
ure 1) with a serinol bridge at C3 position of the
Phen rings, being 20-30 times more active as DNA
cleaver than its 2-Clip-Phen analog [27,28]. In fact, 2-
Clip-Phen in the presence of CuCly (1:1 molar ratio)
resulted in an incomplete (70%) cleavage of ®X174
form I into relaxed form II (30% of remaining form I)
whereas, in the same conditions, 3-Clip-Phen re-
sulted in the complete cleavage of form I into form II
(35%) and circular form III (65%), with an intense
smear corresponding to smaller DNA fragments.

In addition, the serinol bridge between the two
Phen units allowed, via its primary aliphatic amine,
the vectorization and modulation of the binding do-
main in these DNA cleavers. As expected, the at-
tachment of spermine, which has high affinity for the
minor groove of double helix DNA, to 2-Clip-Phen
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afforded a new spermine-phenanthroline conjugate
with an enhanced nuclease efficacy [29].

The electrochemical study of the 2- and 3-Clip-
Phen series indicated that the 2-Clip-Phen ligands
are better to stabilize the tetrahedral Cu(l) state of
their complexes in comparison to the Cu(Il) state.
On the other hand, 3-Clip-Phen derivatives facilitate
the stabilization of the corresponding Cu(Il) com-
plexes with a quasi-irreversible Cu(II) — Cu(I) reduc-
tion, suggesting that the reduced DNA cleavage ef-
ficacy of Cu-2-Clip-Phen complexes might be corre-
lated with the higher stabilization of the cuprous ox-
idation state. However, the absence of strict correla-
tion between the redox properties of the copper com-
plexes and their DNA cleavage efficacy suggests that
steric or electrostatic parameters of the DNA interac-
tions also take part in the modulation of the nuclease
activity of these copper complexes.

Noteworthy, several complexes of 2- or 3-Clip-
Phen with Cu(l) crystallized as a double-helical
structure of stoichiometry CuyL,, while monomeric
CulL species, with various geometries, were predom-
inant in solution [28]. The structure and reactivity
of these copper complexes appear to be particularly
versatile, a feature that opens the way for potential
uses as biological tools.

3. Copper ligands/complexes with antitumor
activity

Since the registration of cisplatin in the early 1980s,
the role of metal ligands and complexes in cancer
research has been the subject of many studies until
now (for a recent review, see Ref. [30]). The efficacy of
the copper complexes of Clip-Phen as DNA cleavers
suggested that these chelators might also be consid-
ered as therapeutic agents against cancer. In fact, re-
search on the cytostatic and potential antitumor ac-
tivities of substituted Phen derivatives or related lig-
ands metalated with copper or other various metals
has been investigated in parallel to their DNase activ-
ity [31-34] and has remained an active research field
until recent years, with the aim of developing novel
metal-based anticancer drugs [35-37].

In this context, the cytostatic properties of a se-
ries of 3-Clip-Phen derivatives were evaluated on the
classic L1210 murine leukemia cell line. The concen-
tration inhibiting the cell growth by 50% after 48 h
(ICsp) of 3-Clip-Phen was close to that of Phen itself

7N10 1N7

3,8-Dimethoxy-
1,10-phenanthroline

s</ g 2 \>3 O/
=N10 1N=

3-Methoxy-
1,10-phenanthroline

3-Alkyl-Clip-Phen
3-ethyl-Clip-Phen
3-propyl-Clip-Phen
3-butyl-Clip-Phen
3-pentyl-Clip-Phen

3-Acetyl-Clip-Phen

n=2
n=3
n=4
n=5

Figure 2. Structures of alkyl substituted 3-
Clip-Phen ligands, and 3,8-substituted-1,10-
phenanthrolines.

(1.15 and 2.5 uM, respectively), although Cu-3-Clip-
Phen was a better DNA cleaver than Cu(Phen), [33].
This result suggested that the cytostatic activity was
not strictly correlated to the DNase activity.

Conversely, 3-propyl-Clip-Phen, with a simple
aliphatic linker (Figure 2), exhibited a significantly
higher activity against L1210 cells (IC59 = 0.25 uM)
compared to 3-Clip-Phen (Figure 1). Analogs of 3-
propyl-Clip-Phen containing two to five methylene
units in the linker (3-alkyl-Clip-phen series) (Fig-
ure 2), were also evaluated. Their activity was sig-
nificantly correlated to their number of methylene
units in the linker, itself correlated to hydrophobic-
ity (Figure 3). The longer the linker, the more active
the compound was, with an ICsg value of 0.13 uM for
3-pentyl-Clip-phen. In order to investigate whether
the hydrophilic primary amine of the linker of 3-Clip-
phen (logPcqic = 2.47, 1Csp = 1.15 uM) could ham-
per its biological activity, this ligand was compared
to the slightly more hydrophobic 3-acetyl-Clip-Phen
(log Pcqc = 2.80). However, the antiproliferative ac-
tivity of 3-acetyl-Clip-Phen was lower at 5 uM, indi-
cating that the correlation between biological activity
and log Py was limited to the 3-aliphatic-Clip-Phen
series [33].

The putative role of the alkoxy substituent at
the C3-position in the phenanthroline of Clip-Phen
derivatives was evaluated by comparing their ac-
tivities to that of monomeric Phen derivatives, 3-
methoxy- and 3,8-dimethoxy-1,10-phenantholine.
The ICsg values of 3-methoxy- and 3,8-dimethoxy-
1,10-phenantholine were 1.5 uM and 1.4 uM, respec-
tively, in the same range as for Phen itself (2.5 pM),
suggesting that the alkoxy substituents at the C3-
and C8-position were not responsible for the higher
cytostatic activity of 3-alkyl-Clip-Phen. On the other
hand, the attachment position of the linker on the
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Figure 3. Antiproliferative activity of 3-alkyl-
Clip-Phen derivatives measured as 1/1Csg value
with respect to the number of methylene units
in the linker (n, blue trace) or to the hydropho-
bicity (logPcqc, red trace). The dotted lines
stand for polynomial trend curves of degree 2.

phenanthroline units is an important parameter,
since 2-propyl-Clip-Phen exhibited a much poorer
activity (ICso value > 100 uM) than its regio-isomer
3-propyl-Clip-Phen (1.15 uM) [33].

The conjugation of 3-Clip-Phen with DNA binders
and/or cell penetration agents such as spermine or
polyarginine (Arg)g did not increase the antiprolif-
erative activity. The ICsy values of 3-Clip-Phen-
spermine and 3-Clip-Phen—-(Arg)g were 12 uM and
1.9 uM, respectively, against L1210 cells [33], despite
the fact that 3-Clip-Phen-spermine exhibited a much
higher nuclease activity than 3-Clip-Phen on super-
coiled ®X174 DNA [29].

Importantly, Cu(ll) complexes of Clip-Phen
derivatives were prepared, and their cytostatic activ-
ities were evaluated. While complexation of copper
failed to improve the activity of 3-Clip-Phen deriva-
tives regardless of the composition of the linker, the
activity of 2-propyl-Clip-Phen dramatically increased
with copper complexation (IC5p = 2 uM, compared
to ICs9 > 100 uM for the free ligand). These results
confirmed that the attachment position of the linker
induced large variations in the biological properties
of Clip-Phen derivatives [33].

4. Copper chelators against Alzheimer’s
disease

Among the various putative targets involved in
Alzheimer’s disease (AD), the loss of metal ion
homeostasis in AD brain is well documented [38-
41]. Post-mortem analyses of the brain of patients

with AD indicated that amyloid plaques contain an
excess of copper, iron, and zinc by a factor of 5.7,
2.8, and 3.1, respectively, compared to the levels of
normal brains [9]. Copper-amyloid complexes, in
the presence of endogenous reductants, catalyze
the reduction of dioxygen to generate reduced ROS
(Scheme 1) [40,42]. Production of ROS is the molec-
ular signature of chronic inflammation reported in
AD brain and involved in neuronal death [43]. In ad-
dition, copper ions sequestered in amyloid plaques
may be responsible for a deficit in copper for cere-
bral copper-dependent enzymes, like superoxide
dismutase-1, [44] or copper oxidases involved in
the biosynthesis of neurotransmitters. Therefore,
restoration of copper homeostasis in the brain is a
multifunction drug target that requires the design of
specific chelators [11,38,45,46]. Because of the dele-
terious oxidative stress catalyzed by out-of-control
redox-active metal ions, this approach should be
considered an essential strategy among all various
attempts in AD drug design.

4.1. Clioquinol (CQ) and PBT2

The 8-hydroxyquinoline derivatives clioquinol (CQ)
and PBT2 (Figure 4) have been the first copper/zinc
ligands considered as potential anti-AD agents to
limit the interactions between metal ions and amy-
loid peptide (Af3). Clioquinol was able to decrease
A3 deposits in brain and to improve learning and
memory abilities of transgenic AD mice [47,48]. Un-
fortunately, this simple chelator, previously used as
antifungal and antiprotozoal drug, was withdrawn
from the market in 1983, due to its neurotoxicity
attributed to zinc chelation [15,49]. In fact, the
8-hydroxyquinolines are non-specific metal chela-
tors [50,51], and the affinity constant of CQ for Cu(I)
is only one order of magnitude higher than that for
Zn(II) (logK =10 and 9, respectively) [38,52]. In this
series, PBT2 [38] was less toxic [48]. However, phase
II clinical trial of PBT2 as anti-AD drug was stopped
due to its lack of efficacy [53].

In fact, CQ and PBT2 are bi- or tridentate ligands.
Consequently, their corresponding Cu(Il) complexes
have a 1:2 metal/ligand stoichiometry [38,54]. More-
over, addition of stoichiometric amounts of CQ or
PBT2 to Cu(Il)-Af in vitro does not efficiently remove
Cu from Cu(I)-Af3, but generates stable ternary
CQ- or PBT2- Cu(Il)-Ap} complexes [54,55]. Since
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Figure 4. Structures of copper chelators de-
veloped as drugs against Alzheimer’s disease.
Z stands for an adjustable linker.

8-hydroxyquinolines are unable to extract copper(II)
from soluble amyloids, these ligands should not be
considered as regulators of the copper homeostasis
in AD brains. Moreover, their flexible coordination
properties allow them to accommodate either Cu(II)
or Cu(D), reducing their capacity to inhibit the oxida-
tive stress induced by Cu-Af3 [56].

Additionnally, copper is a required cofactor for
several essential metalloenzymes, for example, for
the tyrosinase that produces L-DOPA from tyrosine
and catecholamine neurotransmitters [14]. Circa-
dian rhythm dysfunction occurs in AD, and copper
was recently reported to modulate rest-activity cy-
cles via norepinephrine produced by copper enzyme
dopamine (3-hydroxylase [15]. These data indicate
that the chance to get an efficient copper ligand from
the shelves to treat copper-related disease are lim-
ited, due to the necessity of understanding the whole
picture of the various parameters in copper coordi-
nation chemistry. Specific copper chelators should
result from a rational design in order to create drugs
as specific as possible. These ligands should not dis-
rupt the regular activity of copper enzymes or pro-
teins and must have suitable pharmacological and
safety profiles. Moreover, they should be able to cross
the blood-brain barrier after an oral administration,
to avoid any painful mode of administration. The fol-
lowing sections are reporting our successive works to
reach this goal.

4.2. Bis(8-hydroxyquinolines)

In line with our expertise on Clip-Phen as cop-
per chelators endowed with nuclease and cytostatic

activities (see above), we prepared a series of chela-
tors using two 8-hydroxyquinoline motifs covalently
linked at their C2 position. Contrary to mono(8-
hydroxy)quinolines, bis(8-hydroxy)quinolines (Fig-
ure 3) offer tetradentate N»O, binding sites to form
copper complexes with a ligand/metal ratio = 1:1.
The affinity of bis(8-hydroxyquinolines) for Cu(Il) is
higher than that of mono(8-hydroxy)quinolines by 4
to 6 orders of magnitude, with log K,pp of 15.5-16.6
at physiological pH [57,58]. However, their selec-
tivity for copper with respect to zinc is only 100 to
1000 [log Kapp for Zn(Il) = 12.5-14.2]. These ligands
are efficient at solubilizing A3 peptides and are able
to inhibit H,O, production by the Cu-Af3/ascorbic
acid system. These results were superior to those ob-
tained with the corresponding 8-hydroxyquinoline
monomers, thus validating the strategy of tetraden-
tate chelators. However, their affinity for Zn(I) is still
too high to consider these ligands as biologically per-
tinent copper regulators [59].

4.3. Bis(8-aminoquinolines)

To proceed to the transfer of copper from A3 to glu-
tathione (an efficient copper carrier) and, therefore,
to restore the copper homeostasis in AD brains, we
designed a series of tetradentate ligands L based on
a bis(8-aminoquinoline) scaffold, which are specific
for copper coordination (Figure 4, PA1637, 1, 2) [11].
These ligands have a high affinity for Cu(Il) ions, with
log Kapp values ranging from 14 to 16 at pH 7.4, and
a low affinity for Zn(Il), resulting in very high se-
lectivity for Cu(Il) with respect to Zn(Il), with a log
[Kapp (Cu-L)/ Kapp (Zn-L)] value over 12 [60]. In vitro,
at micromolar concentrations, they efficiently extract
Cu(Il) from Cu(II)-Af, to provide the Cu(II)-L com-
plex (Scheme 2) [54]. The presence of an amino func-
tion at the C8-position of the quinoline skeleton is re-
quired for the specific chelation of copper.

Importantly, this series of chelators offers a well-
defined square planar coordination suitable for
Cu(l) but not for Cu(I). So, in the presence of glu-
tathione (GSH), a reducing agent and a competitive
ligand for copper, the Cu(Il)-L complex readily re-
leases its copper ion to glutathione to generate a
Cu-GSH complex that will be able to transfer copper
to regular metal carriers (Scheme 2) [61].

In such conditions, the bis(8-AQ) ligand is re-
leased and should be able to act as a catalyst
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(Scheme 2). Bis(8-AQ) ligands may therefore be con-
sidered as suitable copper regulators of the copper
homeostasis. Conversely, it was also shown that the
copper complex of the mono(8-hydroxyquinoline)
derivative PBT2 was unable to release copper in the
presence of GSH.

On the basis of these in vitro studies, the phar-
macological activity of PA1637 (Figure 4) was evalu-
ated on a murine model of AD. The preclinical eval-
uation of drug candidates against AD has usually
been carried out on transgenic mice [48,62,63]. How-
ever, AD is not a condition determined by a single
gene mutation but a multi-parameter pathology in
which a large number of age-related genes are in-
volved. The fact that these transgenic mouse mod-
els do not accurately reflect human pathogenesis is
probably one of the reasons for the failures during
preclinical selection of drug candidates [64,65]. To
enlarge the panel of predictable mice models, we de-
veloped a non-transgenic mouse model of AD. In reg-
ular mice (much cheaper than transgenic ones), a
memory impairment similar to the early stage of AD
is triggered by a single injection of Af3;_4» oligomers
in the mouse cerebral lateral ventricles (intracere-
broventricular [icv] model) [66]. The animal model is
validated by the fact that injection of the control an-
tisense peptide Af342-; has no effect on mouse mem-
ory and behavior. The ability of PA1637 to inhibit
the episodic memory loss was evaluated on this non-
transgenic murine model. After a short oral treat-
ment with PA1637 (8 doses of PA1637, 25 mg/kg
each, over a 3-week period), the episodic memory
of AD mice was completely restored, similar to that
of healthy animals, while that of untreated AD mice
was significantly impaired [66]. These results clearly

validated the oral administration of PA1637 to fully
inhibit the cognitive impairment induced by icv in-
jection of amyloid oligomers, a way to mimic the
early stage of AD. At the moment, there is no treat-
ment able to regenerate functional neurons in the
late stages of AD. An efficient drug able to stop the de-
velopment of AD in the early stages will be welcome.

4.4. Tetradentate mono-8-aminoquinolines
(TDMQ) against Alzheimer’s disease

In spite of the capacity of PA1637 to extract copper
from copper-amyloid in vitro and to inhibit the cat-
alytic production of H,0, by Cu(Il)-amyloid, its de-
velopment was stopped due to its rather low bioavail-
ability. To enhance the efficiency and druggability
of such copper chelators, a new series of tetraden-
tate amine ligands (named TDMQs) was designed.
TDMQs were based on a mono(8-amino)quinoline
motif substituted at the C2 position by a nitrogen-
containing side chain, able to offer a N4-tetradentate
square planar coordination site for Cu(Il) complexes,
similar to that of bis(8-AQ) (Figure 4) [67,68]. Struc-
tural modulation of the polyamine chain allowed
tuning the geometry of the coordination site and,
consequently, the copper selectivity and the ability to
inhibit oxidative stress.

In this TDMQ series, the ligands having a side
chain with n = m = 2 (2 + 2 methylene groups), ex-
hibited the highest affinity values for Cu(II), with log
Kapp [Cu-L] values in the range 15-17, and also the
highest selectivity for Cu(II) with respect to Zn(II) (ra-
tio > 11 log units) [68]. These chelators were also
able to transfer copper from Cu-Af} to glutathione,
and to inhibit the aerobic production of ROS in-
duced by Cu-Ap in the presence of a reductant [56].
These features are clearly related to the capacity of
these N4-tetradentate ligands to offer a tetradentate
square planar coordination sphere around the cop-
per(l) ion, generating copper complexes with four
nitrogen ligands in a N4 equatorial plane coordina-
tion sphere [69]. Noteworthily, bis(8-AQ) derivatives
(structures depicted in Figure 4) offered the same co-
ordination, resulting in similar correlations between
the structures of the Cu(Il)-L complexes and their
physicochemical properties such as high affinity for
Cu(I) and ability to inhibit ROS production [60].

Based on these results, TDMQ20 (Figure 4) was se-
lected for evaluation of its anti-AD activity on three
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different mouse models. An oral treatment with
TDMQ20 was used to check the possibility of revers-
ing the cognitive and behavior impairments in two
non-transgenic models mimicking the early stage
of AD and in a transgenic one modeling a more
advanced stage of AD. In the non-transgenic mice,
memory deficits were triggered by a single injec-
tion of the copper complex of amyloid Af3;—42 in
the lateral ventricles (icv-CuA3 model) or hippocam-
pus (hippo-CuAp model) of regular mice. The third
model was the classical transgenic mouse 5XFAD
model [70,71].

A short oral treatment with TDMQ20 of icv-CuAf3
or hippo-CuA3 mice (10 mg/kg, 8 doses over 16 days)
fully restored the cognitive status evaluated by the
short-term novel object recognition (NOR) assay [72],
in comparison to untreated AD mice (Figure 5) [73].

By comparison, the 8-hydroxyquinoline derivative
clioquinol (CQ) did not significantly improved the
short-term memory of icv-CuAB- and hippo-CuAp
mice. The level of malondialdehyde, the signature
of an oxidative stress, in the cortex of icv-CuAf3 was
also reduced by TDMQ20. The three-month oral
treatment of transgenic 5XFAD mice with TDMQ20
also resulted in behavioral improvements. Phar-
macokinetic studies in rats indicated that TDMQ20
has a good bioavailability and efficiently crosses the
blood-brain barrier after oral administration [74].
Noteworthily, TDMQ20 did not exhibit significant
acute or chronic toxicity [73].

In addition, a three-month oral treatment of
5XFAD mice with TDMQ20 remarkably reduced the
plaque loading in the cortex by about 70%, suggest-
ing a beneficial role of TDMQ20 in clearing patho-
logical Af3 deposits in AD mice. The treatment also
significantly increased the expression of the ChAT
enzyme and the CHRM4 receptor, two proteins in-
volved in the cholinergic system [75]. All these results
strongly suggest that TDMQ20 is acting on several
pathways of this multifactorial disease.

Due to their reliability and easy use, the icv-CuAf3
and hippo-CuAf3 mice should be considered as ro-
bust non-transgenic models to evaluate the activ-
ity of potential drugs in the early stages of mem-
ory deficits. Moreover, among other possible as-
says [76,77], the short-term NOR test was found
particularly robust to evaluate the impairment of
declarative memory in mice, making it easy to select
molecules for the treatment of the early stages of AD.

One should keep in mind that the few current AD
therapies are not curative and provide at best a short-
term improvement in symptoms, with potentially se-
rious side effects. Moreover, their efficiency/cost ra-
tios are questionable. Despite intensive efforts on AD
over the last two decades in genetics, biochemistry,
and cell biology, the pipeline of new drugs is rather
unproductive. As a reference point, lecanemab, ap-
proved in the United States for the treatment of AD, is
an anti-amyloid monoclonal antibody administered
intravenously every other week with a post-infusion
observation period with monitoring of the effect by
magnetic resonance imaging. In addition to these
rather strong constraints, treatment with lecanemab
results in frequent and potentially severe anticoagu-
lation side effects, and this treatment is not recom-
mended for patients with a wide range of comorbidi-
ties, a very frequent condition in aging patients [78].
In addition, the European health agency (EMA) ini-
tially refused this treatment (July 2024) [79]. Do-
nanemab, another antibody targeting amyloids re-
cently approved by the FDA (June 2024), also induces
fatal brain bleeding in a few patients [80]. These facts
strongly suggest that efforts should be made to sup-
port the discovery of new “small molecules”, namely
chemical agents, designed for an easy crossing of
the blood-brain barrier in order to produce an ef-
ficient pharmacological effect on the early stages of
AD, without strong constraints or potentially severe
adverse effects.

So the efficacy of TDMQ20 by oral administration
at low doses on three different AD mouse models
with a very low toxicity, is an encouragement for a
future development of this specific copper chelator,
maybe in parallel with research of other molecules
targeting different mechanisms. However, consider-
ing that the introduction of a new drug candidate in
the pipeline of AD treatments is rather challenging,
we decided to investigate the correlation between the
copper chelating activity of TDMQ20 and its thera-
peutic interest in a well-known copper-related dis-
ease, namely the Wilson’s disease.

5. Tetradentate mono-8-aminoquinoline
TDMQ20 and Wilson’s disease

Wilson’s disease (WD) is a genetic disease caused by
mutations on the Atp7b gene coding for the copper
carrier ATP7B, an ATPase in charge of incorporating
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Figure 5. Declarative memory evaluated by the short-term novel object recognition task (NOR). The
recognition index for short term memory in the icv-CuA3 and the hippo-CuAf} non-transgenic mouse
models are reported in panels A and B, respectively. In each case, the recognition index of AD mice which
received no drug-treatment (untreated group) was compared to that of healthy mice (control group), and
to the recognition index of AD mice treated with TDMQ20 or clioquinol (CQ) (8 x 10 mg/kg in 16 days).
Each mark represents the result obtained with a single mouse; horizontal lines represent mean values +
SEM. ***p < 0.001, **p < 0.01, *p < 0.05 vs. the untreated AD group (ANOVA). Adapted with permission
from Figure 2 of Ref. [73]. Copyright 2020 American Chemical Society.

copper in apoceruloplasmin in the liver, leading to
the elimination of this metal ion in bile and then in
feces. Deficiency in this copper carrier causes accu-
mulation of copper in the liver, generating acute or
chronic hepatitis and liver cirrhosis, potentially lead-
ing to a fulminant hepatic failure. Copper is par-
tially released in the bloodstream and slowly elim-
inated in urine. In advanced stages of the disease,
neurological symptoms such as seizures or Parkin-
sonism appear, along with psychiatric disorders. Ac-
cumulation of copper in various organs, resulting es-
pecially in renal and cardiac pathologies as well as
hypoparathyroidism and osteoarticular damages, are
correlated with a fatal prognosis [17,18]. Lifelong
treatment is therefore necessary, using copper chela-
tors to facilitate the excretion of copper. The first-
line drugs for WD treatment via oral administration
are currently D-penicillamine (DPA) and, to a lesser
extent, trientine, a non-selective polyamine chelator
(Figure 6) [81].

These two drugs are given at very high doses (1-2 g
per day for an adult) and exhibit adverse effects that
may be serious enough to require discontinuation
of the treatment (in approximately 30% of patients
for DPA) [82,83]. The efficacy of DPA in neurologic
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D-Penicillamine Triethylene tetramine Bis(choline)
(DPA) (trientine) tetrathiomolybdate
(750-1500 mg/d)? (900-2700 mg/d)? (TTM)

Figure 6. Structures of copper chelators cur-
rently used in the treatment of Wilson’s disease
(DPA and trientine), or in development (TTM).
@ Daily oral dosage for an adult [82].

WD is only moderate (55% of improvement rate),
and both DPA and trientine induce a severe and
irreversible neurological worsening in 10-50% of
patients with previous neurological symptoms [84].
So there is a real medical need for a specific cop-
per chelator able to efficiently regulate the copper
excess, at lower doses than those used for DPA or
trientine and with lower side effects in the long term.
Ammonium tetrathiomolybdate has been proposed
for more than 30 years [85], recently replaced by
bis-choline tetrathiomolybdate (TTM, Figure 6) [86].
The MoSi‘ ion chelates copper to form very sta-
ble and highly insoluble sulfur-bridged Mo-Cu
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clusters [87,88] detected in the liver of WD rat mod-
els [87], resulting in accumulation of molybdenum
in major organs (spleen, liver, adrenal glands, kidney,
and brain) following administration of TTM [89,90].
The high affinity of TTM for copper is also respon-
sible for inhibition of major copper enzymes such
as ceruloplasmin, ascorbate oxidase, cytochrome
oxidase, Cu/Zn-superoxide dismutase and tyrosi-
nase [91].

The main drawback of DPA and trientine as lig-
ands is their lack of selectivity in metal chelation.
In fact, both drugs coordinate with high affinities a
wide variety of metal ions and oxidation states [92]
(see footnote!). For example, DPA coordinates Cu®*
with logK; = 16.5, but also Cu* (logK; = 19.5), Zn>*
(logK; = 9.6 and log 3, = 19.6) [92], as well as Fe2*,
Fe3*, Co?*, and Co3* [93]. In addition, the struc-
tures of DPA-metal complexes can be diverse, includ-
ing ternary complexes involving another amino acid
such as histidine or methionine [94,95], or mixed va-
lence Cu(I)/Cu(l) cluster complexes [96]. Moreover,
the ability of DPA to act as a reductant due to its thiol
functionality, in addition to its capacity to coordinate
both Cu(Il) and Cu(l) [or Fe(III) and Fe(II)], may con-
fer to DPA complexes the ability to trigger deleterious
Fenton-like reaction damages.

Due to the specificity of TDMQ20 for chelation of
Cu(Il) and the oral bioavailability of this ligand , we
decided to evaluate its activity for the treatment of
WD. In TX mice, a genetic model of WD [97], the over-
load of copper in the liver was reduced in a dose-
dependent manner by a short oral treatment with
TDMQ20 at doses ranging from 12.5 to 50 mg/kg/day
(Figure 7a). This decrease in hepatic copper was
correlated to an increase in fecal copper excretion
(Figure 7b) [98]. These studies indicate that such
low doses of TDMQ20 are more efficient at improv-
ing the physiological excretion pathway of copper in
TX mice than DPA at 200 mg/kg/day. TDMQ20 also
increases the serum concentration of ceruloplasmin
(Figure 7c). Such an effect is particularly impor-
tant since this concentration is a biomarker clinically
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used to evaluate the efficency of chelation therapy in
patients with WD.

In addition, TDMQ20 up to 300 uM does not dis-
turb the activity of Cu/Zn-SOD, in contrast with DPA,
which inhibits Cu/Zn-SOD at a 50 uM concentra-
tion. In addition, the DPA—copper complex produces
damaging ROS in vitro in the presence of a reducing
agent, which is not the case with TDMQ20. In fact,
DPA inhibits catalase in vitro and could be respon-
sible for chronic inflammation through chronic dis-
ruption of HyO, redox homeostasis in vivo [99]. In
conclusion, TDMQ20 should be considered as a first-
in-class drug candidate able to challenge DPA in the
treatment of WD.

6. TDMQ20 copper chelator as anticancer
agent

The possibility of using metal ligands in anticancer
chemotherapy to regulate metal homeostasis has not
been extensively explored, although it is known that
the metal ion content is significantly higher in cancer
cells compared to normal ones [100]. In particular,
copper ions are involved in angiogenesis [101,102],
which is essential for tumor growth and dissemina-
tion of cancer metastases [103,104]. It has been ev-
idenced that copper depletion inhibits angiogene-
sis in cancer cells [105]. A few clinical trials have
been reported with copper chelators such as DPA, tri-
entine, or TTM, three ligands that have been docu-
mented for WD (see above, Figure 6). However, these
attempts have not been successful, probably due to
their lack of metal selectivity and/or potential tox-
icity [106]. So having TDMQ20 at hand as specific
copper chelator, preliminary evaluation of its activ-
ity against different cancer cell lines was carried out.
TDMQ20 was found cytotoxic against non-small cell
lung carcinoma (A549), cervix cancer HeLa and hep-
atocarcinoma HepG2 cells, with ICs values ranging
from 14 to 16 pM in vitro, lower than the reference
drug 5-Fluorouracil (5-FU), and the selectivity index
of TDMQ20 was higher than that of 5-FU when using
non-cancer human cells as comparators. TDMQ20
also exhibited a significant anti-migration activity on
HelLa cells in vitro. Mechanistic studies indicated that
the activity of TDMQ20 probably involves the over-
production of ROS, with the collapse of the inner
transmembrane potential in mitochondria and the
induction of apoptosis [107].
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Figure 7. Concentration of copper in liver (a) and feces (b) in mg/kg, and of ceruloplasmin in serum
(c) of TX mice (WD) after oral treatment with TDMQ20 at 12.5 mg/kg/d (TDMQ20-L), 25 mg/kg/d
(TDMQ20-M), or 50 mg/kg/d (TDMQ20-H). WD mice orally treated by DPA at 200 mg/kg/d are given
for comparison. Control mice are healthy C57BL/6 mice bearing no mutation on ATP7B. *p < 0.05,
**p <0.01, **p <0.001 and ****p < 0.0001. Adapted from Ref. [98].

7. Conclusion

Since copper plays essential functions in human
body, this metal ion can be considered as a promising
therapeutic target in several diseases. A twenty-five-
year review of the state of the art in rational chelator
design has led us from phenanthroline derivatives to
the N4-tetradentate mono-8-aminoquinoline series,
especially the TDMQ?20 as a suitable copper(Il) chela-
tor for therapeutic use. Due to its optimized coordi-
nation properties, this specific Cu(Il) ligand exhibits
a promising activity on murine models of Alzheimer’s
and Wilson’s diseases, two diseases involving copper
dyshomeostasis and copper accumulation, respec-
tively. Clinical development of TDMQ20 as a thera-
peutic alternative to DPA for normalizing copper lev-
els in WD patients is currently under discussion. In
addition, this chelator is more active than the refer-
ence drug 5-FU on several human cancer cell lines.
Future clinical developments will be necessary to ev-
idence which therapeutic domain will be best tackled
by TDMQ20.

As a concluding remark, the specificity for copper
chelation and the structure and properties of the cor-
responding copper complex are prerequesite param-
eters in the design of pharmacological ligands suit-
able for targeting diseases triggered by the patholog-
ical disruption of copper homeostasis.
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1. Introduction

Targeting RNA using synthetic small molecules has
become an important field of medicinal chem-
istry [1]. Indeed, the targeting of biologically relevant
RNAs is an interesting approach for the discovery
of innovative therapies because of the essential role
that RNA plays in all major biological processes [2].
Noteworthy, RNA bears a tridimensional structure
associating single-stranded and double-stranded
regions and leading to the formation of stem-loop
structures containing internal loops and bulges that
create ideal binding sites for small-molecule ligands
due to the distortion of the RNA double helix [3]. A
number of RNA binders has been reported in the
literature during the last twenty years against viral,
bacterial and oncogenic RNAs [4]. Furthermore,
drugs acting as RNA binders are already on the mar-
ket, such as the antibiotic aminoglycosides or mRNA

*Corresponding author

ISSN (electronic): 1878-1543

splicing modulators, such as risdiplam [5]. However,
methods to rationally design ligands specific to a
particular RNA structure remain underdeveloped
because of a lack of knowledge about the tridimen-
sional structure of most RNA targets as well as about
the interactions formed by the reported ligands [1].
During thelast years, our group has focused on the
targeting of non-coding RNAs, such as microRNAs
(miRNAs or miRs). These small non-coding RNAs
are responsible for the regulation of gene expres-
sion [6]. They are produced in the cell starting from
two precursors: primary miRNAs (pri-miRNAs) fol-
lowed by precursor miRNAs (pre-miRNAs) upon pro-
cessing by intracellular ribonucleases called Drosha
and Dicer, respectively (Figure 1A). These precur-
sors are stem-loop-structured RNAs and have been
reported as targets for small molecules. In this
context, we reported various series of compounds
whose synthesis was performed using a focused de-
sign [7-14] based on the conjugation of various
RNA-binding domains that act cooperatively to bind
the RNA target with both affinity and selectivity.
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Figure 1. (A) General process of pre-miRNA cleavage by Dicer to produce the mature miRNA. When
the miRNA is oncogenic, its production induces the proliferation of cancer cells, and the pre-miRNA
represents a potential target for small molecules to block cancer cell proliferation. (B) Chemical structure
of a previously identified pre-miR-372 binder based on 2-DOS conjugated via a triazole linker to a
heteroaromatic motif to form DOS-Dj3. (C) General chemical structure of the 2-DOS conjugates prepared

in this study.

More specifically, several binding domains such as
aminoglycosides, heteroaromatic compounds, and
amino acids [10,11,13,14] were combined to synthe-
size ligands directed against the production of miR-
372, an oncogenic miRNA involved in various can-
cers [15,16], such as gastric cancer. This work al-
lowed us to develop optimized compounds with a
specific antiproliferative activity in gastric adenocar-
cinoma cells overexpressing miR-372. The mecha-
nism of this inhibition was clearly identified as result-
ing from the binding to pre-miR-372 and the inhibi-
tion of Dicer processing leading to mature miRNA.
Among these ligands, there were a series of con-
jugates containing the 2-deoxystreptamine (2-DOS)
core linked to various heteroaromatic compounds
via a triazole linker [17]. This led us to the discov-
ery of compound DOS-Dj3 (Figure 1B), which showed
alow micromolar affinity for pre-miR-372 as well as a
low micromolar ICsq for the inhibition of Dicer pro-
cessing. This compound is composed of a 2-DOS
structure, present in most of the aminoglycoside an-
tibiotics that act by binding to prokaryotic riboso-
mal RNA thus impairing protein synthesis in bacte-
ria, coupled via a triazole linker to an artificial nucle-
obase called D3. While 2-DOS is known to strongly
interact with RNA but lacks selectivity, the heteroaro-
matic moiety D3 is known to selectively interact with
AeU base pairs via the formation of specific hydro-
gen bonds to form a base triplet [18]. Thus, deriva-
tives combining 2-DOS and more selective substruc-
tures (such as D3 for example) have the advantage of
bearing more favorable physicochemical properties
than their aminoglycoside counterpart while main-
taining a similar affinity for RNA. In this work, we de-

cided to explore the carbamate linker as a replace-
ment for the triazole one to modify the properties
of the compounds (Figure 1C). Indeed, while both
triazole and carbamate are commonly employed in
medicinal chemistry, the carbamate linker is more
flexible and could improve affinity and binding prop-
erties [19]. Carbamates can serve as both hydrogen-
bond donors and acceptors and, since they are ge-
ometrically and electronically closer to amides than
triazoles, they can better mimic peptide-like motifs,
peptides being the RNA binders chosen by Nature.

We thus prepared a series of nine derivatives
where 2-DOS was conjugated with a carbamate linker
to aromatic and heteroaromatic compounds. These
new derivatives have been studied against our pri-
mary target, pre-miR-372, but also against other miR-
NAs that could represent potential targets or com-
petitors. The study of the affinity, selectivity and inhi-
bition activity for the processing of these miRNAs re-
vealed a promising selectivity profile for some com-
pounds that could be exploited for future intracellu-
lar studies.

2. Results and discussion
2.1. Synthesis of 2-deoxystreptamine derivatives

2-DOS represents an ideal platform for the develop-
ment of RNA binders since it bears two cis-amino
groups recognized as very important for RNA bind-
ing and hydroxyl groups that can be functional-
ized [20,21]. We thus decided to substitute one
of the hydroxyl groups with various aromatic and
heteroaromatic substituents via the formation of
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Scheme 1. Synthesis of new carbamate derivatives of 2-DOS 4a-i.

a carbamate linker. Carbamates show many ad-
vantages, such as the ability to permeate the cell
membrane as well as a particular chemical stabil-
ity. For these reasons, carbamates have been used
in the design of various drugs, such as 3- and y-
secretase inhibitors, carbamate-based Hepatitis C
virus (HCV) therapeutics or cysteine-protease in-
hibitors [19]. To prepare new conjugates with 2-
DOS, we chose to conjugate various aromatic and
heteroaromatic compounds (R in Figure 1B). First,
we chose phenyl substituents containing or not flu-
orine atom(s) because this kind of substituent could
interact with RNA by forming hydrophobic inter-
actions or through unusual hydrogen bonds medi-
ated by the fluorine atoms. Then, we chose het-
eroaromatic compounds such as imidazole, benzim-
idazole, pyridine, and the previously employed D3
nucleobase [N-(3-(1-(3-aminopropyl)-1H-imidazol-
4-yl)phenyl)benzamide]. To obtain a novel series of
ligands with high RNA binding affinity and miRNA
inhibitory activity, we thus employed commercially
available substrates as well as starting materials
prepared using straightforward synthetic pathways.
To synthesize the carbamate compounds, we de-
cided to start from the previously prepared protected
racemic compound 1 [17] and to use two approaches
(Scheme 1): (i) preparation of the activated carbon-

ate 2 followed by amine substitution leading to com-
pounds 3a—f, and (ii) reaction of the free alcohol of 1
with various isocyanates leading to compounds 3g-i.

Following the first strategy, compound 1 was
converted into its corresponding activated -car-
bonate 2 in the presence of 4-nitrophenyl chlo-
roformate in CH,Cl,. Compound 2, obtained in
93% yield, was then coupled with suitable (het-
ero)aromatic compounds bearing amine groups in
order to form the desired carbamate derivatives.
We selected five commercially available amines for
the synthesis of compounds 3a—e and an artificial
nucleobase that we had previously prepared for
the synthesis of neomycin and 2-DOS derivatives,
e.g., the N-(3-(1-(3-aminopropyl)-1H-imidazol-4-
ylphenyl)benzamide [22] also called D3 for the
preparation of compound 3f and to achieve struc-
tural diversity of synthesized ligands (Figure S1, Sup-
porting Information for the chemical structures of
amine derivatives). The reaction of the amines with
carbonate 2 was carried out in the presence of EtsN
in CH2Cl, at 50 °C leading to the protected carba-
mate derivatives 3a—f in 33-88% yields. Removal of
the Boc and acetal protecting groups of compounds
3a-f was performed in one step under acidic condi-
tions (TFA in a mixture of CH,Cl,/water 2:1) and in
the presence of tripropylsilane (5%) as a scavenger.
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The final compounds 4a—f were obtained in 22-67%
yields.

Concomitantly to the preparation of carbamate
derivatives 4a—f, we also decided to prepare new
conjugates upon reaction of commercially available
isocyanates with compound 1. As illustrated in
Scheme 1, treatment of three isocyanates, whose
chemical structures are illustrated in Figure S2, with
protected 2-DOS 1 in the presence of EtsN at 50 °C,
led to the desired carbamates 3g-i in 56-90% yields.
The final deprotection of these conjugates using TFA
and TIS (5%) in a mixture of CH,Cl,/H,0 (2:1) al-
lowed the obtention of the final compounds 4g—
i, which were isolated in 52-100% yield after pu-
rifications using semi-preparative HPLC. All con-
jugates were fully characterized by NMR, HRMS,
and HPLC.

2.2. Evaluation of the affinity and inhibition ac-
tivity of the synthesized 2-DOS conjugates

Once the compounds synthesized and characterized,
we evaluated their affinity for pre-miR-372 but also
for other microRNAs to assess the extent of selectivity
that could be reached by these compounds. For this,
pre-miR-17 as well as pre-miR18a, pre-miR-148a,
and pre-miR-210 were chosen. The corresponding
miRNAs are overexpressed in different types of can-
cers thus representing interesting RNAs to assess se-
lectivity but also as potential targets. The evaluation
of the affinity was performed using established as-
says where the target RNA is 5'-labeled with a fluo-
rophore (fluoresceine) and incubated with increas-
ing concentrations of the synthesized compounds. If
a compound binds to the RNA target, the environ-
ment of the fluorophore changes and induces a dose-
dependent variation in fluorescence. This allows the
measurement of dissociation constants (Kp) for all
compounds against the five chosen pre-miRNAs. The
results reported in Table 1 demonstrated that among
all tested compounds, only three displayed an affinity
for the pre-miRNAs studied: compounds 4c, 4f, and
4h. Compounds 4c and 4h showed affinity only for
one pre-miRNA each, i.e., pre-miR-210 for 4c (Kp =
42.3 uM) and pre-miR-372 for 4h (Kp of 38.4 uM).
These results, although moderate, suggest that these
compounds could be further studied to optimize
them in order to obtain selective compounds for one
targeted RNA structure. Compound 4f strongly binds

to both pre-miR-372 (Kp of 2.36 uM) and pre-miR-
17 (Kp = 1.88 uM), while the affinity decreases at
least ten times when tested on other pre-miRNAs. To
further confirm the selectivity of compound 4f, we
tested it in competition with other nucleic acids, i.e.,
a large excess (100 equiv) of tRNA and DNA, and the
obtained results showed that 4f maintains its affinity
for pre-miR-372 in both cases (data not shown).

Interestingly, compound 4f exhibits the same
affinity as the previous hit of the triazole series DOS-
D3 (Figure 1A) suggesting that the linker does not
affect the affinity. We thus wondered if the modifi-
cation of the linker from triazole to carbamate was
affecting the inhibition activity. To assess this pa-
rameter, we employed a FRET-based assay that we
had previously validated to measure the ability of a
compound to block Dicer processing by binding to a
pre-miRNA.

Compounds 4f (Figure 2A) and DOS-D3 (Fig-
ure 2B) exhibit similar affinity for both pre-miR-372
and pre-miR-17. In contrast, compound 4f shows a
11.3 uM ICs for the inhibition of pre-miR-372 pro-
cessing but cannot inhibit Dicer processing of pre-
miR-17 (Figure 2C). Derivative DOS-D3 can inhibit
the processing of pre-miR-372 and pre-miR-17 with
similar ICsps of 15.9 and 17.6 uM, respectively (Fig-
ure 2D). So, while DOS-D3 does not show selectiv-
ity between pre-miR-372 and pre-miR-17 in binding
and inhibition activities, compound 4f, while bind-
ing both, inhibits only the processing of pre-miR-372.
This could be due to differences in the binding site
that could be much more favorable for inhibition in
the case of pre-miR-372 than in pre-miR-17 and this
result further supports the selectivity of compound 4f
for the targeted miRNA.

2.3. Study of the binding site of compound 4f

To gain a better understanding of differences in the
inhibition activity between pre-miR-372 and -17 for
compound 4f, we employed molecular docking and
explored what could be the site of interaction of 4f
on the two RNA structures. MC-Fold/MC-Sym, a
program allowing RNA-structure prediction, was pre-
viously employed to predict the structural organi-
zation and the double-helix region of multiple pre-
miRNAs [23]. Here, we employed the pre-miR-372
and pre-miR-17 structures obtained by integrating
the MC-Fold/MC-Sym and AutoDock programs [24].
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Figure 2. (A) Dissociation constants curves for compound 4f against pre-miR-372 (full black squares)
and pre-miR-17 (empty grey squares) with the associated Kp values. (B) Dissociation constants curves
for compound DOS-Dj3 against pre-miR-372 (full black circles) and pre-miR-17 (empty grey circles) with
the associated Kp values. (C) Inhibition curves for the processing of pre-miR-372 (full black squares)
and pre-miR-17 (empty grey squares) by Dicer in the presence of compound 4f and the associated ICsg
values. (D) Inhibition curves for the processing of pre-miR-372 (full black circles) and pre-miR-17 (empty
grey circles) by Dicer in the presence of compound DOS-D3 and the associated ICsq values.

Table 1.
against pre-miR-372, -17, -18a, -148a, and -210

Dissociation constants (Kp, pM) for synthesized compounds 4a-i and for reference DOS-D3

ID Kp (pre-miR-372) Kp (pre-miR-17) Kp (pre-miR-18a) Kp (pre-miR-148a) Kp (pre-miR-210)

4a No binding >50 No binding No binding No binding
4b >50 >50 No binding No binding No binding
4c No binding >50 No binding No binding 423175

4d No binding >50 No binding No binding No binding
4e No binding No binding No binding No binding No binding
4f 2.36 + 0.32 1.88 + 0.22 20.2+1.85 33.5+0.35 35.7 £ 0.42
4g No binding No binding No binding No binding No binding
4h 38.4+11 No binding No binding No binding No binding
4i >50 >50 No binding No binding No binding

DOS-D3 2.52+£0.58 0.880 £ 0.075

Binding studies were performed on 5 -FAM-pre-miR-372 in 20 mM Tris-HCI buffer (pH 7.4), 12 mM NaCl,

2.5 mM MgCl,, and 1 mM DTT.

The exploration of the binding site of compound 4f
on pre-miR-372 showed that this compound likely in-
teracts with residues A11-G14 and U49-C51 where
a G-bulge as well as an internal G-loop open the
duplex region offering a favorable binding site (Fig-
ure 3). Compared to our previous study about the
DOS-D3 compound, the binding site has changed.

This highlights how minor changes in the chemical
structure of an RNA ligand unexpectedly modify its
binding site, rendering unpredictable which modifi-
cations should be performed to improve binding.
The results described above, however, support a
selective binding to pre-miR-372. While the bind-
ing site of 4f on pre-miR-372 was confirmed in
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Pre-miR-372 target

Figure 3. (A) Primary and secondary structures of pre-miR-372 RNA target. (B) Docking of compound
4f with the pre-miR-372 hairpin loop performed using Autodock 4 in which the grid boxes were fixed on
the entire RNA sequence. (C) Chemical structure of compound 4f and detail of the binding pocket and

interactions formed.

all binding poses obtained after docking, we found
many possible binding sites in the case of pre-miR-
17 binding. The one that occurs most frequently is
located in the internal loop CA/GUA located in the
lower-stem part of the pre-miRNA (Figure S4). These
results suggest that binding to pre-miR-372 is much
more efficient than to pre-miR-17 in inhibiting Dicer
processing, due to differences in the binding site and
interactions.

3. Conclusion

In this work, we successfully synthesized a new se-
ries of 2-DOS conjugates using a divergent synthetic
method that led to nine new compounds. Some
of these compounds can bind to the desired target
pre-miR-372, the precursor of oncogenic miR-372,
with low micromolar affinities making them interest-
ing compounds, especially compound 4f, able to in-
hibit Dicer processing of this pre-miRNA. Interest-
ingly, compound 4f is also selective since the com-
parison of its affinity with pre-miR-17, -18a, -148a,
and -210 showed that 4f binds to pre-miR372 and
pre-miR-17 with similar activities but not to the other
pre-miRNAs. Furthermore, compound 4f showed a
specific inhibition of pre-miR-372 processing while

the other pre-miRNAs were not affected. Molecular
docking showed that the binding site of 4f on the pre-
miR-372 structure is much more favorable for inhibi-
tion than the one on pre-miR-17 thus explaining the
specificity observed in inhibition activity. It is im-
portant to note that compound 4f derives from the
conjugation of 2-DOS with an artificial nucleobase
via a carbamate linker and that we previously studied
the same conjugate but containing a triazole linker:
compound DOS-D3. Both compounds show simi-
lar activity on pre-miR-372 but only 4f shows a spe-
cific inhibition activity. Furthermore, the modifica-
tion from a triazole to a carbamate linker induced a
major change in the binding site on the pre-miR-372
structure. This further supports an observation that
we made for many series of RNA ligands before: what
could be considered minor changes in the chemical
structure of an RNA binder induces major modifica-
tions in the binding site and eventual biological activ-
ity. This represents one of the major limitations when
designing RNA binders since it hampers our ability to
predict the chemical modifications that should be in-
troduced to improve binding based on the structure
of the target. The study presented here contributes
to a better understanding of the binding and inhi-
bition activity of this kind of 2-DOS derivatives and
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more generally to the rules that govern RNA binding
to small molecules.

4. Experimental section
4.1. Chemistry

Reagents and solvents were purchased from Merck
or Carlo Erba and used without further purification.
All reactions that involved air- or moisture-sensitive
reagents or intermediates were performed under an
argon atmosphere. Flash column chromatography
was carried out on silica gel (Merck; SDS 60 A, 40-
63 uM, VWR). Analytical TLC was conducted on pre-
coated silica gel plates (60F254; Merck) and com-
pounds were visualized by irradiation (A = 254 nm) or
by staining with ninhydrin. 'H and '*C NMR spectra
were recorded on Bruker AC 200 and 500 MHz spec-
trometers. Chemical shifts are reported in parts per
million (ppm, 6) referenced to the residual 1H reso-
nance of the solvent (CDCl3 6 7.26; CD30D 6 3.31;
DMSO-dg 6 2.50; acetone-dg 6 2.05 ppm). Splitting
patterns are labeled as follows: s (singlet), d (dou-
blet), t (triplet), m (multiplet), and br s (broad sin-
glet). Coupling constants (J) are listed in hertz (Hz).
High resolution mass spectrometry (HRMS) was car-
ried out on an LTQ Orbitrap hybrid mass spectrom-
eter with an electrospray ionization probe (Thermo
Fisher Scientific, San Jose, CA) by direct infusion from
a pump syringe, to confirm the correct molar mass
and high purity of the compounds. HPLC analyses
were performed using a Waters Arc HPLC pump cou-
pled to a Waters 2998 photodiode array detector and
Waters Cortex® C18+ column (50 x 4.6 mm, 2.7 pm).
Analyses were run at room temperature by using a
gradient of CH3CN containing 0.1% formic acid (elu-
ent B) in water containing 0.1% formic acid (eluent A)
at a flow rate of 1.5 mL/min. The gradient of elution
employed was 5 to 40% eluent B over 5 min and 40 to
100% eluent B over 2 min.

1,3-Bis- N-(tert-butyloxycarbonyl)-5,6- O-cyclohe-
xylidene-2-deoxystreptamine (1) was prepared fol-
lowing a previously published procedure [17].

4.2. General protocol of carbamate synthesis
starting from the activated carbonate of 2
(General procedure A)

To a stirred solution of compound 2 (100 mg,
0.16 mmol) in CH»Cl, (5 mL), were added triethy-

lamine (25 pL, 0.18 mmol, 1.1 equiv) and the appro-
priate amine (commercially available benzylamine,
3-fluorobenzylamine, 1-(3-aminopropyl)imidazole,
2-aminobenzimidazole, 3-aminopyridine and the
prepared N-(3-(1-(3-aminopropyl-1H-imidazol-4-
ylphenyl)benzamide (see below) (0.18 mmol, 1.1
equiv) at room temperature. After stirring for 24 h
at rt or at 50 °C, the reaction mixture was evapo-
rated under reduced pressure, and the crude residue
was purified by flash chromatography on a silica gel
column.

4.3. General protocol of carbamate synthesis
starting from protected 1 (General proce-
dure B)

To a solution of compound 1 (100 mg, 0.23 mmol)
in CHCl, (5 mL), were added triethylamine
(47.4 pL, 0.34 mmol, 1.5 equiv) and the appro-
priate isocyanate (butyl isocyanate, 2,4-dichloro-
1-(2-isocyanatoethyl)benzene and 1-fluoro-4-(2-
isocyanatoethyl)benzene, 0.34 mmol, 1.5 equiv). Af-
ter stirring for 24 h at 50 °C, the reaction was concen-
trated in vacuo, and the residue was purified by silica
gel column chromatography.

4.4. General procedure for cleavage of the Boc
and acetal groups (General procedure C)

To a solution of protected compounds 3a-iin CH,Cl,
and H»O0 (3:1), was added TFA (50 equiv). The reac-
tion mixture was stirred at rt overnight. Solvent and
residues of TFA were then removed under reduced
pressure by co-evaporating twice with toluene. Ether
precipitation led to pure compounds as white solids
(TFA salts).

4.5. N-3-(1-(3-aminopropyl-1H-imidazol-4-
yDphenyDbenzamide (Ds)

To a solution of the previously described N-(3-
(1H-imidazol-4-yl)phenyl)benzamide (250 mg,
0.95 mmol) in dry THF (10 mL), were added
sodium hydride (45.6 mg, 1.9 mmol, 2 equiv) and
3-(Boc-amino)propyl bromide (317 mg, 1.42 mmo],
1.4 equiv), and the reaction mixture was stirred
overnight at 60 °C. After evaporation of the sol-
vent, the crude residue was dissolved in EtOAc and
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washed three times with H,O. The organic phase
was dried over reduced pressure. The residue was
then purified by flash chromatography on a silica
gel column using a mixture of CH»Cl,/MeOH 98:2
leading to the desired protected compound as a
light yellow solid. This compound was then de-
protected using TFA (61 pL, 0.79 mmol, 10 equiv)
in CH»Cl, (0.6 mL) at rt for 3 h. After evaporation
of the solvent and removal of the residual TFA by
co-evaporation with toluene, the crude product was
purified by flash chromatography on a silica gel
column using a mixture of CH,Cl,/MeOH 9:1 lead-
ing to the desired protected compound as a light
yellow solid in 73% yield (300 mg) over two steps.
Rp = 0.20 (CH,Cl,/MeOH 8:2); '"H NMR (200 MHz,
CD30D) 6 (ppm): 8.10-7.90 (m, 3H), 7.80-7.70 (m,
2H), 7.65-7.50 (m, 5H), 7.40-7.30 (m, 1H), 4.20-
4.10 (t, J = 6.0 Hz, 2H), 2.70-2.60 (m, 2H), 2.10-
1.95 (m, 2H); '3C NMR (50 MHz, CD30D) § (ppm):
161.5, 157.9, 148.3, 144.9, 140.2, 138.9, 136.1, 132.8,
129.6, 128.6, 121.9, 120.7, 118.3, 117.1, 45.6, 38.1,
34.7; MS (ESD) m/z = 321.2 [M+H]* (theoretical
m/z321.0).

4.6. 1,3-Bis-N-(tert-butyloxycarbonyl)-5,6-O-
cyclohexylidene-2-deoxystreptamine-4-O-
[p-nitrophenyl] carbonate (2)

To a solution of commercially available p-
nitrophenyl chloroformate (980 mg, 4.86 mmol,
3.5 equiv) in CH»Cl, (5 mL), were added pyridine
(461 pL, 5.72 mmol, 4 equiv) and compound 1
(633 mg, 1.43 mmol). The reaction mixture was
stirred for 45 min at rt and then washed twice with
H,0 (2 x 20 mL). The organic phase was dried over
MgSO4. Concentration under reduced pressure fol-
lowed by flash chromatography on a silica gel col-
umn using a mixture cyclohexane/EtOAc 6:4 led
to desired compound 2 as a white solid in 93%
yield (807 mg). Rr = 0.52 (cyclohexane /EtOAc
6:4); '"H NMR (200 MHz, CD30D) § (ppm): 8.33
(d, J = 10.2 Hz, 2H), 7.47 (d, J = 10.2 Hz, 2H),
5.02-4.92 (m, 1H), 3.84-3.50 (m, 4H), 2.18-2.09
(m, 1H), 1.60-1.50 (m, 10H), 1.45 (br s, 18H),
1,31-1.29 (m, 1H); '¥C NMR (50 MHz, CD30D) &
(ppm): 157.7, 157.0, 153.5, 146.9, 126.27, 123.1,
113.8, 80.5, 79.7, 79.0, 51.7, 37.4, 37.2, 28.7, 26.1,
24.7; MS (ESI) m/z = 630.4 [M+Na]" (theoretical
m/z630.3).

4.7. 1,3-Bis-N-(tert-butyloxycarbonyl)-5,6-O-
cyclohexylidene-2-deoxystreptamine-4-N-
benzylcarbamate (3a)

General procedure A was employed for the reaction
between compound 2 (100 mg) and commercially
available benzylamine (20 pL). Compound 3a was
obtained after purification by flash chromatogra-
phy on a silica gel column using a mixture cy-
clohexane/EtOAc 6:4 as a white solid in 88% yield
(81 mg). Rr =0.25 (cyclohexane/EtOAc 8:2); IH NMR
(200 MHz, CDCl3) 6 (ppm): 7.34-7.24 (m, 5H), 4.30
(brs, 2H), 3.68-3.33 (m, 5H), 2.57-2.51 (m, 1H), 1.60-
1.50 (m, 8H), 1.42-1.10 (m, 21H); '*C NMR (50 MHz,
CDCl3) 6 (ppm): 156.2, 155.3, 138.1, 128.8, 127.7,
127.6, 112.9, 80.0, 79.0, 74.6, 51.8, 36.4, 31.1, 29.8,
28.5, 25.1, 23.8; MS (ESI) m/z = 576.5 [M+H]" (the-
oretical m/z576.3).

4.8. 1,3-Bis-N-(tert-butyloxycarbonyl)-5,6-O-
cyclohexylidene-2-deoxystreptamine-4-0O-
[N-m-fluorobenzyl]-N-methyl  carbamate
(3b)

General procedure A was employed for the re-
action between compound 2 (100 mg) and 3-
fluorobenzylamine (24.7 pL). Purification by flash
chromatography on a silica gel column using a mix-
ture cyclohexane/EtOAc 7:3 afforded the desired
product 3b in 83% yield (80.7 mg). Rr = 0.54 (cyclo-
hexane/EtOAc 6:4); 1H NMR (200 MHz, CD30D) 6
(ppm): two isomers (minor one in italic): 7.38-7.28
(m, 1H), 7.08-6.96 (m, 3H), 4.96-4.85 (m, 2H), 4.58—
4.38 (d, J = 15.8 Hz, 2H), 4.20-4.12 (d, J = 16.0 Hz,
1H), 3.76-3.46 (m, 4H), 2.89 (s, 3H), 2.85 (s, 3H), 2.18-
2.10 (m, 1H), 1.65-1.25 (m, 29H); '3C NMR (50 MHz,
CD30D) é (ppm): 166.9, 162.0, 158.1, 157.7, 157.3,
141.7, 131.4, 124.6, 115.4, 114.9, 113.4, 80.2, 79.8,
79.6, 76.8, 53.0, 52.7, 52.2, 52.1, 37.3, 37.1, 34.6, 34.3,
30.7, 28.7, 26.1, 24.7; MS (ESI) m/z 608.5 [M+H]*
(theoretical m/z 608.3).

4.9. 1,3-Bis-N-(tert-butyloxycarbonyl)-5,6-O-
cyclohexylidene-2-deoxystreptamine-4-N-
(n-propylimidazole) carbamate (3c)

General procedure A was employed for the reaction
between compound 2 (100 mg) and commercially
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available 1-(3-aminopropyl)imidazole (21.3 pL).
Compound 3c was obtained after purification by
flash chromatography on a silica gel column using a
mixture CH,Cl,/MeOH 95:5 as a white solid in 80%
yield (76 mg). Rp = 0.53 (CH»Cl,/MeOH 9:1); Iy
NMR (200 MHz, CD30D) 6 (ppm): 7.75 (br s, 1H),
7.18 (br s, 1H), 7.00 (br s, 1H), 4.83-4.79 (m, 1H),
4.07 (t, ] = 6.2 Hz, 2H), 3.72-3.43 (m, 4H), 3.11 (g,
J = 6.2 Hz, 2H), 2.18-2.09 (m, 1H), 1.97 (quintuplet,
J = 6.2 Hz, 2H), 1.60-1.50 (m, 8H), 1.45-1.29 (m,
21H,); '3C NMR (50 MHz, CD30D) & (ppm): 158.5,
157.7,135.5, 120.8, 113.3, 112.4, 80.3, 79.7, 75.5, 52.4,
45.2, 38.5, 37.3, 37.2, 32.5, 28.7, 26.1, 24.7; MS (ESD):
m/z594.4 [IM+H]" (theoretical m/z594.3).

4.10. 1,3-Bis-N-(tert-butyloxycarbonyl)-5,6-O-
cyclohexylidene-2-deoxystreptamine-4-N-
(benzimidazole)carbamate (3d)

General procedure A was employed for the reaction
between compound 2 (100 mg) and commercially
available 2-aminobenzimidazole (21.3 mg). Com-
pound 3d was obtained after purification by flash
chromatography on a silica gel column using a mix-
ture cyclohexane /EtOAc 1:1 as a white solid in 67%
yield (64.4 mg). Rr = 0.23 (cyclohexane/EtOAc 6:4);
'H NMR (200 MHz, DMSO-d6) § (ppm): 7.69 (br s,
1H), 7.19-7.11 (m, 4H), 7.00-6.92 (m, 1H), 5.13 (t,
J = 10.3 Hz, 1H), 4.09-3.97 (m, 2H), 3.74-3.76 (m,
1H), 1.95-1.90 (m, 1H), 1.55-1.13 (m, 29H); '*C NMR
(50 MHz, DMSO-d6) 6 (ppm): 155.1, 154.9, 153.3,
150.4, 142.8, 129.9, 120.0, 115.3, 114.3, 111.3, 78.0,
77.9, 77.8, 76.9, 35.9, 35.8, 28.2, 23.4, 23.3; MS (ESI)
miz 602.2 [M+H]* (theoretical m/z 602.3).

4.11. 1,3-Bis-N-(tert-butyloxycarbonyl)-5,6-O-
cyclohexylidene-2-deoxystreptamine-4-N-
(pyridine)carbamate (3e)

General procedure A was employed for the reaction
between compound 2 (100 mg) and commercially
available 3-aminopyridine (16.9 mg). The reaction
mixture was heated to 50 °C. Purification by flash
chromatography on a silica gel column using a mix-
ture CH,Cl,/MeOH 95:5 afforded desired compound
3e as a white solid in 33% yield (29.7 mg). Rp = 0.46
(CH,Cl,/MeOH 98:2); 'H NMR (200 MHz, CD30D) &
(ppm): 8.64 (br, 1H), 8.19 (dd, J = 4.1, 2.3 Hz), 8.00

(dd, J=4.1,2.3Hz), 7.40 (q, / = 4.1 Hz, 1H), 5.02-4.97
(m, 1H), 3.80-3.47 (m, 4H), 2.13 (td, J = 6.3, 4.1 Hz,
1H), 1.60-1.50 (m, 9H), 1.46-1.20 (m, 20H); MS (ESI)
m/z563.5 [M+H]* (theoretical m/z 563.3).

4.12. 1,3-Bis-N-(tert-butyloxycarbonyl)-5,6-O-
cyclohexylidene-2-deoxystreptamine-4-N-
(D3) carbamate (3f)

General procedure A was employed for the reac-
tion between compound 2 (100 mg) and N-3-(1-(3-
aminopropyl-1H-imidazol-4-yl) phenyl)benzamide
(78.1 mg). The reaction mixture was heated to 50 °C.
Purification by flash chromatography on a silica gel
column using a mixture CH,Cl,/MeOH 95:5 afforded
desired compound 3e as a white solid in 33% yield
(41.6 mg). R = 0.45 (CH»Cl,/MeOH 9:1); 'H NMR
(200 MHz, CD30D) 6 (ppm): 9.57 (s, 1H), 8.30 (s, 1H),
8.05 (d, J = 3.0 Hz, 2H), 7.80-7.50 (m, 8H), 7.35-7.25
(m, 1H), 6.70-6.60 (m, 1H), 6.40-6.30 (m, 1H), 6.10-
6.00 (m, 1H), 5.00-4.90 (m, 1H), 4.14 (t, J = 2.5 Hz,
2H), 3.90-3.80 (m, 1H), 3.80-3.60 (m, 4H), 3.00-2.90
(m, 2H), 2.30-2.20 (m, 1H), 1.60-1.50 (m, 11H), 1.41
(s, 18H); 13C NMR (50 MHz, CD30D) § (ppm): 171.3,
166.3, 157.6, 157.4, 156.1, 140.5, 168.7, 136.7, 136.4,
132.3, 129.5, 129.2, 128.4, 120.9, 118.9, 117.3, 116.3,
112.2,79.0, 74.7, 55.0, 52.5, 44.7, 38.5, 37.5, 37.0, 36.9,
25.6, 24.4; MS (ESI) m/z 563.5 [M+H]" (theoretical
m/z 563.3).

4.13. 1,3-Bis-N-(tert-butyloxycarbonyl)-5,6-O-
cyclohexylidene-2-deoxystreptamine-4-N-
(n-butyl) carbamate (3g)

General procedure B was employed for the reac-
tion between compound 1 (100 mg) and butyl iso-
cyanate (38.3 uL). Compound 3g was obtained af-
ter purification of the crude product by flash chro-
matography on a silica gel column using a mixture
cyclohexane/EtOAc 7:3 as a white solid in 90% yield
(112 mg). Rp = 0.61 (cyclohexane/EtOAc 6:4); 'H
NMR (200 MHz, CD30D) 6 (ppm): 4.84-4.74 (m, 1H),
3.70-3.41 (m, 4H), 3.10 (t, J = 6.1 Hz, 2H), 2.17-2.05
(td, J = 4.2, 12.4 Hz, 1H), 1.60-1.50 (m, 9H), 1.55—
1.41 (m, 24H), 1.17 (t, J = 6.1 Hz, 1H), 0.95 (t, J =
6.1 Hz, 3H); '3C NMR (50 MHz, CD30D) & (ppm):
158.4, 157.7, 113.3, 79.7, 79.7, 75.3, 52.4, 41.5, 37.3,
33.1, 28.7, 26.1, 24.7, 20.9, 14.16; MS (ESI) m/z 542.4
[M+H]" (theoretical m/z542.3).
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4.14. 1,3-Bis-N-(tert-butyloxycarbonyl)-5,6-O-
cyclohexylidene-2-deoxystreptamine-4-N-
[n-ethyl-(2 4 -dichlorophenyl)] carbamate
(3h)

General procedure B was employed for the reaction
between compound 1 (100 mg) and 2,4-dichloro-1-
(2-isocyanatoethyl)benzene (56 pL). Compound 3h
was obtained after purification of the crude product
by flash chromatography on a silica gel column using
a mixture cyclohexane/EtOAc 85:15 as a white solid
in 56% yield (85 mg). R = 0.64 (cyclohexane/EtOAc
6:4); 'H NMR (200 MHz, acetone-d6) § (ppm): 7.46—
7.30 (m, 3H), 6.57 (br, 1H), 4.92-4.82 (m, 1H), 3.77-
3.53 (m, 4H), 3.39-3.29 (m, 2H), 3.00-2.89 (m, 2H),
2.31-2.24 (m, 1H), 1.60-1.50 (m, 9H), 1.62-1.28 (m,
20H); 3C NMR (50 MHz, Acetone-d6) 5 (ppm): 157.1,
156.1, 136.9, 135.4, 133.3, 133.2, 129.7, 128.1, 112.2,
79.1, 78.9, 74.7,52.5, 49.2, 41.2, 37.4, 33.1, 28.6, 27.5,
25.7, 24.4; MS (ESI) m/z =658.1 [M+H]* (theoretical
m/z 658.3).

4.15. 1,3-Bis-N-(tert-butyloxycarbonyl)-5,6-O-
cyclohexylidene-2-deoxystreptamine-4-N-
[n-ethyl-(4' -fluorophenyl)] carbamate (3i)

General procedure B was employed for the reaction
between compound 1 (100 mg) and commercially
available 1-fluoro-4-(2-isocyanatoethyl)benzene
(49 pL). Compound 3i was obtained after purifi-
cation of the crude product by flash chromatog-
raphy on a silica gel column using a mixture cy-
clohexane/EtOAc 8:2 as a white solid in 59% yield
(82 mg). Ry = 0.53 (cyclohexane/EtOAc 6:4); 'H NMR
(200 MHz, acetone-d6) 6 (ppm): 7.26-6.93 (m, 4H),
4.81-4.77 (m, 1H), 3.71-3.34 (m, 4H), 3.33-3.26 (m,
2H), 2.88-2.77 (m, 2H), 2.16-2.09 (m, 1H), 1.60-1.50
(m, 7H), 1.47-1.29 (m, 22H); 3C NMR (50 MHz,
acetone-d6) 6 (ppm): 158.3, 157.7, 136.4, 133.3,
131.6, 131.4, 116.2, 115.8, 113.3, 80.3, 79.7, 75.4,
71.34, 52.4, 43.5, 37.3, 37.3, 36.2, 28.7, 26.11, 24.74,
23.94; MS (ESD: m/z = 608.1 [M+H]" (theoretical
m/z 608.3).

4.16. 2-Deoxystreptamine-4-O-(N-phenyl) car-
bamate (4a)
General procedure C was applied for the protection

of compound 3a (50 mg, 0.087 mmol) in the pres-
ence of TFA (323 uL, 50 equiv) and triethylsilane

(TIS, 0.89 uL, 4.3 nmol, 0.05 equiv) in a mixture
of CH,Cl, and H,O (2.6 mL, 3:1). Compound 4a
was obtained as a white solid in 44% yield (20 mg).
tg = 0.68 min (analytical HPLC method); '"H NMR
(200 MHz, CD30D) 6 (ppm): 7.33-7.23 (m, 5H), 4.77-
4.67 (m, 1H), 4.34 (q, J = 15.2 Hz, 2H), 3.68-3.38
(m, 3H), 3.25-3.22 (m, 1H), 2.48-2.41 (m, 1H), 1.90-
1.69 (m, 1H); '3C NMR (50 MHz, CD30D) § (ppm):
156.2, 140.1, 129.5, 128.8, 128.4, 128.2, 76.2 75.2,
51.3,45.9, 30.1; HRMS (ESI) m/z = 296.16061 [M+H]*
(C14H2204N3 requires 296.16048).

4.17. 2-Deoxystreptamine-4' -O-[N-m-
fluorophenyl]-N-methyl carbamate (4b)

General procedure C was applied for the deprotec-
tion of compound 3b (80 mg, 0.13 mmol) in the pres-
ence of TFA (489 uL, 50 equiv) and TIS (1.33 uL,
6.5 mmol, 0.05 equiv) in a mixture of CH,Cl, and
H,0 (4.5 mL, 3:1). Compound 4b was obtained as a
white solid in 67% yield (48 mg). tz = 0.79 min (ana-
lytical HPLC); 'H NMR (500 MHz, CD30D) § (ppm):
two isomers (minor one in italics): 7.37-7.32 (m, 1H),
7.18-6.98 (m, 3H), 4.84-4.73 (m, 2H), 4.37 (d, J =
16.0 Hz, 2H), 4.30 (d, J = 15.5 Hz, 1H), 3.56-3.45 (m,
3H), 3.26-3.20 (m, 1H), 2.96 (s, 3H), 2.87 (s, 3H), 2.49-
2.47 (m, 1H), 1.90-1.83 (m, 1H); 13C NMR (125 MHz,
CD30D) 6 (ppm) two isomers (minor one in italics):
165.5, 163.6, 141.5, 131.5, 124.7, 115.6, 115.1, 76.4,
77.4,74.9, 54.8, 53.2, 52.9, 51.3, 51.2, 34.7, 34.4, 30.3;
HRMS (ESI) m/z = 328.16681 [M+H]* (C;5H2304N3F
requires 328.16671).

4.18. 2-Deoxystreptamine-4-O-(N-propylimida-
zole) carbamate (4c)

General procedure C was applied for the deprotec-
tion of compound 3¢ (78 mg, 0.13 mmol) in the pres-
ence of TFA (483 uL, 50 equiv) and TIS (1.33 uL,
6.5 mmol, 0.05 equiv) in a mixture of CH,Cl, and H,O
(4.2 mL, 3:1). Compound 4c was obtained as a color-
less solid in 61% yield (25 mg). tg = 0.68 min (analyti-
cal HPLC); "H NMR (200 MHz, CD30D) & (ppm): 8.96
(brs, 1H), 7.69 (brs, 1H), 7.58 (brs, 1H), 4.82-4.76 (m,
1H), 3.45 (t, ] = 6.3, 2H), 3.49-3.16 (m, 4H), 3.14 (t, J
= 6.3 Hz, 2H), 2.51-2.40 (m, 1H), 2.15-2.11 (m, 2H),
1.63-1.29 (m, 29H); '3C NMR (50 MHz, CD30D) &
(ppm): 158.4,133.2,121.7,111.4,76.1,75.2,74.2,51 4,
49.0, 38.1, 38.1, 31.5, 23; HRMS (ESI) m/z = 314.18240
[M+H]" (C13H2404N5 requires 314.18228).
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4.19. 2-Deoxystreptamine-4-O-[N-benzimida-
zole] carbamate (4d)

General procedure C was applied for the deprotec-
tion of compound 3d (50 mg, 0.083 mmol) in the
presence of TFA (726 uL, 50 equiv) and TIS (0.85 uL,
4.1 mmol) in a mixture of CH,Cl, and H,O (3 mL,
2:1). Compound 4d was obtained as a colorless solid
in 30% yield (13.7 mg). tg = 1.23 min (analytical
HPLC). 'H NMR (500 MHz, CD30D) & (ppm): 7.38—
7.25 (m, 4H), 4.81-4.68 (m, 1H), 3.59-3.45 (m, 3H),
3.29-3.16 (m, 1H), 2.51-2.40 (m, 1H), 1.94-1.81 (m,
1H); 3C NMR (125 MHz, CD30D) § (ppm): 163.5,
158.4, 131.0, 124.7, 112.3, 81.3 79.3, 74.7, 51.2, 29.9;
HRMS (ESI) m/z = 322.15103 [M+H]" (C14H2004N5
requires 322.15098).

4.20. 2-Deoxystreptamine-4-0O-(N-pyridine) car-
bamate (4e)

General procedure C was applied for the deprotec-
tion of compound 3e (40 mg, 0.071 mmol) in the
presence of TFA (264 pL, 50 equiv) and TIS (0.72 pL,
3.5 mmol) in a mixture of CH,Cl, and H,O (2.2 mL,
3:1). Compound 4e was obtained as a colorless solid
in 22% yield (8.0 mg). tr = 0.63 min (analytical
HPLC); 'H NMR (200 MHz, CD30D) § (ppm): 8.97
(br, 1H), 8.41 (br, 1H), 8.28 (d, J = 8.4 Hz, 1H), 7.75 (br,
1H), 4.95-4.80 (m, 1H), 3.67-3.19 (m, 3H), 3.27-3.19
(m, 1H), 2.54 — 2.43 (td, J = 12.1, 4.2 Hz, 1H), 1.97-
1.78 (q, / = 12.1 Hz); HRMS (ESI) m/z = 283.14020
[M+H]+ (C12H1904N4 requires 283.14008).

4.21. 2-Deoxystreptamine-4-N-(Ds) carbamate

4P

General procedure C was applied to compound 3f
(100 mg, 0.127 mmol) in the presence of TFA (490 uL,
50 equiv) in a mixture of CH»Cl, and H,O (2 mL,
3:1). Compound 4f was obtained as a colorless solid
in 75% yield (70.0 mg). ¢z = 1.48 min (analyti-
cal HPLC); 'H NMR (500 MHz, CD30D) § (ppm):
9.57 (s, 1H), 8.30 (s, 1H), 8.05 (d, ] = 20 Hz, 2H),
7.80-7.50 (m, 8H), 7.35-7.25 (m, 1H), 6.60-6.50 (m,
1H), 6.35-6.25 (m, 1H), 5.00-4.90 (m, 1H), 4.20-
4.10 (m, 2H), 3.70-3.50 (m, 4H), 3.00-2.90 (m, 2H),
2.35-2.25 (m, 1H), 1.70-1.50 (m, 10H), 1.40-1.50 (m,
19H); 13C NMR (125 MHz, CD30D) & (ppm): 168.9,
158.3, 140.9, 137.2, 135.9, 135.8, 133.0, 130.9, 129.5,

128.7, 128.5, 123.1, 122.5, 119.2, 119.0, 75.9, 75.1,
74.1, 51.1, 50.0, 47.6, 38.0, 31.2, 29.8, 23.7; HRMS
(ESI) m/z = 509.25095 [M+H]+ (Co6H3305Ng re-
quires 509.25069).

4.22. 2-Deoxystreptamine-4-O-(N-butyl) carba-
mate (4g)

General procedure C was applied to compound 3g
(100 mg, 0.18 mmol) in the presence of TFA (668 pL,
50 equiv) in a mixture of CH»Cl, and H,O (4.5 mL,
3:1). Compound 4g was obtained as a colorless solid
in 88% yield (77.5 mg). g = 0.77 min (analytical
HPLC); 'H NMR (200 MHz, CD30D) § (ppm): 4.71-
4.61 (m, 1H), 3.45-3.06 (m, 6H), 2.46-2.40 (m, 1H),
1.89-1.77 (m, 1H), 1.55-1.27 (m, 4H), 0.94 (t, J =
6.3 Hz, 2H); 3C NMR (50 MHz, CD30D) § (ppm):
158.4,76.1, 75.1, 74.3, 51.3, 41.8, 40.3, 32.9, 21.0, 14.1;
HRMS (ESI) m/z = 262.17624 [M+H]* (C11H2403N3
requires 262.17613).

4.23. 2-Deoxystreptamine-4-O-[N-(2',4 -
dichlorophenylDethyl] carbamate (4h)

General procedure C was applied to compound 3h
(55 mg, 0.084 mmol) in the presence of TFA (312 pL,
50 equiv) in a mixture of CH»Cl, and H»O (2.5 mL,
3:1). Compound 4h was obtained as a white solid
in quantitative yields (50.8 mg). tr = 0.69 min (an-
alytical HPLC); 1H NMR (500 MHz, CD30D) 6 (ppm):
7.44-7.43 (m, 1H), 7.35-7.24 (m, 2H), 4.73-4.63 (m,
1H), 3.51-3.37 (m, 3H), 3.35-3.32 (m, 3H), 2.99-2.91
(m, 2H), 2.47-2.40 (m, 1H), 1.90-1.72 (m, 1H); 3C
NMR (125 MHz, CD3sOD) é (ppm): 158.3, 136.9,
135.9, 134.0, 133.3, 130.1, 76.3, 75.3, 74.1, 51.2, 41.8,
33.8, 30.2; HRMS (ESI) m/z = 378.09857 [M+H]*
(C15H22 O4N3 Clg requires 378.09819).

4.24. 2-Deoxystreptamine-4-0-[4 - (fluorophenyl)
ethyl] carbamate (4i)

General procedure C was applied to compound 3i
(45 mg, 0.079 mmol) in the presence of TFA (293 pL,
50 equiv) in a mixture of CH»Cl, and H»O (1.5 mL,
3:1). Compound 4i was obtained as a colorless solid
in 52% vyield (23 mg). tgr = 0.95 min (analytical
HPLC); 'H NMR (500 MHz, CD30D) & (ppm): 7.28—
7.22 (m, 2H), 7.21-6.94 (m, 2H), 4.74-4.64 (m, 1H),
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3.49-3.37 (m, 3H), 3.31-3.27 (m, 2H), 3.24-3.20 (m,
1H), 2.84-2.77 (m, 2H), 2.49-2.41 (m, 1H), 1.91-1.72
(m, 1H); 13C NMR (125 MHz, CD30D) 6 (ppm):
158.2,156.6,131.6,131.4,116.3,115.9, 76.0, 74.9, 74.2,
51.2, 43.8, 36.0, 30.0; HRMS (ESI) m/z = 328.16678
[M+H]+ (C;5H23FN304 requires 328.16726).
Interestingly, 2D-NMR analysis of conjugate
3b as well as its corresponding deprotected form
4b containing 2-DOS connected to a 2-fluoro-N-
methylbenzylamine moiety clearly showed two dis-
tinct rotamers. This could be due to the presence
of the methyl group on the nitrogen atom of the
carbamate linker, which probably impedes free ro-
tation of the carbamate function. In the absence
of this methyl group, no steric effect is found to re-
strict this free rotation, thus no observation of two
conformations was detected by NMR analysis.

5. Biochemistry
5.1. RNA and biochemicals

The buffers and solutions used in the fluores-
cence experiments were filtered through Milli-
pore filters (0.22 mm; GP ExpressPLUS mem-
brane). Human recombinant Dicer enzyme
(Genlantis) had a concentration of 0.5 U/uL.
Tris(hydroxymethyl)aminomethane hydrochloride
(Tris—-HCI]) 20 mM (pH 7.4), containing 12 mM NacCl,
3 mM MgCl,, and 1 mM DTT was used for the FRET
assays and Kp determination. RNA oligonucleotides
were purchased from IBA GmbH (Goettingen, Ger-
many). RNA folding was performed in TRIS buffer
upon incubation at 90 °C for 2 min, 4 °C for 10 min,
and slowly returning to room temperature for 15 min.
For pre-miR-372:
5'-FAM-GUGGGCCUCAAAUGUGGAGCACUAUU
CUGAUGUCCAAGUGGAAAGUGCUGCGACAUUUG
AGCGUCAC-3'-DABCYL (ODN1)
5'-FAM-GUGGGCCUCAAAUGUGGAGCACUAUU
CUGAUGUCCAAGUGGAAAGUGCUGCGACAUUUG
AGCGUCAC-3' (ODN2)
For pre-miR-17:
5'-FAM-GUCAGAAUAAUGUCAAAGUGCUUACAG
UGCAGGUAGUGAUAUGUGCAUCUACUGCAGUGA
AGGCACUUGUAGCAUUAUGGUGAC-3'-DABCYL
(ODN3)
5'-FAM-GUCAGAAUAAUGUCAAAGUGCUUACAG
UGCAGGUAGUGAUAUGUGCAUCUACUGCAGUGA
AGGCACUUGUAGCAUUAUGGUGAC-3' (ODN4)

For pre-miR-18a:

5’-FAM-UGUUCUAAGGUGCAUCUAGUGCAGAU
AGUGAAGUAGAUUAGCAUCUACUGCCCUAAGUGC
UCCUUCUGGCA-3'-DABCYL (ODN5)

5'-FAM-UGUUCUAAGGUGCAUCUAGUGCAGAU
AGUGAAGUAGAUUAGCAUCUACUGCCCUAAGUGC
UCCUUCUGGCA-3' (ODNS6)

For pre-miR-148a:

5’-FAM-GAGGCAAAGUUCUGAGACACUCCGACU
CUGAGUAUGAUAGAAGUCAGUGCACUACAGAACU
UUGUCUC-3'-DABCYL (ODN7)

5’-FAM-GAGGCAAAGUUCUGAGACACUCCGACU
CUGAGUAUGAUAGAAGUCAGUGCACUACAGAACU
UUGUCUC-3' (ODNS)

DNA duplex sequence:

5'-CGTTTTAAATTTTGC-3’ (ODN9) and 5'-GCTT
TTAAATTTTGC-3'

5.2. FRET Dicer assay

The Dicer assay was performed in 384-well plates
(Greiner bio-one) in a final volume of 40 pL by using
a 5070 EpMotion automated pipetting system (Ep-
pendorf). Each experiment was performed in dupli-
cate and repeated three times. A beacon of ODNI,
ODN3, ODN5, or ODN7 at 50 nM was used in each
well and the reaction mixtures containing inhibitors
were preincubated at rt for 30 min. Human recom-
binant Dicer (0.25 U; Genlantis) or Escherichia coli
RNase III (0.25 U, Ambion) were added to the reac-
tion mixtures. For the ICs5 experiments, each ligand
was added in 12 dilutions (0.244 pM-500 pM). The
fluorescence increase was measured after 1 h incuba-
tion at 37 °C on a GeniosPro (Tecan) with excitation
and emission filters of | = 485 + 10 and 535 + 15 nm,
respectively. Each point was measured ten times with
an integration time of 500 ms and then averaged.
The inhibition data were analyzed using nonlinear
regression in Prism 5 (GraphPad Software) following
the equation: Y = bottom + (top — bottom)/(1 +
10!(081Cs0)=X)-Hills Slopely yhere X is log(concentration)
and Y the fluorescence intensity.

5.3. Binding experiments and Kp determination
Binding experiments were performed in 384-well

plates (Greiner bio-one) in a final volume of 60 mL by
using a 5070 EpMotion automated pipetting system
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(Eppendorf). Each experiment was performed in du-
plicate and repeated at least three times. A beacon
(ODN2, ODN4, ODN6 and ODN8) was used at 10 nM
in each well. Each ligand was added in 15 dilutions
(0.030 nM-0.5 mM). The fluorescence increase mea-
sured after 4 h on a GeniosPro (Tecan) with excitation
and emission filters of / = 485+ 10 and 535 + 15 nm,
respectively. Each point was measured ten times with
an integration time of 500 ms and then averaged. The
binding data were analyzed using Graphpad Prism 5
software. Unless otherwise stated, the binding pro-
files were well fitted by a simple model that assumed
1:1 stoichiometry. In the competition experiments,
100 equiv of tRNA structured as pre-miR-372 beacon
were added to the RNA solution and 100 equiv of du-
plex DNA (mixture of ODN9 and ODN10 incubated at
90 °C for 5 min then slowly returned at rt) were added
to the RNA solution.

5.4. Molecular modeling and docking

The MC-Fold/MC-Sym pipeline (http://www.major.
iric.ca/MC-Pipeline/) is a web-hosted service for
RNA secondary and tertiary structure prediction. The
pipeline consists in uploading RNA sequence to MC-
Fold, which outputs secondary structures that are
directly input to MC-Sym, which outputs tertiary
structures. Pre-miRNA sequences were obtained
from the miRBase database (http://www.mirbase.
org/). The hairpin loops of pre-miR-372 and pre-
miR-17 were chosen to predict the 3D structure using
the MC-Fold/MC-Sym pipeline. Energy optimization
was further conducted on the 3D model using the
TINKER Molecular Modeling Package (http://dasher.
wustl.edu/tinker/). For docking with AutoDock, po-
lar hydrogen atoms, Kollman united charges and
solvent parameters were applied to the RNA us-
ing pmol2q script. This script converts the .pdb
file format of the RNA template to the .pdbqt file
format that is compatible with AutoDock program
version 4 (http://autodock.scripps.edu/). Pre-miR-
372/4f and pre-miR17/4f molecular docking were
conducted using AutoDock program version 4. The
rotational bonds of the ligand were treated as flex-
ible, whereas the receptor was kept rigid. Grid
box was fixed in order to include the entire RNA
sequence. RNA-ligand interactions were analyzed

and visualized using Discovery Studio Visualizer ver-
sion 4.1 (https://www.3ds.com/fr/products/biovia/
discovery-studio).
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1. Introduction

Lectins are proteins that specifically recognize and
bind to carbohydrates, including glycoconjugates
present on the surface of all living cells [1]. These
glycans participate in a wide range of biological
processes, most of which are mediated through
the recognition of the so-called glycocode by pro-
tein readers [2]. Indeed, the structural diversity of
monosaccharides, their linkages, and conforma-
tional states provide an optimal system for signal

ISSN (electronic): 1878-1543

transmission. The evolutionary expansion of glycan
complexity, driven by the diversification of biosyn-
thetic enzymes, has been paralleled by the emer-
gence of a broad repertoire of glycan-binding pro-
teins (GBPs), including lectins, capable of mediating
both physiological and pathological functions [3].
Traditionally, lectins are defined as proteins that
bind specifically to certain sugars and thereby cause
agglutination of particular cell types [4]. This defi-
nition excludes both enzymes and antibodies of the
adaptive immune system. Lectins can exist as soluble

https://comptes-rendus.academie-sciences.fr/chimie/
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proteins or as modules integrated into larger pro-
teins, where their primary function is to engage gly-
can targets. In pathogenic bacteria, for example, ad-
hesins act as virulence factors by mediating attach-
ment to host surfaces, often through pili or flagella
thatincorporate one or more lectin domains [5]. Sim-
ilarly, many bacterial toxins, such as those respon-
sible for cholera or tetanus, require glycan recogni-
tion for binding to host membranes prior to cell en-
try or membrane disruption [6]. Because lectins fre-
quently present multiple binding sites, achieved ei-
ther through oligomerization or tandem repeats, they
are often called agglutinins. While the affinity of a
single binding site is typically low, this is compen-
sated by multivalency, resulting in strong avidity (the
so-called Velcro effect) when glycans are presented in
multiple copies [7].

Blocking lectin—glycan interactions can interfere
with infection processes and biofilm formation. As
such, lectins are increasingly recognized as promis-
ing targets for the development of pathoblockers [8].
These compounds are designed to inhibit virulence
factors or other pathogenic mechanisms without af-
fecting bacterial viability. By targeting processes
such as adhesion, invasion, quorum sensing, and
biofilm formation, pathoblockers disarm pathogens
rather than kill them. This approach exerts mini-
mal selective pressure, thereby reducing the risk of
resistance development, while preserving the ben-
eficial commensal microbiota. Pathoblockers are
now considered as alternative, or more likely adjunc-
tive, therapies alongside antibiotics, and hold signifi-
cant promise in the fight against multidrug-resistant
pathogens [9].

2. Structural information on lectins from
pathogens involved in airway infections

The airway epithelium is covered by a dense gly-
cocalyx composed of O-glycosylated mucins, N-
glycoproteins, and glycolipids. The composition
and frequency of glycan epitopes in the respiratory
tract vary according to tissue type, with notable dif-
ferences in the sialylated glycans expressed in the
upper versus lower airways [10]. Glycan signatures
are also altered in certain pathologies: for instance,
cystic fibrosis is associated with abnormally thick
mucus and modification of the relative abundance
of sialic acid and fucose residues [11]. From the nasal

epithelium to the alveoli, the respiratory tract consti-
tutes the primary entry point for numerous airborne
pathogens, which can lead to life-threatening dis-
eases such as tuberculosis or Middle East Respiratory
Syndrome. Many of these pathogens are hospital-
associated and exhibit multidrug resistance, includ-
ing Pseudomonas aeruginosa [12] and members
of the Burkholderia cepacia complex (BCC) [13].
Emerging fungal infections further exacerbate this
burden, as they are often characterized by increasing
antifungal resistance and delayed diagnosis.

While mucins play a protective role by trapping
pathogens, many microorganisms have evolved
mechanisms to exploit host glycans in order to col-
onize and invade airway tissues. Lectins, in partic-
ular, play a central role in these processes, medi-
ating specific recognition of epithelial glycans and
thereby facilitating infection or biofilm formation. A
summary of lectins implicated in airway infections,
together with their specificities and structural data,
is provided in Table 1.

The most extensively studied viral lectin is hemag-
glutinin (HA) from influenza A virus. Sequence varia-
tions in HA have resulted in at least 18 subtypes iden-
tified across birds and mammals. Importantly, HA
specificity underlies the interspecies transmission
barrier: avian influenza strains preferentially recog-
nize sialic acid on NeuAc(x2-3)Gal epitopes, whereas
human strains target NeuAc(«2-6)Gal receptors [14].
In coronaviruses, the N-terminal domain of the spike
glycoprotein contains a galectin-like lectin module.
Binding to sialylated glycans is well established in
human coronaviruses (HCoVs) [15] and in MERS-
CoV [16], where it constitutes a primary receptor-
recognition mechanism. Although the lectin domain
is structurally conserved in SARS-CoV-2, the sialic
acid-binding activity observed in the early Wuhan
strain [17] has been lost in subsequent variants [18].

Lectins from fungal opportunistic pathogens
also play a central role in host-pathogen interac-
tions. In Aspergillus fumigatus, lectins expressed on
both conidia and hyphae bind efficiently to fuco-
sylated glycans on epithelial cells and mucins [19].
A closely related lectin has been characterized in
Scedosporium apiospermum, an emerging oppor-
tunistic pathogen of growing clinical concern [20].
Both fungi are associated with nosocomial infec-
tions and display increasing resistance to antifungal
treatments.



Anne Imberty

875

Table 1. Lectins from pathogens responsible for airway infections with available structural data

Species Lectins Structural Monosaccharide PDB
class specificity code
Bacteria
Bordetella pertussis PTX AB5 toxin NeuAc 1PTO
Burkholderia ambifaria BambL [3-propeller Fuc 3ZW0
Burkholderia cenocepacia  Bc2L-A, Bc2L-C-Cter 2-calcium lectin Man 2VNV
Bc2L-C-Nter TNF«x-like Fuc 3WQ4
Mycoplasma pneumoniae P40/P90 adhesin Mycoplasma NeuAc 6TLZ
adhesin
Pseudomonas aeruginosa Pyocin Monocot-lectin like Man 4LEA
LecA/PA-IL 1-calcium lectin «Gal 10KO
LecB/PA-IIL 2-calcium lectin Fuc 1GZT
Yersinia pestis PsaA Bacterial adhesin Gal 2HBO
Fungi
Aspergillus fumigatus AFL1/FleA [3-propeller Fuc 4AGI
Scedosporium apiospermum SapL1 [3-propeller Fuc 6TRV
Viruses
Human coronavirus (HCoV) Spike glycoprotein Coronavirus 9Ac-NeuAc 80OPM
MERS-CoV SARS-CoV-2 spike protein NeuAc 6Q04
NeuAc 7QUR
Influenza virus Hemagglutinin Influenza hemag NeuAc 3HTQ

Fuc: fucose; Man: mannose, Gal: galactose, NeuAc: N-acetylneuraminic acid; 9Ac-NeuAc: N-

acetylneuraminic acid with acetyl group at C9.

Additional structural data are available for
lectins from bacterial pathogens causing respiratory
diseases, including Bordetella pertussis (whooping
cough), Yersinia pestis (plague) [21] and Mycoplasma
pneumoniae (atypical pneumonia) [22]. However,
the present review focuses on Pseudomonas aerug-
inosa and species of the Burkholderia cepacia com-
plex. Rather than providing a comprehensive ac-
count of efforts to develop high-affinity ligands
against microbial lectins, the aim here is to illus-
trate how structural studies have guided the ratio-
nal design of active compounds through distinct
strategies. This review also highlights how struc-
tural and biophysical investigations conducted at
the CERMAV center for research on plant macro-
molecules have fostered a productive dialogue with
carbohydrate chemistry groups, ultimately advanc-
ing the synthesis of antibacterial pathoblockers ef-
fective against P aeruginosa and different species of
Burkholderia.

2.1. Lectins from Pseudomonas aeruginosa and
Burkholderia cepacia complex

Pseudomonas aeruginosais a ubiquitous opportunis-
tic pathogen associated with severe infections in im-
munocompromised individuals, particularly in pa-
tients with cystic fibrosis and those under mechan-
ical ventilation [24]. It is included in the World
Health Organization’s priority list of pathogens due
to its critical role in the development of antimicro-
bial resistance. P aeruginosa produces several sol-
uble factors, including pyocins, i.e., short peptides
with antibacterial activity, and two lectins, LecA and
LecB, which are specific for galactose and fucose, re-
spectively [25]. Both lectins are tetrameric and bind
monosaccharides through interactions that involve
calcium ions [26,27] (Figure 1A and 1B). LecA binds
to host glycolipids, inducing rearrangements of the
plasma membrane that not only exert cytotoxic ef-
fects but also promote cellular internalization of the
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Figure 1. Crystal structures of soluble lectins from bacterial pathogens in their oligomeric form and in
complex with human glycan epitopes. (A) LecA from P, aeruginosa complexed with iso-Gb3 trisaccha-
ride Gal(x1-3)Gal(31-4)Glc, PDB 2VX]. (B) LecB from P, aeruginosa complexed with Lewis a trisaccharide
Gal(31-3)[Fuc(x1-4)]GlcNAc, PDB W8H. (C) BambL from B. ambifaria complexed with H-type 1 trisac-
charide Fuc(x1-2)Gal(31-3)GIcNAc, PDB 3ZW2. (D) Bc2LC-nt from B. cenocepacia complexed with H-
type 1 trisaccharide Fuc(x1-2)Gal(31-3)GlcNAc, PDB 6TID. Proteins are represented by ribbons colored
by chains, glycans by sticks, and calcium ions by green spheres (Pymol, Schrodinger). Oligosaccharide
ligands are also represented as cartoons using the Symbol Nomenclature for Graphical Representations
of Glycans [23] (Gal: yellow circle; Fuc: red triangle; Glc: blue circle, GIcNAc: blue square).

bacterium [28]. LecB has a strong preference for
Lewis a oligosaccharides but binds broadly to fu-
cose residues on glycoproteins and glycolipids [29].
Both lectins contribute significantly to biofilm for-
mation [30].

The Burkholderia cepacia complex (BCC) com-
prises at least twenty distinct Burkholderia species,
many of which are clinically important opportunistic
pathogens in cystic fibrosis patients [31]. Burkholde-
ria cenocepacia produces several lectins with LecB-
like domains, showing specificity for fucose and
mannose [32]. Among them, BC2L-C is notable for its
modular structure: its N-terminal domain resembles
LecB, while its C-terminal domain adopts a tumor
necrosis factor (TNF)-«-like fold, also with fucose

specificity [33] (Figure 1D). In contrast, Burkholde-
ria ambifaria produces a different lectin that assem-
bles into a trimeric (3-propeller, exposing six fucose-
binding sites [34] (Figure 1C).

2.2. Forces involved in protein—sugar interaction

The binding sites of the four lectins discussed in
this review are shown in Figure 2, and they exem-
plify the classical interactions typically observed in
protein—carbohydrate recognition. In all cases, hy-
droxyl groups of the glycans participate in hydrogen
bonding with amino acid side chains within the pro-
tein binding site. Statistical analyses have shown that
among polar amino acids, asparagine and aspartate
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Figure 2. Details of the glycan binding sites of bacterial lectins from crystal structures. (A) LecA/galactose,
PDB 10KO. (B) LecB/fucose, PDB 1GZT. (C) BambL/fucose, PDB 3ZW0. (D) BC2LC-nt/SeMeFuc, PDB
3WQ4. Hydrogen bonds are represented by green dashed lines, calcium ions by green spheres and water
molecules as small red balls. Schematic representation of ligands is displayed in the right upper corner of

each panel (ChemSketch, ACD/Labs).

are preferred, occurring at approximately twice the
frequency expected by chance [35]. However, aro-
matic amino acids are most strongly favored, with a
pronounced prevalence of tryptophan, followed by
tyrosine and then histidine.

This preference is attributed to CH-7t interactions,
whereby the CH-presenting face of monosaccharides
interacts with electron-rich aromatic side chains [36].

For example, fucose interacts with tryptophan in the
binding site of BambL (Figure 2C). Additional con-
tacts are often mediated by water molecules that are
integral components of the binding site; for instance,
water molecule W1 in LecA is consistently observed
in crystal structures and forms a hydrogen bond with
06 of the glycan within a small pocket of the pro-
tein surface (Figure 2A). The two P aeruginosalectins
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exhibit a nonconventional mode of glycan recogni-
tion. In these cases, calcium ions are directly in-
volved in binding: O3 and O4 of galactose in LecA
and 02, 03, and O4 in LecB are coordinated by cal-
cium (Figure 2A and 2B). The presence of two cal-
cium ions is unique to this latter lectin class, and a
recent neutron diffraction study demonstrated their
role in creating low-barrier hydrogen bonds, which
contribute to the unusually high affinity of these in-
teractions [37].

3. Strategies for designing high-affinity gly-
comimetics against lectins from pathogens

The structural information described above served
as the basis for the development of high affinity gly-
comimetics that are able to compete with the bind-
ing of the lectins to the glycan targets with the aim
of inhibiting the first stage of adhesion, but also
biofilm formation. High-affinity glycomimetics are
also a strategy for the vectorization of antibiotics [38]
and other compounds or for labeling pathogen or
biofilms by fluorescent compounds [39].

3.1. Structure-based design of monovalent gly-
comimetics

LecA binds to the terminal o-galactose residue
present in Gb3, which belongs to the globosph-
ingolipid group of glycolipids and consists of the
Gal(x1-4)Gal(31-4)Glc trisaccharide linked to ce-
ramide [40]. The affinity of LecA for galactose or for
its natural ligand Gal(x1-4)Gal is relatively low with
dissociation constant (Kg) between 50 and 100 puM,
but this limitation is compensated during infection
by multivalent effects induced by the many oligosac-
charide heads of glycolipids present on the mem-
brane. An isomer of the natural ligand, the isoglo-
boside trisaccharide Gal(x1-3)Gal(f1-4)Glc, dis-
plays comparable affinity and the crystal structure
of the complex with LecA has been described (Fig-
ure 3A) [40], providing a basis for structure-guided
design of mimetics. In the development of gly-
comimetics, (3-galactosides with aromatic aglycones
exhibit enhanced affinity, largely due to a T-shaped
electronic interaction with His50 in the binding
site [41]. For example, p-nitrophenyl-[3-galactoside
(PNP-Gal) binds with a K4 of 5 uM and the particular
interaction is illustrated in Figure 3B. Other O- and

S-linked aromatic derivatives have also been investi-
gated [42], and the best monovalent ligand reported
to date, a diarylthiogalactoside reaches an affinity
of ~1 uM [43]. This ligand adopts a binding mode
closely resembling that of the natural ligand (Fig-
ure 3C), underscoring the potential of ligand design
strategies that mimic the structural features of native
glycans.

LecB exhibits strong affinity for natural ligands
such as fucose (Kg = 3 uM) and Fuc(x1-4)GIcNAc-
containing trisaccharides, with a K4 of 210 nM for the
Lewis a antigen (Figure 4A) [29]. Functionalization at
the reducing end of this disaccharide yielded potent
inhibitors with affinities comparable to those of the
natural trisaccharide (Figure 4B) [44].

The observation that b-mannose, which is stere-
ochemically related to r-fucose, is also a ligand for
LecB has inspired the design of carbohydrate ring
mimics, in which the axial anomeric oxygen of fucose
is replaced by an equatorial sulfonamide moiety [45]
(Figure 4C). Building on this approach, (3-fucosyl
amides, sulfonamides, and thiourea derivatives were
synthesized, among which a (3-fucosyl amide diaryl
derivative displayed both high affinity and notable
stability in plasma [46] (Figure 4D).

BambL from B. ambifaria also interacts with
fucose-containing oligosaccharides, exhibiting high
affinity for the fucose monosaccharide [34] as well as
for fucosylated glycans such as Lewis and ABO anti-
gens (Figure 5A). The synthesis of a conformationally
constrained aryl-o- O-fucosyl analogue produced a
compound with binding affinity comparable to that
of native fucose, but with substantially enhanced
selectivity, as it is not recognized by either human
fucose-binding lectins or LecB [47]. The crystal struc-
ture of the Bambl-ligand complex further revealed
that the compound acts as an effective glycomimetic
of natural fucosylated glycans, engaging the protein
surface at the same binding site as the blood group B
oligosaccharide [48] (Figure 5B).

BC2L-C-nt from B. cenocepacia also binds fu-
cose but displays a marked preference for H-type 1
(Figure 6A) and H-type 3 epitopes [49], albeit with
modest affinity. An innovative fragment-based the-
oretical approach identified a binding pocket ad-
jacent to the fucose-binding site, and several po-
tential hits were subsequently validated using bio-
physical methods [50]. From the results of the
fragment-based screening, bifunctional ligands were
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Figure 3. Crystal structures of LecA (surface in beige and ribbon in blue) complexed with natural and
synthetic ligands. (A) Gal(x1-3)Gal(31-4)Glc, PDB 2VX]. (B) p-Nitrophenyl-3-galactoside, PDB 3ZYE
(C) Diarylthiogalactoside, PDB 7Z63. (D) Cyanocatechol, PDB 6YO3. (E) Phenylbutyryl hydroxamic acid,
PDB 7FJH. (F) Difluoro tolcapone derivative, PDB 917Z. Schematic representation of ligands is displayed
in the right upper corner of each panel (ChemSketch, ACD/Labs).
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Figure 4. Crystal structures of LecB (surface in beige) complexed with natural and synthetic lig-
and. (A) Gal(1-3)[Fuc(x1-4)]GlcNAc, PDB W8H. (B) Fuc(x1-4)GIcNAc triazole derivative, PDB 2JDK.
(C) B-Fucopyranosyl-thiophenesulfonamide derivative, PDB 5MAZ. (D) 3-Fucopyranosyl-biphenyl-3-
carboxamide, PDB 8AIY. Schematic representation of ligands is displayed in the right upper corner of

each panel (ChemSketch, ACD/Labs).

synthesized employing a panel of rationally selected
linkers, yielding an alkene-bound glycomimetic with
a tenfold increase in affinity relative to fucose (Fig-
ure 6B) [51]. Although N-fucosides were also syn-
thesized, their poor aqueous solubility limited their
application as antagonists. However, a subsequent
generation of derivatives overcame this limitation,

exhibiting both satisfactory affinity and improved
solubility (Figure 6C) [52].
3.2. Covalent glyco-derived inhibitors

Covalent inhibitors have recently been developed to
target growth factors in cancer and proteases in viral
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Figure 5. Crystal structures of BambL (surface in beige) complexed with natural and synthetic ligands.
(A) Gal(x1-3)[Fuc(ec1-2)]Gal(31-4)GIcNAc, PDB 3ZWE. (B) Conformationally constrained fucose-based
glycomimetics, PDB 6ZFC. Schematic representation of ligands is displayed in the right upper corner of

each panel (ChemSketch, ACD/Labs).

infections. Because specificity represents the pri-
mary challenge in this strategy, successful design
requires precise positioning of the ligand warhead
in close proximity to a reactive amino acid within
the lectin binding site. In the case of LecA, this
was achieved by exploiting Cys62, located at the
base of the binding pocket near the secondary hy-
droxyl group of galactose (Figure 2A) [53]. A phenyl-
[3-galactoside derivative bearing an epoxy group at
the C6 position was synthesized, and formation of
the covalent adduct was confirmed by mass spec-
trometry. Furthermore, a fluorescein-conjugated de-
rivative enabled specific staining of P aeruginosa
biofilms.

Another warhead was used for covalent inhibition
of BC2L-C-nt by fucosides connected to salicylalde-
hyde groups by a variety of linkers with the aim of
targeting Lys108 in the binding site of the lectin [54].
Mass spectrometry conducted on the whole lectin

and on digestion peptides confirmed the formation
of the covalent adduct.

3.3. Non-carbohydrate glycomimetics

All of the inhibitors described above retain the prin-
ciple of a glycan residue bound in the primary bind-
ing site of the lectin. In contrast, non-carbohydrate
glycomimetics offer the potential for more straight-
forward synthetic routes, broader chemical diversity,
and improved pharmacokinetic properties. Using
a virtual screening strategy, more than 1500 com-
pounds from the National Cancer Institute (NCI)
Diversity set IV were docked into LecA, leading
to the identification of promising candidates [55].
Many of these compounds contained a catechol
moiety, raising the possibility of false positives due
to nonspecific reactivity with the protein surface.
Nevertheless, screening of catechol libraries with
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Figure 6. Crystal structures of BC2L-C-nt (surface in beige) complexed with natural and synthetic lig-
ands. (A) Fuc(x1-2)Galf3(1-3)GIcNAc, PDB 6TID. (B) Ethynyl-phenyl derivative of fucose, PDB 70OLU.
(C) Aminomethyl-phenyl derivative of fucose, PDB 8BRO. Schematic representation of ligands is dis-
played in the right upper corner of each panel (ChemSketch, ACD/Labs).

multiple biophysical methods confirmed that sev-
eral electron-deficient catechols bind specifically
to LecA. Although their affinities were only in the
millimolar range, the crystal structure of LecA in
complex with cyanocatechol demonstrated that
its oxygen atoms mimic the roles of galactose O3
and O4 in coordinating calcium within the binding
site (Figure 3D) [55]. Building on this concept of
metal-binding pharmacophores as novel scaffolds
for inhibiting Ca®*-dependent lectins, both virtual
and NMR-based screening of general and special-
ized compound libraries were undertaken [56]. Sev-
eral hydroxamates were identified as specific LecA
ligands, again with affinities in the low millimo-
lar range, and crystal structures confirmed their
calcium-coordinating interactions (Figure 3E) [56].
By contrast, malonates displayed broader activity,
binding not only to LecA and LecB but also to human
C-type lectins. To further develop the catechol-based
scaffold, 3267 unique catechol derivatives from the
Hoffmann-La Roche compound library were tested
for LecA binding [57]. Among these, tolcapone, a
drug used in the treatment of Parkinson’s disease,
and several structural analogues, emerged as potent
ligands with affinities around 10 puM—approximately
5- to 10-fold stronger than galactose. The crystal

structure of one representative compound (Fig-
ure 3F) revealed that these ligands not only coor-
dinate calcium but also form hydrogen bonds with
conserved water molecules and engage in hydropho-
bic interactions with the protein surface.

3.4. Structure-based multivalent ligands

Structural information on lectins can also be used
for the design of multivalent ligands with appropri-
ate linkers to reach two or more binding sites of the
lectins, resulting in a chelating effect that can result
in several-fold increases in affinity [7].

A substantial body of literature has described the
synthesis of glycoclusters, glycopolymers, and other
multivalent ligands targeting LecA and LecB (see
Refs. [58-60]). In the case of P aeruginosa, the present
article focuses on selected examples of structure-
based design of divalent ligands for LecA. The ar-
chitecture of the LecA tetramer (Figure 1A), which
presents two galactose-binding sites separated by ap-
proximately 29 A on the same face, provides an op-
timal framework for the rational design of divalent
ligands. Flexible linkers, such as those based on
polyethylene glycol (PEG), proved ineffective in pro-
moting efficient chelation due to the entropic penalty
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arising from their conformational flexibility. In con-
trast, introducing additional interactions at the pro-
tein surface, for instance, through linkers identi-
fied from a large heteroglycoconjugate library gen-
erated by nucleic-acid-encoded peptide synthesis,
yielded high-affinity binders with dissociation con-
stants as low as 82 nM [61]. Rigid spacers proved
even more effective at eliciting strong avidity ef-
fects, provided they positioned the two galactose
moieties at the appropriate distance while retaining
adequate aqueous solubility. Subsequent optimiza-
tion, involving the incorporation of alternating glu-
cose and triazole units, resulted in a ligand with an
affinity of 28 nM, corresponding to an approximately
100-fold improvement relative to the monovalent lig-
and [62]. Remarkably, this compound was the only
divalent ligand successfully crystallized with LecA
(Figure 7A), as the high protein concentrations re-
quired for crystallization typically favor ligand cross-
bridging rather than intramolecular chelation. Ad-
ditional potent divalent galactosides, with dissocia-
tion constants in the range of 10-40 nM, were later
reported by Titz and colleagues, who also demon-
strated their improved solubility and effectiveness in
reducing P aeruginosa invasiveness in host cells (Fig-
ure 7B) [39].

The spherical architecture of LecB, with its fucose-
binding sites positioned far apart, is not favorable
for the design of divalent chelating ligands. Conse-
quently, only limited improvements in binding affin-
ity have been achieved relative to fucose itself [60]. In
contrast, the propeller-shaped architecture of BambL
is more amenable to multivalent ligand design, as it
allows simultaneous engagement of two or more of
the six fucose-binding sites, each separated by ap-
proximately 20 A. The glycomimetic structure de-
picted in Figure 5B was assembled into a hexavalent
ligand using a peptide raft scaffold [63]. The resulting
construct exhibited the appropriate shape and size to
interact with multiple sites of the BambL propeller, as
demonstrated by the structural superposition shown
in Figure 7C, and achieved a K4 of 14 nM. An alterna-
tive strategy exploited ligand cooperativity through
PNA-fucose conjugates, which contained only a sin-
gle fucose residue but were capable of hybridiz-
ing via the PNA (peptide nucleic acid) backbone in
the presence of the protein [64]. This cooperative
assembly resulted in high-affinity binding, with a
K4 of 11 nM.

Figure 7. Some multivalent glycosides with
high affinity for bacterial lectins. (A) Divalent
galactoside with triazolyl-glucose-based linker
in complex with LecA (surface in beige, crys-
tal structure PDB 4YWA). (B) Divalent galacto-
side with aromatic-based linker also binding to
LecA. (C) Pentavalent fucoside with high affin-
ity for BambL (model superimposed on crystal
structure, PDB 6ZFC).

4. Prospectives: identification of new targets

This article highlights a subset of bacterial species
implicated in lung infections, yet the princi-
ples discussed are broadly applicable to other
carbohydrate-dependent pathogens. Indeed, com-
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parable strategies have already proven effective
against uropathogenic Escherichia coli, which use
FimH adhesin to bind to mannosylated epitopes on
urothelial cells, a crucial step in urinary tract infec-
tions [65]. Looking forward, the identification of
novel lectin targets is likely to expand considerably,
as systematic data mining of genomic resources now
enables the prediction of putative lectins across bac-
terial, viral, and fungal species [66]. Dedicated tools
such as LectomeXPlore will accelerate this process,
providing a framework for the rational prioritization
of targets [67]. In parallel, the rapid advances of
carbohydrate-based therapeutics in oncology and
vaccinology underscore their untapped potential
in infectious disease management. Positioned as
a complementary strategy to antibiotics, these ap-
proaches could play a decisive role in addressing
the dual challenges of antimicrobial resistance and
the emergence of novel pathogens driven by climate
change.
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1. Introduction

[2.2]Paracyclophane (pCp) is the smallest known
member of the [n.n]cyclophane family. This mol-
ecule was serendipitously discovered and first iso-
lated in 1949 by Brown and Farthing as an unex-
pected byproduct of the gas-phase pyrolysis of para-
xylene [1]. X-ray diffraction analysis revealed that
pCp consists of two benzene rings, commonly re-
ferred to as decks, arranged in a cofacial orientation
and connected at the para positions by two ethy-
lene bridges [2]. This molecular architecture forces
the decks into an unusual boat-like conformation

*Corresponding author

ISSN (electronic): 1878-1543

(Figure 1), in which the bridgehead carbon atoms are
displaced out of the plane defined by the remain-
ing trigonal carbon atoms. Consequently, the dis-
tance between the carbon atoms bearing the ethy-
lene bridges is shorter than the overall inter-ring sep-
aration (2.78 A versus 3.09 A, respectively, Figure 1).

These structural characteristics have a significant
impact on the electronic distribution and chemical
reactivity of the molecule, positioning pCp as a valu-
able scaffold for the design of novel aromatic com-
pounds with a distinctive three-dimensional frame-
work. Accordingly, significant research efforts have
been dedicated to the synthesis and functionaliza-
tion of pCp, as well as the modulation of its physic-
ochemical properties and the exploration of its po-
tential across various scientific domains [3].

https://comptes-rendus.academie-sciences.fr/chimie/
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Figure 1. Structure of [2.2]paracyclophane
(PCp)-

In this account, we report our contributions to
the chemistry of pCps, at first by placing our re-
search in its broader context and outlining the strate-
gies that we have developed to selectively function-
alize the aromatic rings of commercially available
pCp. Our methods for controlling the planar chiral-
ity inherent to these unique systems are then dis-
cussed. Finally, the synthesis of novel families of
three-dimensional luminophores derived from pCp
is described, and their applications across different
research areas are discussed, including photocataly-
sis, coordination chemistry, and chemical biology.

2. Tailoring the aromatic decks of
[2.2]paracyclophane

Since its discovery, numerous synthetic strategies
have been developed to try and access pCp in an
efficient manner. In addition to the industrial syn-
thesis, which relies on the Hofmann elimination of
p-methylbenzyl trimethylammonium hydroxide [4],
the method reported by Brink in 1975 remains the
most widely adopted and highest-yielding approach
at the laboratory scale [5]. This approach involves
the coupling of 1,4-bis(bromomethyl)benzene 1
with 1,4-bis(mercaptomethyl)-benzene 2 to produce
dithia[3.3]paracyclophane 3, followed by photo-
chemical desulfurization to yield pCp in 51% overall
yield (Scheme 1). This robust and reliable method
has since enabled the synthesis of a broad range of
pCp derivatives [6-8].

[2.2]Paracyclophanes are remarkably stable to-
ward acids, bases, oxidants, or light, and retain their
structural integrity up to 200 °C. Above this temper-
ature, homolytic cleavage of the ethylene bridges oc-
curs, leading to ring opening of the pCp core. This
thermal behavior has been widely exploited in mate-
rials science, particularly for polymer production via
chemical vapor deposition (CVD) processes [9-12].

For example, unsubstituted pCp is a key precursor
in the synthesis of parylene (Scheme 1) [13], an aro-
matic polymer extensively used as a protective coat-
ing in electronics, optics, and biomedical devices.

Owing to its widespread industrial applications,
pCp is now commercially available at low cost. As a
result, functionalized pCp derivatives are nowadays
most easily prepared via direct functionalization of
the parent compound, rather than through de novo
synthesis of substituted analogues.

Each aromatic ring of the pCp scaffold offers four
accessible positions, allowing up to eight possible
sites for derivatization. Monofunctionalization is
typically achieved through electrophilic aromatic
substitution, enabling the introduction of diverse
functions such as bromine atoms, formyl, nitro,
or ester motifs. Alternatively, halogen-lithium ex-
change from brominated precursors followed by
trapping with suitable electrophiles allows the incor-
poration of a broader array of functional groups, in-
cluding amines, hydroxyls, azides, thiols, carboxylic
acids, and phosphines [14]. More recently, direct
C-H activation strategies have also emerged as effec-
tive tools for regioselective modification of the pCp
core [15].

From monosubstituted intermediates, various
disubstituted pCps can be easily prepared (Figure 2).
These are typically classified according to their sub-
stitution pattern: ortho, meta, or para when both
substituents are on the same aromatic ring; and
pseudo-gem, pseudo-ortho, pseudo-meta, or pseudo-
para when the substituents are located on both
decks.

Higher substituted derivatives (tri- and tetrafunc-
tionalized pCps) are generally synthesized via se-
quential electrophilic substitutions on di-substituted
precursors [16]. However, systems bearing more than
four substituents are highly strained and remain un-
common in the literature [17].

In certain cases, the reactivity of the aromatic
units in pCps can pose notable synthetic challenges
due to through-space electronic delocalization be-
tween the closely positioned 7t systems. Interest-
ingly, reactivity patterns resembling those of iso-
lated double bonds have been observed in some
cases [18,19]. Moreover, the introduction of sub-
stituents on one deck can significantly influence the
electronic distribution across the molecule, thereby
activating or deactivating specific positions on the
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Scheme 1. Synthesis and polymerization of [2.2]paracyclophane.
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Figure 2. Substitution patterns and nomenclature of pCps.

opposite ring. For example, the introduction of
electron-withdrawing groups can direct selective
functionalization to the pseudo-geminal position,
an effect well known and extensively exploited in
[2.2]paracyclophane chemistry [20,21].

Despite significant progress, the selective in-
troduction of multiple substituents onto a single
aromatic ring of pCp remains a synthetic chal-
lenge. In our studies, we have developed an effi-
cient and regioselective approach for synthesizing
para-disubstituted pCps in a limited number of
steps and with good overall yields. This strategy
relies on a Vilsmeier-Haack formylation of various
4-aminol[2.2]paracyclophane derivatives (4, Table 1),
enabling the installation of a formyl group opposite
to the existing electron-donating substituent.

The transformation is performed using POCI;3
(1 equiv.) in the presence of DME with the reaction
mixture gradually heated from 0 to 100 °C over 3 h.

These conditions exhibit broad substrate tolerance,
accommodating tertiary and secondary amines
bearing alkyl, allyl, or benzyl substituents on the
nitrogen atom, as well as derivatives featuring
mildly electron-withdrawing groups, such as a 9-
fluorenylmethyloxycarbonyl (Fmoc) motif (Table 1).
This method provides access to a range of function-
alized aldehydes in a practical and scalable manner,
generating versatile intermediates for the construc-
tion of more elaborate molecular architectures based
on the pCp core [22], as detailed in the following
sections of this account.

3. Controlling planar chirality in
[2.2]paracyclophanes

Extensive efforts have been devoted to the investi-
gation and rationalization of the geometry of pCps.
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Table 1. Para-formylation of 4-amino[2.2]paracyclophanes

i )
‘ N.g2 POCI, (1 equiv.) O Nore
O DMF, 0°Cto 100 °C, 3 h O
4

Entry Product R! R? Yield (%)
1 5a Me Me 90
2 5b Bn Bn 77
3 5¢ H Bn 72
4 5d Allyl Allyl 50
5 5e H Fmoc 42

For many years, it was believed that the unsubsti-
tuted pCp adopted a fully eclipsed conformation
with Dy, symmetry. However, subsequent experi-
mental and theoretical studies have shown that, at
very low temperatures, the molecule favors a stag-
gered conformation with D, symmetry, character-
ized by a torsional angle between 6 and 9°. As a
result, the D, structure is now considered as a
transition state between two enantiomeric D, con-
formers (Figure 3). Despite this, the unsubstituted
pCp remains achiral at room temperature due to
the rapid interconversion between its enantiomeric
conformations [23-25].

Substituted pCps can exhibit planar chirality due
to their rigid, strained structure, which prevents ro-
tation of the aryl groups around their axes. Mono-
substituted pCps are inherently nonsymmetrical, but
disubstituted derivatives may or may not be chiral,
depending on the nature and position of their sub-
stituents (Figure 3). Indeed, ortho, meta, pseudo-
gem, and pseudo-para derivatives are achiral when
both substituents are identical.

On the contrary, para, pseudo-ortho, and pseudo-
meta pCps display planar chirality even when bear-
ing the same substituents. A similar trend is observed
for tetra-substituted derivatives (Figure 3) [14].

To assign the absolute configuration of pCps,
specific Cahn-Ingold-Prelog rules (CIP conven-
tions) [26] must be followed. The less substituted
aromatic ring of the pCp core is positioned toward
the front of the molecule, and the priority atom
is identified as the carbon of the ethylene bridge
bonded to the aromatic ring at the position nearest
the highest-priority substituent. The configuration is

assigned by numbering the ring carbons beginning
at the priority atom, moving sequentially toward the
highest priority substituent, and including the aro-
matic quaternary carbon attached to the ethylene
bridge. The direction of numbering (clockwise or
counterclockwise) determines the Ry, or S, configu-
ration, respectively (Figure 3).

Planar chirality in pCps was first identified by
Gram and Allinger in 1955 [27]. Early research in this
domain focused on synthesizing monosubstituted
pCps and determining their absolute configuration.
Since the 1990s, chiral pCps have become valuable
ligands in asymmetric catalysis [28] and, more re-
cently, key components in the development of circu-
larly polarized light-emitting materials [29,30]. How-
ever, large-scale synthesis of polysubstituted pCps
with controlled chirality remains a significant chal-
lenge, which still considerably limits their broader
applications.

The synthesis of structurally complex enantiop-
ure pCps typically involves the functionalization
of simpler optically active intermediates. Over the
years, various strategies have been developed to
obtain such compounds in an efficient manner.
Techniques like high-performance liquid chro-
matography (HPLC) on chiral stationary phases
are commonly used for enantiomer separation, al-
though they require costly equipment and large
volumes of solvents. Classical resolution methods,
which rely on forming diastereoisomeric products
using stoichiometric amounts of chiral resolving
agents, are also frequently employed to generate
enantioenriched pCps. However, these approaches
often involve multi-step syntheses (i.e., formation of
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Simplified CIP convention to attribute the absolute configuration of pCps

priority atom

\

,,,,,,, Oao) o ®2 o C)
Achiral:

&

ortho (C meta (C, pseudo-gem (Cs)

&

pseudo-para (C bis-ortho

Figure 3. Achiral and planar chiral pCps.

the diastereomers, separation, and regeneration of
the initial pCps), which are time-consuming [31].

In our studies, we have investigated kinetic reso-
lution and desymmetrization strategies as effective
alternatives to traditional methods for accessing op-
tically active pCps. Kinetic resolution (KR) consti-
tutes a powerful approach wherein racemates un-
dergo asymmetric transformations in the presence of
a chiral catalyst, with the two enantiomers reacting
at different rates. Ideally, at 50% conversion, one
enantiomer is recovered as unreacted starting mate-
rial, while the other one is obtained as the product.
In contrast, desymmetrization of meso derivatives
enables the generation of enantiopure compounds
under similar catalytic conditions in yields up to
100%, by differentiating prochiral sites within an
achiral molecule.

Starting from racemic aldehydes or centrosym-
metric meso dialdehydes derived from pCp, we
employed asymmetric transfer hydrogenations
(ATH) as key transformations to control planar chi-
rality [16,32,33]. After optimizing the reaction condi-
tions, enantioselective reductions were successfully
carried out using the commercially available Noyori’s
catalyst RuCl(p-cymene)[(R,R)-TsDPEN] ((R,R)-Cat,

Planar chiral:

S R

mono-substituted para (Cy) pseudo-ortho (C,)

pseudo-meta (Cy) bis-para

1 mol%) in a 1:1 iPrOH/DMF mixture at 0 °C, with
t-BuOK (5 mol%) as the base. These reactions, which
are operationally simple and easy to implement,
delivered a wide range of optically active products in
short times (Scheme 2).

The resulting molecules possess diverse sub-
stituents, including carbonyl or hydroxyl groups,
and halogen atoms, on each aromatic ring of the
pCp core, thereby enabling further functionaliza-
tion through a variety of orthogonal transformations
such as condensations, nucleophilic substitutions,
Grignard additions, transition-metal-catalyzed cou-
plings, and olefination reactions. Enantiopure pCp-
based aldehydes are thus now routinely prepared
in our laboratory on multigram scales, serving as
valuable key intermediates.

Notably, following our work, there has been a
renewed interest in controlling the planar chiral-
ity of [2.2]paracyclophanes through catalytic chem-
ical methods, resulting in a number of compelling
contributions to the field [34-38]. Among the vari-
ous strategies developed in this area, our approach
has proven both viable and competitive, and it has
been successfully employed by other research teams
worldwide [39].
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O 0  (RR)-Cat (2 mol %) (R.R)-Cat (2 mol %) O
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Scheme 2. Kinetic resolution and desymmetrization of aldehydes derived from [2.2]paracyclophanes.

4. Modulating the photophysical properties of
[2.2]paracyclophanes

[2.2]Paracyclophanes are known to exhibit unique
photophysical properties arising from electronic
conjugation between their two aromatic rings,
aided by both through-bond and through-space
interactions. Indeed, unsubstituted pCp displays a
distinctive UV-visible absorption spectrum, char-
acterized by maxima at 225, 244, 286, and 302 nm
[40,41]. The absorption band at the longest wave-
length, commonly referred to as the cyclophane
band, emerges in a spectral region that is atypical for
standard benzene derivatives, such as xylenes. Fur-
thermore, the molecule exhibits a broad fluorescence
emission band centered around 356 nm. These char-
acteristics have led to the widespread use of pCp as
a core structure in the design of three-dimensional
organic luminophores.

Pioneering studies have focused on the devel-
opment of various systems that mimic excimers,
transient dimers typically observed via fluorescence
spectroscopy. In contrast to true excimers, which ex-
ist solely in the excited state, pCp-based analogues
are stable in the ground state, making them par-
ticularly well-suited as model compounds for pho-
tophysical investigations. Notably, a variety of stil-
bene dimers incorporating the pCp scaffold have
been isolated and thoroughly characterized [42-44].
Furthermore, di- and tetrasubstituted pCp deriva-
tives bearing both electron-donating and electron-

withdrawing groups have been designed to probe
through-space charge-transfer delocalization [45].
All these systems offer valuable insight into elec-
tronic communication between stacked aromatic
units within the distinctive three-dimensional archi-
tecture of the pCp framework.

More recently, numerous studies have demon-
strated that the synergistic interplay between planar
chirality and the distinctive spectroscopic behavior
of pCps can be effectively exploited for the develop-
ment of advanced circularly polarized luminescence
(CPL) emitters. Research on CPL active compounds
has gained momentum, driven by their promising
applications in advanced optoelectronic technolo-
gies, such as 3D displays, optical data storage, and
bioimaging [46]. Nevertheless, the rational design
of organic luminophores that combine high emis-
sion efficiency with strong chiroptical activity re-
mains a major challenge, spurring ongoing innova-
tion in molecular engineering.

In this context, helicene-like structures featuring
a pCp core have been synthesized and extensively
investigated for their CPL properties [47]. Addi-
tionally, a variety of second-order molecular archi-
tectures, such as V-, N-, M-, triangle-, propeller-,
and X-shaped frameworks, have been constructed
from pCp units [48-55]. These structurally com-
plex compounds exhibit remarkable optical prop-
erties, including high molar extinction coefficients
(€), strong fluorescence with significant quantum
yields (@), and impressive dissymmetry factors [56]
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Scheme 3. Synthesis of pCp-based 3D coumarins.

in both absorption (gahs) and emission (gm). Such
attributes render them promising candidates for the
development of advanced functional materials in the
field of chiral photonics.

As a complementary strategy to modulate the
(chir)optical properties of pCps we explored the
possibility of expanding the pCp aromatic frame-
work to access functionalized polycyclic (hetero)aro-
matic derivatives—three-dimensional analogues of
classical aromatic dyes such as naphthalenes,
coumarins, and cyanines [57]. This approach has
led to the development of chiral luminophores with
more compact molecular structures and enhanced
solubility, offering key advantages for solution-
phase applications, including asymmetric cataly-
sis, supramolecular recognition, and chiral sensing
in complex environments.

All the new families of 3D luminescent com-
pounds that we developed [57] were synthesized
in just a few steps, starting from aldehyde inter-
mediates, the chirality of which can be easily con-
trolled using the methods described earlier in this
article. For example, three-dimensional coumarin
dyes were synthesized in three steps, beginning with
Dakin oxidation, conducted using H»O, and catalytic
amount of H,SO4 in a CH,Cl,/MeOH mixture, to

AuClj (5 mol %)
AgSbFg (15 mol %)

DCE, uW
Y 80 °C, 7 min
41-86%

Buchwald-Hartwig
couplings R,N
' 44-96%

DMAP (0.15 equiv.)

Y
N )
Y

X=HorBr
Y = Alkyl or Ar

form 4-hydroxy[2.2]paracyclophanes 7 in up to 90%
yield. These molecules were then esterified with var-
ious propiolic acid derivatives under classical con-
ditions (DCC and DMAP cat. in CH,Cl,). The re-
sulting esters 8 were subjected to cyclization pro-
moted by gold- and silver-based catalysts in 1,2-
dichloroethane under microwave irradiation at 80 °C,
yielding the desired coumarin core 9 (Scheme 3). In
a final diversification step, starting from brominated
compounds, Buchwald-Hartwig couplings were em-
ployed to introduce electron-donating amino groups
on the pCp scaffold [58].

The impact of the pCp motif and its characteristic
“phane” interactions on the spectroscopic properties
of the synthesized coumarins was investigated using
unpolarized UV-visible absorption and fluorescence
spectroscopy. Overall, the three-dimensional dyes
exhibited bathochromic shifts in both absorption
and emission spectra compared to analogous pla-
nar structures (Table 2). Interestingly, the absorp-
tion maxima of the pCp-based coumarins remain
hypsochromically shifted relative to those of planar
commercial dyes such as coumarin 6, which pos-
sess a strong intramolecular charge-transfer char-
acter (Table 2). The luminescence properties of the
3D coumarins, which spanned the blue-to-green
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Table 2. Spectroscopic properties of pCp-based coumarins and flat analogues

o0.__0O o. _0
OO P
X Y N

Et,N 0._0
e
-0
N

S

9a-o 10a,b coumarin 6
Entry Compound X, Y A2bs (nm) Aem (nm)<
14 9a H, Ph 265, 300, 330 460
28 9b H, Me 301, 319 435
34 9c H, iPr 300, 320 432
43 9d H,H 304, 320 445
5 9e Br, Ph 307, 325 450
62 of Br, Me 306, 320 425
72 9g H, p-MePh 315 455
g 9h H, p-OMePh 300, 330 455
94 9i H, p-CIPh, 288, 310, 335 465
10° 9j H, p-OTfPh, 280, 330 470
112 9k H, p-CF3Ph 270, 335 475
122 91 NHBoc, Ph 317 450
132 9m NH,, Ph 300, 330 560
142 9n H, p-NHBocPh 317 450
152 90 H, p-NH,Ph 330 470
16° 10a -, Ph 294 418
17° 10b -, Me 286 413
18¢ Coumarin 6 -)- 455 498

a10~* M solution in 1,2-dichloroethane. 1073 M solution in 1,2-dichloroethane.
€105 M solution in CH»Cl,. 9No significant effects were observed on the emission
spectra while changing the excitation wavelength or the concentration of the samples.

region of the electromagnetic spectrum, were sig-
nificantly influenced by the substitution pattern on
the out-of-plane aromatic ring of the pCp core. In
particular, the introduction of halogen atoms in-
duced hypsochromic shifts in the emission pro-
files compared to their unsubstituted counterparts
(Table 2, entries 5 and 6 versus entries 1 and 2).
Conversely, amino-substituted derivatives bearing
electron-donating groups exhibited pronounced
bathochromic shifts in their emission maxima (Ta-
ble 2, entry 13 versus entry 1), highlighting the effec-
tive modulation of luminescent properties through
electronic effects. These findings clearly demon-
strate that precise control over the photophysical
behavior of these compounds can be achieved by

modulating both the nature and spatial arrangement
of substituents around the three-dimensional pCp
framework.

All pCp-based coumarins demonstrated notable
photostability, along with exceptionally larger Stokes
shifts (reaching up to 43 478 cm™') in comparison
with their flat analogues. However, these dyes gen-
erally exhibited modest fluorescence quantum yields
0.1% < ® < 5%).

In collaboration with Dr. J. Crassous’s group,
we carried out the chiroptical characterization of
enantiopure planar chiral coumarins obtained from
optically active aldehyde precursors [58]. As ex-
pected, electronic circular dichroism (ECD) spectra
recorded in CH,Cl, (107° M) displayed well-defined
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Figure 4. Chiroptical properties of pCp-based coumarins S,-9b and R;,-9b. ECD and CPL spectra were

recorded in CH,Cl, (107> M, Aex =320 nm).

mirror-image signatures for the two enantiomers of
compound 9b (Figure 4), with the S, enantiomer
exhibiting a strong positive Cotton effect at 240 nm
(Ae = +64 M~1-cm™!) and a weaker negative one
at 320 nm (Ae = —-23 M~'-cm™!). Complemen-
tary CPL measurements under identical conditions
(Aex = 330 nm) further revealed mirror-image emis-
sion profiles, consistent with their enantiomeric na-
ture (Figure 4). Overall, the pCp-based coumarin
derivatives showed promising chiroptical responses,
with dissymmetry factors of gu,s = 6.2 x 1073 at
360 nm and g, ~ 4.0 x 1073 at 440 nm. These
values are especially noteworthy given the com-
pact and rigid nature of the molecular framework
in contrast to the previously reported systems
based on extended 7-conjugation. Additionally,
the glum/&abs ratio of ~0.7 suggests minimal struc-
tural reorganization upon excitation, an advanta-
geous feature for preserving chiroptical integrity in
emissive applications.

Three-dimensional cyanine-type dyes based on
the pCp scaffold were also readily prepared from
aldehyde intermediates, particularly those obtained
via the regioselective formylation strategy outlined
in Table 1. In this case, key aldehyde 5a, bearing a
dimethylamino group, underwent a Wittig-type reac-
tion with compound 11, followed by N-methylation
of its benzothiazole moiety. This sequence efficiently
led to the formation of novel luminescent compound
12, which exhibited emission in the red region of the
electromagnetic spectrum (Scheme 4). Once again,
both racemic and enantiopure products could be
synthesized using the strategies developed in our
laboratory [59].

The photophysical properties of three-dimen-
sional cyanine dye 12 were investigated in both

dichloromethane and an aqueous Tris-EDTA (TE)
buffer, the latter containing 1% DMSO to ensure
full solubilization of the organic compound. When
comparing the two environments, a modest hyp-
sochromic shift in both absorption and emission
maxima was observed upon transitioning from the
organic to the aqueous medium (Table 3). Addi-
tionally, both the molar extinction coefficient and
fluorescence quantum yield were reduced in the
TE bulffer, indicating diminished brightness in the
aqueous phase.

Compared to its flat analogue 13 [60], pCp-
based cyanine 12 exhibited significantly red-shifted
absorption and emission spectra in both organic
and aqueous media (Table 3). This pronounced
bathochromic shift aligns with observations made
for other pCp-derived fluorophores, including the
coumarin chromophores discussed earlier. This
effect is attributed to the presence of the sec-
ond aromatic ring in the pCp scaffold, which
serves as a mild electron-donating group, thereby
modulating the global electronic properties of
the dyes.

Overall, these results underscore the remark-
able versatility of pCp-based three-dimensional lu-
minophores. By tailoring the functionalization of
the pCp core, we can precisely tune absorption and
emission profiles to cover the entire visible spectrum
and develop differently colored CPL emitters from
enantiopure molecules [57]. The diverse families
of compounds we have isolated hold promise for a
wide range of applications in different domains, in-
cluding coordination chemistry, photocatalysis, and
the chemistry-biology interface. Their potential in
these areas will be explored in greater detail in the
following sections.
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5a 59%

Scheme 4. Synthesis of a pCp-based 3D cyanine.

NaH (2 equiv.), THF, 16 h

(0] 2) Mel (3 equiv.), DMF
100 °C, 36 h

Table 3. Spectroscopic properties of cyanine dyes in different media

Me,yN

Dye?  Solvent A" (nm)  ema M lem™) AT @mm)  Df (%)°
12 CH,Cl, 597 46 x 103 645 2.0
TEC 565 39 x 103 635 1.5
13 CH,Cl, 553 44 x 103 607 6.2
TE® 510 36 x 103 600 1.3

410~° M solution. PAbsolute quantum yields. 1% DMSO was added to fully solubilize

the dyes.

5. Lanthanide luminescence sensitization
using [2.2]paracyclophanes

In recent decades, the distinctive photophysical
characteristics of lanthanide ions (Ln) have garnered
considerable interest, owing to their sharp emission
bands and prolonged luminescence lifetimes [61],
which make them particularly attractive for imag-
ing and photonic applications [62-64]. In addition,
lanthanide-based organometallic complexes exhibit
exceptional photostability, effectively addressing
a major limitation of conventional organic fluo-
rophores, namely, photobleaching under prolonged
or intense light exposure. A key limitation, however,
arises from the intrinsically low molar absorption
coefficients of lanthanide cations (¢ < 1 M~t.cm™1),
which severely restricts their direct excitation. To cir-
cumvent this issue, the use of antenna ligands, chro-
mophores capable of efficiently absorbing light and
transferring the harvested energy to the lanthanide

center, has become a widely adopted strategy for
efficiently sensitizing lanthanide emission [65,66].

In this context, our group has investigated the
potential of luminophores derived from pCp as an-
tenna or ligands for lanthanide sensitization. While
pCps have demonstrated significant utility in transi-
tion metal coordination chemistry [67], their appli-
cation in lanthanide systems, either as antennas or
as coordinating ligands, remains largely unexplored
to date [68]. We thus identified a promising oppor-
tunity to expand the functional utility of pCp-based
scaffolds by designing new Ln—-pCp complexes with
enhanced photophysical performance.

As part of this study, in collaboration with
Dr. O. Maury’s group (ENS Lyon), we successfully
prepared a series of picolinate-based lanthanide
complexes bearing pCp-derived coumarin antennas
(Scheme 5) [69]. The synthesis of these molecular
objects began with compound 15, obtained from a
3D coumarin bearing a triple bond at its pseudo-para
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| Pd(PPh3);Cl (0.12 equiv.) PP IMsCI (16 equiv) \
= ‘ Cul (0.25 equiv.) ‘ AN Et3N (3 equiv.), CH,Cl,, 0 °C .
Ny N~ . o]
THF/ EtzN (1:1) 2) 3HCI (1 equiv.) OMe
MeO e} 55°C, 16 h MeO o Na,CO3 (4 equiv.), Nal (4 equiv.)
92% MeCN, reflux, 72 h ) N OMe
\
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pCp Vi
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3 3 1) NaOH (1M, excess)
i 0_o0 | ¢ THF/H,0, rt, 3 h
| pCp= 0=/ "N
i O r o 2) HCI (to pH = 6), then
! Me : LnCl3-6H,0 (1.5 equiv.)
o 17 up to 93%
7 ’\“ Y
Vi o]
pCp

Scheme 5. Synthesis of Ln complexes incorporating pCp-based coumarins as antennas.

Table 4. Photophysical properties of Ln complexes 17a and 17b

-

(9 oo | ol o
T " O O 7 05 2
& Me N
pCp-coumarin - lN 11;; II:: :éz
k anu
= o
Ln  Agys m)® e @Cmol™hem™)  Aen Mm)?  Tops (1S)? ob DAC
17a 332 48.5 x 103 980 9.48 <0.01 0.00
17b 332 61 x 103 422 - <0.01 045

aSolution in CH,Cl, (107> M); Pfluorescence quantum yield; ‘quantum yield for singlet

oxygen generation.

position, via a Sonogashira cross-coupling with iodo-
picolinic ester 14. Following mesylation, the inter-
mediate was coupled to 1,4,7-triazacyclononane
(TACN), yielding target ligand 16 in 15% overall
yield after purification by column chromatography.
Complexation with lanthanide ions was then carried
out via in-situ saponification, followed by the ad-
dition of the hydrated lanthanide chloride at pH 6
(Scheme 5).

Spectroscopic characterization revealed that the
pCp-coumarin unit undergoes rapid intersystem
crossing from the singlet to the triplet excited state
[E(Ty) = 19 500 cm™!]. The triplet-state energy is
well-matched for efficient energy transfer to Yb3*
and Gd** ions. This was confirmed by excitation of
the antenna at 332 nm, which resulted in the charac-
teristic near-infrared (NIR) luminescence of Yb3" in
complex 17a (Aem = 980 nm, Table 4, entry 1).



860 Laurent Micouin and Erica Benedetti

Wavelength / cm”'

21500 21250 21000 20750 20500 20250 20000
- - T

(a)

Normalized Intensdy ' a.u

g

Magnetic relaxation

A | A SN | 4 L.
460 485 470 475 480 485 490 495 500

Wavelength / nm

Absorption and emission in the visible

Figure 5. Luminescence and magnetic properties of a Dy(III) complex incorporating a pCp-based ligand.

Notably, under the same excitation conditions,
Gd3*-containing complex 17b was found capable of
generating a singlet oxygen, with a quantum yield of
®p =0.45 (Table 4, entry 2) [69]. These findings high-
light the potential of pCp-based architectures for the
development of lanthanide complexes with tunable
and multifunctional properties [70].

Lanthanide ions are currently the focus of ex-
tensive research in the field of molecular mag-
netism [71], as they are prime candidates for the
design of single-molecule magnets (SMMs). Un-
like traditional magnets, which consist of large as-
semblies of atoms, SMMs are composed of discrete
mono-, di-, or polynuclear complexes capable of
retaining magnetic information at low tempera-
tures [72]. To fully harness the potential of SMMs
for practical use, it is crucial to investigate their
magnetic properties in relation to other physical
characteristics, such as luminescence and chirality.
This could pave the way for multifunctional mate-
rials in emerging technologies, such as: quantum
computing, where the integration of stable magnetic
states and optical properties could lead to more reli-
able qubits; molecular electronics, where combining
magnetic and luminescent properties may improve
device performance and enable further miniatur-
ization; and high-density data storage, where the
ability to manipulate and store information at the
molecular level could transform data retention ca-
pabilities. In this context, luminescent SMMs based
on lanthanide complexes, incorporating ligands with
central, axial, or helical chirality, have been devel-
oped [73]. Embedding rare-earth ions within chi-
ral organic frameworks facilitates chirality transfer

from the ligand to the metal center, generating cir-
cular anisotropies at the lanthanide ion level. This
can give rise to phenomena such as CPL and mag-
netochiral dichroism (MChD) [74]. Surprisingly,
planar chiral ligands have yet to be utilized to mod-
ulate these intriguing properties in lanthanide com-
plexes.

Recently, in collaboration with Dr. O. Maury (ENS
Lyon) and Dr. E Pointillart (Univ. Rennes 1), we em-
ployed racemic pCp-derived phosphine oxides as lig-
ands to finely tune the crystal field and electronic en-
vironment surrounding Yb3* and Dy®* ions, thereby
enabling the manifestation of slow magnetic relax-
ation (Figure 5). The synthesized complexes also
exhibited distinct luminescence in the visible or
NIR regions of the electromagnetic spectrum. A
magneto-structural correlation between the emis-
sion and magnetic properties was established for
these new complexes, thereby contributing to a
deeper understanding of the interplay between these
phenomena [75].

Our laboratory is currently exploring the use of
enantiopure pCps as antennas or ligands for lan-
thanide ions, with the objective of developing novel
multifunctional molecular systems that integrate lu-
minescence, magnetism, and planar chirality.

6. [2.2]Paracyclophanes as building blocks for
the design of organic photocatalysts

At the beginning of the last century, Ciamician rec-
ognized that visible light could serve as a renewable
and cost-effective energy source for driving chemical
reactions under mild and environmentally friendly
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conditions [76]. Since then, the fields of photo-
chemistry and photocatalysis have unveiled numer-
ous opportunities for reimagining established reac-
tions and pioneering pathways to previously inacces-
sible products [77]. Over the years, a variety of highly
performant photocatalytic systems have been devel-
oped, ranging from metal-based compounds such
as ruthenium and iridium polypyridyl complexes to
fully organic molecules like eosin Y or acridinium
salts. Despite these inspiring advances, the quest
continues for novel, more versatile molecules capa-
ble of promoting a broader range of catalytic pho-
toreactions. Regardless of their intriguing photo-
physical properties and considerable potential, pCps
had remained largely unexplored as catalysts in pho-
tochemical transformations until very recently [39].

As a proof of concept, and inspired by previous
reports [78-80], our group demonstrated that pCp-
based coumarins can serve as organic photocata-
lysts, effectively promoting desulfonylation reactions
under light irradiation [81].

Starting from a readily accessible model substrate
(19a, Table 5), prepared according to a reported
procedure [78], coumarin derivative 9b demon-
strated effective photocatalytic activity for the re-
ductive cleavage of the tosyl protecting group. Using
a Hantzsch ester as the sacrificial electron donor,
irradiation at 300 nm led to 65% conversion within
2 h (Table 5, entry 1). Prolonging the reaction time
did not improve this outcome (Table 5, entry 2);
however, catalyst loading could be reduced from
20 to 5 mol% without any loss in efficiency (Ta-
ble 5, entries 3 and 4). A series of structurally re-
lated pCp-based coumarins was evaluated to probe
structure—activity relationships. Interestingly, cata-
lyst 9a bearing aryl substituents proved significantly
less effective (Table 5, entry 7), indicating that an
alkyl group on the coumarin framework may be
crucial for efficient photocatalysis in this case. Con-
trol experiments further confirmed the key roles of
each component: no conversion was observed in the
dark or in the absence of the Hantzsch ester (Table 5,
entries 8 and 9), while reactions conducted without
the pCp-coumarin—or with pCp-deprived analogue
10b—resulted in only traces of conversion (Table 5,
entries 10 and 11). These findings underscore the
unique contribution of the pCp moiety to the ac-
tivity of the photocatalyst. The presence of oxygen
significantly suppressed the deprotection (Table 5,

entry 12), and no conversion was observed when
TEMPO, a well-established radical scavenger, was
added to the reaction mixture (Table 5, entry 13).
Alternative reducing agents were evaluated as well
but did not exhibit performances comparable to the
Hantzsch ester (Table 5, entries 14-16).

The scope of the reaction was subsequently ex-
amined using the conditions optimized on substrate
19a, as illustrated in Scheme 6. The deprotection of a
range of sulfonyl groups, including tosyl (Ts), phenyl-
sulfonyl (SO,Ph), and mesitylsulfonyl (SO,Mes), was
tested using 5 mol% of catalyst 9b. In line with the
reactivity observed for the Ts group, efficient removal
of the phenylsulfonyl moiety afforded compound
20a2 in 59% yield. Conversely, sulfonamides bear-
ing mesityl or mesyl groups proved unreactive under
identical conditions, yielding only trace amounts of
the desired product.

Substrates containing tosyl groups with a vari-
ety of functional motifs, such as substituted (het-
ero)arenes, alkyl chains, and a Boc-protected amine,
were well tolerated, affording the corresponding
products in good yields. The method also extended to
sulfonamides incorporating alternative aroyl groups,
although substrates bearing electron-donating sub-
stituents showed reduced efficiency (Scheme 6).

Notably, the protocol was compatible with stereo-
chemically sensitive compounds. When enantiomer-
ically enriched substrates were subjected to the re-
action conditions, the corresponding products were
obtained with full retention of enantiopurity. This
indicates that the transformation proceeds without
racemization, even in the presence of base-sensitive
stereogenic centers (Scheme 6).

It is worth highlighting that the presence of an
aroyl group on the sulfonamide was critical for suc-
cessful cleavage. Substrates featuring alternative
groups such as acetyl, Boc, or methyl failed to un-
dergo transformation under the optimized condi-
tions (Scheme 6).

To gain deeper insight into the mechanism of
the photodesulfonylation promoted by pCp-based
coumarins, we conducted a series of mechanistic
studies. Computational analysis realized in collabo-
ration with A. Maruani (LCBPT UPCité) revealed that
energy transfer (EnT) from the excited state of cata-
lyst 9b to the lowest excited state of substrate 19a is
thermodynamically uphill (AGg,T = +1.13 €V), ren-
dering this pathway unlikely. Based on prior studies
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Table 5. Optimization of the photodeprotection reaction

H Photocat. H
' Bn‘l}lJ\Ph Bn‘l}JJ\Ph
' Ts [H] (1.2 equiv.) H '
:‘ 192 300 nm, CH,Cly, Ar, t (h) 20a |
Photocat.
0 sar=Pn 0.0
9b (R = Me) 10b
O 7 9¢ (R = iPr) 7
R Me
Reducing agent [H]
o
EtO,C CO,Et
Tr ) .
Me N Me ,\“ Me
Bn
21 22 23
Entry Photocat. (mol%) [H] t (h Conv. (%)°®
1 9b (20) 21 2 66
2 9b (20) 21 16 71
3 9b (15) 21 2 63
4 9b (5) 21 2 65
53 9b (5) 21 2 64
6 9c (5) 21 2 56
7 9a (5) 21 2 26
8P 9b (5) 21 2 -
9 9b (5) - 2 -
10 - 21 2 9
11 10b (5) 21 2 14
12¢ 9b (5) 21 2 19
134 9b (5) 21 2 -
14 9b (5) 22 2 -
15 9b (5) 23 2 -
16 9b (5) n-BuyNBH4 2 -

Reactions were performed in a Rayonet photochemical reactor equipped with eight
300 nm lamps (T = 29°C, ¢ = 0.05 M). ?Reaction performed under more diluted
conditions (¢ = 0.025 M); Preaction performed in dark (T = 25 °C, ¢ = 0.05 M); “reaction
performed under an oxygen atmosphere; 9dreaction performed in the presence of
TEMPO (1 equiv.); ®determined by ' H NMR analysis.

involving an iridium-based photocatalyst combined Electrochemical measurements of the redox po-
with a Hantzsch ester [78], we hypothesized that the tentials of 9b, 19a, and 21, combined with the de-
sulfonamide cleavage could proceed via a photoin- termination of the excited-state energy (E*) of 9b via

duced electron transfer (ET) mechanism. absorption and fluorescence spectroscopy, enabled
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not observed @

Scheme 6. Scope of the photodeprotection reaction.

the evaluation of the Gibbs free energy for poten-
tial photoinduced electron-transfer processes. Ac-
cording to this analysis, ET from the excited catalyst
to the Hantzsch ester is thermodynamically fa-
vorable (AGgr = —0.63 eV). Conversely, direct ET
from the excited state of 9b to substrate 19a is
thermodynamically disfavored (AGgr = +0.13 eV).
Furthermore, UV-Vis absorption studies excluded
the formation of electron donor-acceptor (EDA)
complexes, as no appreciable spectral changes were
detected upon gradual addition of either 19a or 21
to a solution of 9b. Finally, the reaction was shown
to halt immediately upon interruption of light ir-
radiation, thereby excluding the involvement of a
self-propagating radical chain process in the photo-
cleavage mechanism.

Based on the collected experimental data, the
photodesulfonylation was proposed to proceed via
the mechanism illustrated in Scheme 7.

Upon irradiation at 300 nm, pCp-based catalyst
9b is promoted to its excited state (A), which then
undergoes a single-electron transfer (SET) with the
Hantzsch ester. This step generates dihydropyri-
dine radical cation C and coumarin-centered radi-
cal anion B. The radical anion subsequently inter-
acts with the reaction substrate, forming radical in-

termediate D and regenerating the ground-state pho-
tocatalyst. Note that the formation of intermediate
D aligns with analogous species previously identi-
fied in related electrochemical processes [82]. Radi-
cal D then undergoes homolytic cleavage of its N-S
bond, yielding carboxamide anion E and aryl sul-
fonyl radical ArSO;. The final desulfonylated prod-
uct is formed through quenching reactions between
these species and dihydropyridine radical cation C.
The proposed mechanistic pathway was further cor-
roborated by theoretical calculations carried out in
collaboration with A. Maruani (LCBPT UPCité).
Attaining precise control over chirality in pho-
toinduced organic transformations remains one of
the foremost challenges in the field of photocataly-
sis. While numerous reports have demonstrated sat-
isfactory enantioselectivities using costly transition-
metal-based catalysts [83], there is growing inter-
est in metal-free strategies. These approaches of-
ten employ chiral organocatalysts that function du-
ally as stereocontrolling agents and photosensitiz-
ers [84-86]. Despite these advances, examples of
asymmetric photocatalytic reactions driven by such
organocatalysts remain scarce [87]. Building on this
background, our current research is focused on in-
vestigating enantiopure planar chiral pCp derivatives
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Scheme 7. Mechanistic proposal for the photodeprotection mediated by pCp-based coumarins.

as photocatalysts to promote asymmetric transfor-
mations, aiming to broaden the scope of light-driven
enantioselective photocatalytic processes.

7. Developing RNA binders using
[2.2]paracyclophane scaffolds

Ribonucleic acids (RNAs) are fundamental
biomolecules involved in the regulation of a variety of
different cellular processes, including, for instance,
gene expression and protein synthesis [88]. Beyond
their canonical roles, RNAs have increasingly been
recognized as key actors in the onset and progression
of various diseases, such as certain cancers, as well
as genetic or neurodegenerative disorders [89,90].
Today, RNA is broadly recognized as a valuable ther-
apeutic target. However, despite this acknowledged
potential, developing small molecules that selec-
tively bind to RNA and modulate its function re-
mains a significant challenge in medicinal chemistry.

Most RNA-binding ligands identified to date are
planar or rod-like molecules that may show strong
binding affinity but often lack selectivity [91-95].
Their limited ability to distinguish between closely
related RNA structures, or even between RNA and
DNA, significantly restricts their therapeutic useful-
ness. Consequently, there is an increasing need to
discover and develop novel molecular scaffolds that
combine high specificity with strong binding to well-
defined RNA targets.

Small molecules interact with nucleic acids
through diverse binding modes. Cationic ligands pri-
marily participate in electrostatic interactions with
the negatively charged phosphodiester backbone,
whereas flat aromatic compounds typically partici-
pate in 7t—7t stacking interactions with nucleobases.
These interactions can occur via intercalation be-
tween base pairs or by occupying the major and
minor grooves of helical structures. However, these
binding modes are intrinsically limited in selectiv-
ity and often fail to distinguish between RNA and
DNA duplexes, owing to their similar base-pairing
architectures.

To circumvent these limitations, recent studies
have focused on incorporating non-planar aromatic
motifs that exploit the inherent structural plastic-
ity of RNA. Indeed, unlike DNA, RNA is predom-
inantly found in cell as single-stranded sequences
and capable of folding upon itself to generate com-
plex secondary and tertiary architectures, includ-
ing bulges, internal loops, pseudoknots, and three-
way junctions. These unique structural features
offer distinct molecular recognition sites for small
molecules. For instance, spirocyclic compounds
have demonstrated remarkable selectivity for bulged,
non-canonical RNA regions (Scheme 8a) [96,97].

Similarly, triptycene-based ligands have been
reported to specifically target three-way junctions
(Scheme 8b) [98-100]. Notably, these last com-
pounds exhibited potential as modulators of the
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Scheme 8. Examples of three-dimensional ligands preferentially targeting non-paired RNA structures.

heat shock response in E. coli, highlighting their
functional relevance as RNA-targeting agents. The
non-planar architecture of these molecules, which
arranges aromatic groups across orthogonal planes,
appears to mitigate non-specific intercalation into
double-helical regions. This spatial configuration en-
hances selectivity for non-duplex RNA motifs while
minimizing off-target interactions with double-
stranded DNA, thus overcoming a common limita-
tion of planar aromatic RNA-binding compounds.

Inspired by these precedents, we hypothesized
that pCps could preferentially drive recognition of
non-helical RNA structural motifs. Indeed, their rigid
and sterically demanding architecture, characterized
by a 3.1 A distance between the benzene moieties
(Figure 1), does not match the helical rise per base
pair in double-stranded RNA (2.6 A) or DNA (3.4 A),
making intercalation unlikely and effectively limiting
interactions with RNA or DNA duplexes (Figure 6).

Guided by this rationale, we explored pCp as a
central core for the design of novel RNA-binding
ligands. Simultaneously, we aimed to exploit the
intrinsic photophysical properties of pCps to mon-
itor ligand—-RNA interactions via fluorescence spec-
troscopy, enabling real-time observation of binding
events.

Cyanine dyes are well-established probes in
chemical biology, frequently used for nucleic acid
staining [60,101,102]. These dyes exhibit strong flu-
orescence turn-on behaviors upon target binding.
We therefore set out to compare the luminescence
responses of pCp-based cyanine dye 12 with those of
analogous flat cyanine 13 in the presence of nucleic
acids.

As described earlier in this article, both com-
pounds exhibited low emission in aqueous buffer

(Table 3). However, upon the addition of increas-
ing amounts of tRNA, a significant fluorescence en-
hancement was observed for both cyanines, demon-
strating that incorporation of the pCp moiety into the
luminophore does not negatively impact the turn-on
behavior of the cyanine (Figure 7) [59].

Digestion studies with RNase A confirmed that the
observed fluorescence enhancement is attributable
to the presence of RNA in solution [34]. Since cya-
nines are known to form aggregates [61]—a tendency
also confirmed for pCp derivative 12—, the observed
turn-on responses were attributed to disaggregation
processes triggered by the interaction of the dyes
with RNA.

We next compared the behavior of the flat and
three-dimensional cyanines in the presence of dif-
ferent types of nucleic acids. Interestingly, flat com-
pound 13 exhibited comparable fluorescence turn-
on responses with all tested nucleic acids (Figure 8,
in red), indicating a non-selective interaction pro-
file. In contrast, three-dimensional pCp-based de-
rivative 12 displayed only modest fluorescence en-
hancements in the presence of double-stranded DNA
or RNA (Figure 8, in blue), while it showed markedly
stronger turn-on behaviors with nucleic acids con-
taining multiple unpaired regions, with a clear pref-
erence for tRNA.

Fluorescence titrations performed with custom-
designed hairpin loops of different sizes (I-V, Table 6)
further demonstrated that pCp-based dye 12 inter-
acts weakly with small loop structures, while exhibit-
ing higher binding affinity—reflected by lower dis-
sociation constants (Kq)—for larger loops. Remark-
ably, the dye showed a marked preference for a se-
quence containing eight unpaired nucleotides (Kq ~
0.54 uM, Table 6). It is also worth noting that, at this
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Figure 7. Turn-on fluorescence responses of cyanines 12 (in blue) and 13 (in red) in the presence of
increasing amounts of tRNA.

54

€0 47 MezN
I ©\§ -
0

tRNA

Imaxllo
&

¥}
o

rRNA

ss RNA dsRNA

Figure 8. Turn-on fluorescence responses of cyanines 12 and 13 (1078 M) in the presence of diverse
nucleic acid (0.4 mg/mL) in Tris-EDTA (TE) buffer at 20 °C.
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Table 6. Dissociation constants (LM) for RNA—cyanine 12 interactions

6-loop 1l

10-loop V
IS I° g VP Vb
14.22 24.53 6.04 0.54 1.65
+14.46 +6.60 +2.05 +0.16 +1.14

21076 M solution of dye 12 in Tris-EDTA (TE) buffer. P10~ M solution of dye 12 in Tris-
EDTA (TE) buffer. Data are presented as mean of the three independent experiments

+ standard deviation.

stage, both racemic and enantiopure compounds ex-
hibited similar behavior [34].

In the future, the ability of enantiopure pCp-based
luminophores to emit circularly polarized lumines-
cence may be harnessed to monitor RNA-ligand in-
teractions via CPL spectroscopy. This approach may
offer several advantages, including enhanced sensi-
tivity and selectivity stemming from the polarized na-
ture of the emitted light, reduced background inter-
ference relative to conventional fluorescence meth-
ods, and the potential to provide detailed insights
into the chiral environment and binding-induced
conformational changes of RNA structures.

8. Conclusions

Thanks to their unique three-dimensional geometry,
distinctive electronic properties, and atypical reac-
tivity, [2.2]paracyclophanes (pCps) have emerged as

versatile molecular platforms attracting growing in-
terest across diverse areas of chemical research.

In this account, we have highlighted a variety of
strategies that enable the selective functionalization
of their aromatic cores, efficient control over pla-
nar chirality, and modulation of their photophysi-
cal properties. The methods developed in our lab-
oratory have enabled access to structurally diverse
pCp scaffolds with tunable spectroscopic behaviors
on synthetically useful scales. These rigid 7t-stacked
systems exhibited significant potential in fields such
as organic and organometallic luminophore chem-
istry, photocatalysis, and chemical biology. Nev-
ertheless, important challenges remain to be ad-
dressed. For example, the development of selec-
tive functionalization protocols targeting the ethy-
lene bridges and the meta or pseudo-meta positions
of these scaffolds could greatly broaden their chem-
ical diversity. Strategies to further modulate the
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absorption and emission properties of functionalized
pCps, such as attaining higher brightness and en-
hanced CPL efficiency, also warrant continued in-
vestigation. In lanthanide chemistry, pCp-based lig-
ands with planar chirality may lead to the devel-
opment of next-generation luminescent and multi-
modal metal complexes. The use of enantiopure chi-
ral pCp derivatives as photosensitizers in photore-
dox catalysis also remains underexplored and could
enable the design of novel light-activated asymmet-
ric transformations. Finally, our recent efforts to
incorporate the pCp motif into RNA-binding small
molecules have opened promising avenues for tar-
geting non-paired structural motifs within nucleic
acids. However, further studies are required to bet-
ter elucidate the precise binding mode of pCp deriva-
tives to RNA.

In summary, pCps represent a fascinating class
of molecular architectures that continue to capti-
vate the chemistry community. Despite the signifi-
cant progress already achieved in their synthesis and
controlled functionalization, we are confident that
ongoing research on these original compounds will
continue to drive innovation across a range of dis-
ciplines, including organic synthesis, materials sci-
ence, and chemical biology.
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Abstract. Over the last few decades, allenes have evolved from objects of curiosity to central elements

of organic synthesis. Among them, N-allenamides, allenes featuring an electron-withdrawing group
on the nitrogen, stand out for their great stability and versatility. Their unique reactivity has made
them valuable platforms for numerous chemical transformations. Their interest is reinforced by
their ability to efficiently lead to multisubstituted enamides, motifs present in many bioactive natural
products but notoriously challenging to synthesize with high regio- and stereocontrol. Driven by our
deep interest in the reactivity of activated N-allenamides, particularly those with fluorinated units, we
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1. Introduction

N-Allenamides, featuring an electron-withdrawing
group (EWG) on the nitrogen atom, have gained sig-
nificant attention among organic chemists over the
past decade, surpassing their allenamine counter-
parts. This increased interest stems from their en-
hanced stability and retained distinctive reactivity.
The delocalization of the nitrogen’s lone pair into
the allenic system imparts these compounds with
dual reactivity, as depicted in their resonance struc-
tures (Figure 1). As a consequence, a range of highly
regio- and stereoselective functionalizations at the
-, -, and y-positions of the allene moiety has been
developed. These transformations enable the con-
struction of complex and valuable N-heterocycles,
often yielding either proximal or distal adducts with
precise control. The extensive focus that has been

*Corresponding authors

ISSN (electronic): 1878-1543

dedicated to N-allenamides is clearly reflected in the
substantial number of publications and comprehen-
sive reviews that have emerged over the years, high-
lighting their diverse and powerful reactivity as versa-
tile synthetic building blocks (for selected reviews on
N-allenamide, see [1-5]). Over the past three years,
our research group has initiated a dedicated pro-
gram focused on exploring the reactivity of activated
N-allenamides. Our initial approach involved the
use of ynamides as precursors to access these valu-
able intermediates. We then shifted our attention to
investigating their reactivity, with particular empha-
sis on the construction of heterocyclic frameworks
which are key structural motifs commonly found in
natural products.

2. Results and discussions

N-Allenamides, a subclass of allenes, have emerged
as essential motifs in a myriad of transformations.
Despite their growing prominence as unique and
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Figure 1. N-allenamide structure and reactivity profile.

versatile building blocks in organic synthesis, exist-
ing methods for their preparation often suffer from
limited substrate scope and restricted structural di-
versity. Inspired by the addition of diazo compounds
to alkynes [6-10], we envisioned that a coupling
reaction between terminal ynamides and a read-
ily available diazomethane surrogate, trimethylsilyl-
diazomethane (Me3SiCHN,, 2 M in diethyl ether),
in the presence of tetra-n-butylammonium fluoride
(TBAF) could offer a straightforward route to termi-
nal N-allenamides. We were pleased to find that
the desired coupling products were obtained in good
yields, and the reaction exhibited broad functional
group tolerance, such as fluorinated substituents
(Scheme 1) [11].

Fluorine-containing building blocks have become
essential in the development of new drug candi-
dates [12-14]. Despite major advances in fluorine
chemistry, fluorine-substituted N-allenamides re-
main scarce [15]. Building on this, we sought to
explore the synthesis of fluorinated N-allenamides
using fluorinated diazoalkanes. Addition of triflu-
orodiazoethane to terminal ynamides under cop-
per catalysis in acetonitrile led to the formation of
the desired N-allenamides in very good yields. The
pentafluoroethyl group, another highly fluorinated
motif, also proved compatible with this transfor-
mation, cleanly delivering the corresponding N-
allenamides. Encouraged by these results, we turned
our attention to more challenging fluorinated sub-
stituents, notably the difluoromethyl group (CF;H).
Recognized as a metabolically stable bioisostere of
hydroxyl and thiol groups, the CF,H moiety has
gained prominence in pharmaceutical, agrochemi-
cal, and materials science [16,17]; for recent reviews

on difluoromethylation reactions see [18-20]. When
CF,HCHN, was reacted with electron-deficient
alkynes, we successfully obtained CF,H-substituted
N-allenamides from terminal ynamides under sim-
ilar conditions. Remarkably, the reaction displays
broad functional group tolerance, accommodating
oxazolidinones, halogens (e.g., chlorine), protected
aldehydes, and even unsaturated side chains that
offer further opportunities for downstream function-
alization (Scheme 1).

Building on our efficient access to a new class of
push—pull allenes, we turned our attention to hy-
droaminations, an atom-economical reaction for
constructing diverse heterocyclic scaffolds, which
serve as valuable platforms for further functional-
ization. While significant progress has been made
in hydroaminations targeting the proximal C=C
bond [21,22] and, to a lesser extent, the distal C=C
bond [23,24], additions to the central C=C bond
remain comparatively rare. To address this gap, we
employed our ynamide/diazo coupling method to
synthesize N-allenamides bearing an ester sub-
stituent. Although these intermediates were highly
unstable, they proved amenable to hydroamination,
yielding a variety of amido-captodative enamines.
Notably, the activated N-allenamides underwent
regio- and stereoselective addition with a range of
secondary amines. A counterintuitive anti-Michael
addition provides a unique E-configured enamine.
Numerous amides as well as distinct amines could
be adapted (Scheme 2). Density functional theory
(DFT) calculations further supported the regio- and
stereoselectivity of the reaction [25].

Eight-membered heterocycles are conspicu-
ous structural motifs found in numerous natural
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Scheme 1. Synthesis of terminal and fluorinated N-allenamides.

products and/or bioactive molecules. However,
their synthesis remains challenging due to unfa-
vorable enthalpic and entropic barriers associated
with the transition states required for medium-size
ring formation [26-28]. Among these, benzo[b][1,5]-
dioxocines stand out as particularly valuable eight-
membered heterocycles. Notable examples in-
clude penicillide [29] and a derivative discovered
by Bayer [30], both exhibiting significant biological
activity. These compounds act as cholesteryl ester
transfer protein (CETP) inhibitors and have emerged
as promising candidates for the treatment of dyslipi-
demia (Figure 2) [31]. Reported Conia-ene reactions
of ene-ynamides remain scarce [32,33]. As part of our

ongoing research on ynamide reactivity, we became
interested in exploring the behavior of ynamides
tethered to propargylic ethers under basic condi-
tions [34]. Given that propargylic ethers are known
to isomerize in the presence of a base, we hypoth-
esized an enolate addition to the in-situ formed N-
allenamide ether. Among the bases evaluated, a solu-
tion of benzyltrimethyl-ammonium hydroxide (Tri-
ton B) in methanol emerged as the optimal choice to
perform this transformation. Experimental observa-
tions were supported by DFT calculations, indicat-
ing a regioselective O-alkylation, where the enolate
adds to the proximal position of the N-allenamide.
This transformation furnishes eight-membered rings
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featuring two embedded enols and a hemiaminal
core. Importantly, the structure tolerates modifica-
tions at the terminal tether of the ynamide as well as
both substituents on the nitrogen atom, demonstrat-
ing the versatility of this method in generating di-
verse, highly functionalized substructures. This ap-
proach offers a sustainable and green route to access
shelf-stable eight-membered O-heterocycles, signif-
icantly expanding the accessible chemical space for
this underexplored class of compounds (Scheme 3).
The computed energy profiles show that the pathway
involving the formation of an N-allenamide inter-
mediate can be considered as the preferential one,
essentially due to the lower activation energy and
more favorable initial deprotonation step [35].

In light of our previous findings, we investi-
gated whether trifluoromethylated N-allenamides
could be leveraged to generate ene-ynamides

with a particular emphasis on incorporating gem-
difluoroalkene and monofluoroalkene motifs.
These fluorinated alkenes are especially appealing:
gem-difluoroalkenes act as carbonyl mimics, and
monofluoroalkenes serve as bioisosteres of peptide
and enol bonds [36]. For example, the pyrrolidone
derivative seletracetam demonstrates a lack of psy-
chomimetic effects, offering significant advantages
over many conventional antiepileptic drugs [37]. In-
vivo studies have shown that a difluoromethylated
GABA aminotransferase inhibitor is highly effective
in suppressing dopamine release following acute
exposure to cocaine or nicotine [38]. The presence
of a fluoroalkene transformed the opioid peptide
Leu-enkephalin into an in-vivo probe with suffi-
cient plasma and microsomal stability to provide
an orally active peptide probe with central nervous
system distribution (Figure 3) [39]. We found that a
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base-promoted 0-elimination of a fluorine atom
from the CF3-substituted N-allenamides efficiently
afforded gem-difluorinated ene-ynamides. Both
potassium fert-butoxide (t-BuOK) and sodium hy-
dride (NaH) proved to be effective bases for this
transformation. The reaction proceeded smoothly
and exhibited a broad functional group toler-
ance, accommodating a variety of functionalized
side chains and electron-withdrawing groups,
thus highlighting the versatility of this strategy
(Scheme 4) [40]. Given the polarity of the ynamides
and the high electrophilicity of the o-carbon of
the gem-difluoroalkene moiety, it was possible to
tune the reactivity of these peculiar building blocks
by adding nucleophiles on the ynamide moiety or
on the difluoroalkenyl part. Alcoholates were di-
rectly added to the starting N-allenamides. Inter-
estingly, this reaction yielded a mixture of Z- and
E-monofluorinated ene-ynamides, with the alkoxy
group at the carbon atom 6 to the nitrogen. The
overall yield was good, and the two stereoisomers
could be successfully separated, affording both Z-
and E-configured ene-ynamides (Scheme 5). Sub-
sequent selective syn-hydroacylation and hydro-
chlorination promoted by ZrCly occurred exclusively
at the ynamide moiety, enabling the synthesis of tai-
lored mono- or difluorinated dienes depending on
the starting material (Scheme 6) [40].

Despite their attractive properties, only a lim-
ited number of protocols have been developed
for the synthesis of fluoropyrroles. Currently, flu-
orinated pyrroles are predominantly obtained
through the functionalization of pre-existing pyr-
role frameworks [41-43]. Building on our previ-
ous results, we envisioned that gem-difluorinated
ene-ynamides [40] could serve as suitable precur-
sors for the synthesis of fluorinated pyrroles via hy-
droamination followed by an intramolecular cycliza-
tion. To explore this possibility, we investigated the

OH

(o]

0
H
HaNT Y2 ”/\([)I/N\z)]\” ng

F

Fluorosubstituted
Leu-enkephalin

O

use of silver catalysts to promote the regioselective
addition of primary amines to ene-ynamides. In
contrast to alcoholates, primary amines selectively
add to the ynamide moiety of the molecule gener-
ated in situ. Upon silver-mediated activation of the
gem-difluoroalkenyl group, a 5-endo-trig cycliza-
tion followed by (-fluoride elimination occurred,
furnishing the desired fluorinated pyrrole scaffold
(Scheme 7). This transformation exhibits high modu-
larity, allowing straightforward access to a wide range
of highly functionalized 2-amido-5-fluoropyrroles.
Good vyields were obtained for this operationally
simple process involving a one-pot four-step se-
quence (Scheme 8). An intramolecular version of
this process led to the synthesis of tricyclic oxazoles
from monofluorinated ene-ynamides embedding a
primary amine (Scheme 9) [44].

Since the discovery of sulfonamide antibacte-
rials [45], sulfonamides have played a key role
in medicinal chemistry. The cyclic counterparts
of sulfonamide compounds (sultams) display en-
hanced biological activities compared to their acyclic
congeners [46]. Our strategy aimed to exploit the
electron-withdrawing substituent on the nitro-
gen atom in trifluorinated N-allenamides. Specif-
ically, we hypothesized that deprotonation at the
«-position of the sulfonyl group in N-sulfonyl al-
lenamides could trigger an anionic 5-endo-dig cy-
clization, ultimately leading to the formation of cyclic
sulfonamides. Although not found in nature, these
amide surrogates are considered privileged motifs
that have found diverse applications in drug discov-
ery such as in sultiame, an anticonvulsant agent [47],
§-2474, a non-steroidal anti-inflammatory drug [48],
and an antidiabetes agent developed by Boehringer
Ingelheim (Figure 4) [49]. Upon treatment with TBAF
and acetic acid, CF3-substituted N-allenamides were
transformed into <y-sultams bearing an ene-gem-
difluorinated tether, whereas TBAF alone provided
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the corresponding trifluorinated ethyl sultams. The
developed method demonstrated broad functional
group tolerance and a wide substrate scope, afford-
ing sultams featuring a gem-difluorinated ene moiety
(Scheme 10). Moreover, DFT calculations supported
a reaction pathway involving a 5-endo-dig cycliza-
tion on the ene-ynamide intermediate generated in
situ [50].

We next considered a chemoselective, metal-free
approach for the 1,2- and 2,3-semireduction of CF3-

substituted N-allenamides. The enamide moiety
in these compounds was efficiently and regioselec-
tively reduced using a combination of triethylsilane
(Et3SiH) and boron trifluoride etherate (BF3-OEt,),
affording the desired products with good stereose-
lectivity. Subsequent 1,8-diazabicyclo[5.4.0]Jundec-
7-ene (DBU)-mediated isomerization of the
resulting allyl amide proceeded cleanly, fur-
nishing the E-configured enamide exclusively
(Scheme 11) [51].
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Among diverse organic azide compounds, vinyl
azides represent a remarkable synthetic scaffold with
their ability to act as an electrophile, an enamine-
type nucleophile or a radical acceptor [52]. Given the
unsaturated nature of N-allenamides, we envisioned
that these compounds could be the perfect can-
didates to obtain vinyl azides via hydroazidations.
We initiated our study by exploiting the reactivity
of activated N-allenamides to achieve direct hydro-
functionalization at the central sp-hybridized car-
bon. Employing a combination of trimethylsilyl azide
(TMSN3) and TBAE we achieved a smooth hydroazi-
dation of both trifluorinated and ester-substituted
N-allenamides. This transformation yielded vinyl
azides with complete regio- and stereoselectivity
(Scheme 12). In contrast, when trifluorinated N-
allenamides were activated with trifluoroacetic acid
(TFA) in the presence of TMSN3, hydroazidation oc-
curred selectively at the distal double bond. This

CeH
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S=0o
\
(0] N/go
\\\“K@\
OH Br

Antidiabetes agent
Boehringer Ingelheim

enabled the site-specific installation of an azido
group at the y-position. While vinyl azides have
found extensive utility in organic synthesis, allyl
azides have often been overlooked due to their ex-
posure to the Winstein rearrangement, typically lead-
ing to a mixture of isomers through allylic azide equi-
librium [53]. In our system, the proximity of a het-
eroatom appears to suppress this equilibrium, en-
abling the exclusive formation of allyl azides featur-
ing a conjugated system. Furthermore, treatment of
these allyl azides with DBU induced a sigmatropic
shift of the azido group, followed by double-bond iso-
merization. This process afforded vinyl azides with
the azido moiety at the «-site with complete regio-
and stereocontrol (Scheme 13) [54].

N-Allenamides bearing an electron-withdrawing
group on the nitrogen atom have emerged as readily
accessible and versatile nitrogen-containing syn-
thons [1-5]. While their thermal reactivity—driven
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by electronic bias in the ground state (Sp)—is well
established [55-57], their behavior and reactivity in
the triplet excited state (T;) remain largely unex-
plored. We were puzzled by the fact that the pho-
tochemical reactivity of N-sulfonyl allenamides re-
mained unexplored (Figure 5) [58,59]. We hypothe-
sized that the presence of the sulfonyl group could

be strategically leveraged to control the fate of the
vinyl radical intermediate, potentially unlocking new
reactivity pathways. Our investigations revealed that
the direct addition of H-phosphine oxide to a CF3-
substituted N-sulfonyl allenamide under visible-
light irradiation led to the formation of the corre-
sponding «-phosphorylated (-sulfonyl enamine.
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This transformation proved to be applicable to a
broad range of substrates and demonstrated notable
sustainability (Scheme 14). Remarkably, the reaction
could be performed under natural sunlight over the
course of two days, affording the desired phospho-
rylated enamine in 77% yield. Encouraged by our
findings and the visible-light-induced N-to-C [1,3]-

sulfonyl shift, we questioned whether this transpo-
sition could be extended beyond CF;3-substituted
N-allenamides. When terminal N-allenamides were
employed in the presence of H-phosphine oxides,
a divergent reactivity was observed, leading to the
formation of structurally distinct hydrophospho-
rylated products. In this case, we propose that an
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intermolecular hydrogen atom transfer (HAT) oc-
curs, followed by the addition of a phosphinoyl
radical [P(O)-] to the terminal alkene moiety. This
sequence furnishes <y-phosphorylated {3-sulfonyl
enamines. Notably, for terminal allenamides, func-
tionalized side chains could be used and under-
went a [1,3]-Ts shift, further expanding the structural
diversity accessible through this approach. Addi-

tionally, terminal N-sulfonyl allenamides bearing
various aryl and heteroaryl sulfonyl groups on the
nitrogen atom were also effective substrates for this
N-to-C [1,3]-sulfonyl shift reaction. This simple,
efficient, and atom-economical process exhibits a
broad substrate scope, excellent functional compat-
ibility, and more importantly complete regio- and
stereo-selectivity (Scheme 15) [60]. In conclusion,
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this account highlights our recent efforts toward
the synthesis of activated N-allenamides and, more
importantly, showcases their remarkable versatility
as reactive intermediates. Under basic conditions,
difluorinated ene-ynamides were efficiently gen-
erated. Nucleophilic additions to the difluorinated
alkenyl moiety afforded highly functionalized, tailor-
made dienes, while reactions with primary amines
led to the formation of fluorinated pyrroles. Further-
more, the electron-withdrawing group on the nitro-
gen atom was strategically exploited to access poten-
tially bioactive gem-difluorinated y-sultams. Regio-
and stereoselective reductions, as well as hydroazi-
dations, delivered valuable fluorinated enamides,
allylamides, and vinyl azides. Finally, the discov-
ery of the first N-to-C tosyl shift in N-allenamides
under photocatalyst-free conditions underscores
the untapped potential of these compounds to un-
lock novel reactivity patterns and generate original
phosphorylated structures.
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1. Introduction ports on DACs, see [1-5]). These molecules feature

electron-donating and electron-withdrawing groups

Donor-acceptor cyclopropanes (DACs) are highly
versatile reactive intermediates in organic synthe-
sis, thanks to their unique combination of elec-
tronic polarization and ring strain (for seminal re-

*Corresponding author
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on adjacent carbon atoms, creating a pronounced
push—pull effect that facilitates selective bond cleav-
age and rearrangements. At the same time, the
significant strain inherent to the cyclopropane ring
(~27.5 kcal/mol) contributes a powerful driving force
for a variety of transformations. It is precisely
the synergy between these two features, electronic
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polarization and ring strain, that underpins the dis-
tinctive reactivity of DACs (for kinetic studies on the
reactivity of DACs, see [6]). Consequently, they have
emerged as valuable synthetic building blocks for
constructing complex carbocyclic and heterocyclic
frameworks, enabling access to diverse molecular ar-
chitectures with high efficiency and selectivity (for
selected reviews on DACs chemistry, see [7-29]; for
an example on total synthesis, see [30]).

While numerous DAC-mediated transformations
have been developed, the influence of the reaction
environment on their reactivity remains an area of in-
vestigation. DAC activation can occur through ther-
mal, catalytic, or photochemical methods, each of-
fering distinct benefits and presenting specific chal-
lenges (for different modes of activation of DACs,
see [31-43]).

In solution-phase reactions, factors such as sol-
vent polarity, thermal input, and catalytic systems
play a central role in governing reactivity and se-
lectivity. In contrast, crystal-state transformations
(for seminal reports on topochemical polymeriza-
tion, see [44-47]; for examples of topochemical
polymerization, see for instance [48-54]) introduce
unique considerations, including crystal-packing ef-
fects, molecular orientation, and topochemical re-
strictions, which can profoundly influence reaction
pathways [55-57]. A deeper understanding of how
these environmental variables impact selectivity and
product distribution is essential to fully harness the
synthetic potential of DAC chemistry.

This account critically examines three distinct ac-
tivation modes, thermal, catalytic, and photochem-
ical, for our in-house synthesized DACs, studied
across two different physical states (solution and
solid). Each pathway reveals unique aspects of DAC
reactivity and selectivity: thermal synthesis of eight-
membered rings (solution phase), rearrangement to
benzocyclobutenes (solution phase), and crystal-to-
crystal photopolymerization (solid state).

By comparing these three pathways, this work
aims to identify key mechanistic differences, evalu-
ate their scope and limitations, and illustrate how
both mode of activation and reaction medium con-
tribute to the outcome. Ultimately, this compara-
tive approach offers insights into the interplay be-
tween molecular design, reaction conditions, and
functional outcomes in DAC chemistry. By bridging
the gap between solution-phase and crystal-state re-

activity, this study provides insights into how reac-
tion environment dictates selectivity and efficiency
in DAC transformations.

2. Solution-phase reactivity of DACs

2.1. Solution-phase synthesis of eight-membered
rings

This section summarizes the results recently re-
ported by our group, in which a thermally driven re-
arrangement of bis-cyclopropyl DACs afforded eight-
membered carbocyclic systems under catalyst-free
conditions [58].

Medium-sized functionalized cycles (eight- to
eleven-membered rings) occupy a unique chemical
space [59-66]. Their intermediate size imparts con-
formational rigidity and distinct three-dimensional
geometry that can sometimes enhance biological
activity by improving binding affinity, oral bioavail-
ability, and/or membrane permeability compared to
both acyclic analogs and rings of other sizes [62,67—
73]. Despite these advantages, medium-sized rings
remain underexplored in drug discovery programs,
largely due to well-known kinetic and thermody-
namic barriers to their synthesis.

From a synthetic standpoint, medium-sized rings
are particularly difficult to access via classical cycliza-
tion of linear precursors, which is often entropically
disfavored. Moreover, their ring size is small enough
to experience destabilizing transannular strain. As
such, innovative synthetic strategies are required to
overcome these inherent limitations [74-78].

One promising approach involves ring-expansion
reactions, particularly starting from small strained
rings like cyclopropanes [79-88]. The substantial re-
lease of ring strain (~27.5 kcal-mol™!) offers a ther-
modynamic driving force, while appropriate substi-
tution can be employed to guide selectivity.

Since divinylcyclopropanes 1 undergo Cope-type
rearrangements to form seven-membered rings
2 [89-93], and given that cyclopropanes can exhibit
C-C double bond character!, we aimed to extend

lIn cyclopropane, the internal bond angles are forced to be
60°, far from the ideal 109° angle, causing severe angle strain.
To relieve strain, the carbon atoms in cyclopropane adjust their
hybridization toward more p-character (closer to sp?). This gives
the C-C bonds some characteristics of 7t-bonds, similar to those in
alkenes.
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Scheme 1. Design of a strategy.

this strategy by replacing one of the alkene units with
a cyclopropyl moiety (see compound 3, Scheme 1).
This modification would provide the additional car-
bon atom needed to access eight-membered carbo-
cyclic frameworks.

It is also worth noting that, for this rearrangement
to occur at room temperature or even below, a cis re-
lationship between the two olefin partners is neces-
sary (see compound 1, Scheme 1) [94]. Therefore,
a cis relationship at the C1 and C2 positions should
be considered a prerequisite in the design of precur-
sor 3.

At the heart of this approach lies the donor-
acceptor cyclopropane (DAC), a class of reactive in-
termediates known for their versatility (see Introduc-
tion). In our design, a gem-ester/vinyl ester mo-
tif was employed as the electron-withdrawing com-
ponent to promote C1-C2 bond cleavage (see com-
pound 5). The donor moiety consisted of a cyclo-
propyl group, whose donor reactivity has been pre-
viously demonstrated [95-101]. To further enhance
donor ability and facilitate rearrangement, an alkoxy
substituent was introduced, inspired by the known
behavior of vinyl cyclopropanols [102-106], (for re-
views, see [107,108]).

This design merges strain-release strategies with
sigmatropic rearrangement logic, as illustrated in
Scheme 1. From a structural perspective, the re-
sulting precursor 5 resembles a modified Cope sys-
tem, in which one 7t-bond is replaced by a bent
reactive cyclopropane [40]. The synthesis of biscyclo-
propane 5a, obtained in only four steps, relies on a

vicinal antagonist
substituents

In-house DAC

classical Rh(II)-mediated cyclopropanation reaction
between a vinylcyclopropane and a di-acceptor diazo
derivative (Scheme 2). Notably, after three days of re-
flux in xylene, the designed DAC 5a successfully de-
livered the expected eight membered ring 6a in 83%
yield.

With this platform in hand, we quickly recog-
nized that the nature of the substituent on the donor
portion of the molecule (R in biscyclopropanes 5,
Scheme 1) significantly influences the reaction out-
come, revealing the existence of two distinct mecha-
nistic pathways.

Aryl-substituted biscyclopropanes 5b-j under-
went thermal cyclization at 100 °C to afford the cor-
responding eight-membered Z-enol ethers 7, which
were subsequently hydrolyzed to ketones 6b-j using
Dowex H* cation-exchange resin (Scheme 3).

Electron-rich, electron-poor, and ortho-, meta-,
or para-substituted aryl groups all participated
successfully in the cyclization (yields ranging
from 54 to 92%), furnishing mixtures of cis-/trans-
diastereomers (50:50 < d.r. < 95:5) but consistently
yielding the same {3-regioisomer of ketones 6b-j.
These results suggest that, in aryl-substituted sys-
tems 5b—j, the C6-C8 bond is cleaved selectively
during the rearrangement.

In contrast, the outcome of the cyclization
for alkyl-substituted biscyclopropanes displayed
a strong dependence on both the size of the R
groups (Scheme 1) and the nature of the starting
diastereomers 5k—p and 5n-p’ (Scheme 4). In these
cases, a temperature of 160 °C was required for the
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Scheme 3. Exploring the aryl scope of the Cope-type rearrangement.

reaction to proceed. For secondary alkyl groups
5k-m (R = iPr, Cy), the reactions proceeded with
high regio- and diastereoselectivity (yields 70-99%,
d.r. > 95:5), indicating a preferential cleavage of the
C6-C7 bond, now favoring the formation of the o-
regioisomer. In the case of smaller alkyl groups (e.g.,
R = Me, n-Hex), starting from a mixture of diastere-
omers 5n-p and 5n—p’, the reaction afforded mix-
tures of regioisomers 6n-p and 6n-p’, while diastere-
oselectivity remained excellent (yields 54-90%; d.r. >
95:5, 55:45 < a/B-regioisomer < 68:32). We showed
that the diastereomeric identity of the starting ma-
terial is fully retained in the regioisomeric outcome,
i.e., each diastereomer yields a single regioisomer.

These results prompted a theoretical investigation
using density functional theory (DFT) to clarify the
origin of the observed selectivity. For both methyl 6n
and 6n’, and phenyl 6b derivatives, detailed energy
profiles were established.

Computational analysis supported a concerted
but asynchronous mechanism for both diastere-
omers of methyl derivatives 6n and 6n’, initiated by
the opening of the central cyclopropane ring (Fig-
ure 1). In the case of methyl derivative 6n’ (Figure 1,

right), two atropisomers of the enol ether (Al and
A2) were identified. A2 was found to exist in two
conformations that differed by the equatorial or ax-
ial orientation of an ester group (see rota2—;). The
A1/A2 ratio depends on the reaction temperature:
A1 was favored at 160 °C, while A2 predominated at
120 °C. This axial chirality arose from restricted ro-
tation around the C2-C3 bond. Computational data
indicated that A2 corresponds to the kinetic product,
formed more rapidly and preferentially at lower tem-
perature, whereas Al was the thermodynamic one
(Trans-cyclooctenes are known to display atropiso-
merism. The transient trans-enol ether in a 1,5- or
1,3-cyclo-octadiene has been reported before but as
far as our knowledge goes, never in the 1,4 cyclooc-
tadiene case [109-113]), (for detailed computational
studies on (E,Z)-cycloocta-1,4-diene conformers
see [114]).

For phenyl derivative 6b, the mechanism di-
verged. We proposed a stepwise biradical pathway
involving the ring opening of the two cyclopropane
moieties (Figure 2, Intermediate I), and low-barrier
conformational changes (Figure 2, intermedi-
ates II and III) before ring closure. This pathway
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Figure 1. Mechanistic study of the alkyl pathway.

rationalized both the observed regioselectivity and
diastereomeric mixtures.

In both cases, calculations show no feasible route
to the E-configured enol ethers, consistently with
experimental observations.

TS-thermo
112.9

Through the rational design of DAC-based pre-
cursors, we have developed a robust and versa-
tile method for constructing eight-membered carbo-
cyclic systems under simple thermal conditions. This
reaction achieved key transformations in a single
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Figure 2. Mechanistic study of the phenyl pathway:.

operation: ring opening of two cyclopropane moi-
eties, formation of a new C-C bond, and generation
of a medium-sized ring, all achieved in a catalyst-
free, thermally driven process.

The transformation is regio- and stereoselective,
and it accommodates a range of substituents. Two
mechanistic pathways were identified, a concerted
asynchronous route and a biradical stepwise one, de-
pending on the electronic and steric nature of the
donor part of the molecule.

This work demonstrates the powerful synergy be-
tween molecular design, experimental validation,
and computational insight, offering new opportuni-
ties for the efficient and selective synthesis of chal-
lenging medium-sized ring systems.

2.2. Rearrangement
clobutenes

of DACs to benzocy-

As part of our ongoing investigation into the reactiv-
ity of our DAC frameworks, we identified an unantic-
ipated rearrangement pathway leading to the forma-
tion of benzocyclobutene derivatives [115].
Benzocyclobutenes are valuable synthetic species
(for reviews on benzocyclobutenes, see [116-
118]), notably due to their ability to generate o-
quinodimethane (0QDM) intermediates [119] under
thermal or photochemical conditions. They play
a key role in natural product synthesis, medicinal

chemistry [120-128], and polymer/material sci-
ence [129-136]. While numerous synthetic methods
have been reported (for seminal reports, see [137];
for selected examples, see [116-118,138-141]), a gen-
eral and broadly applicable approach remains chal-
lenging. We believed that we could contribute to this
effort by offering a complementary strategy.
Remarkably, this transformation originates from
the same DAC precursors 5 that we previously em-
ployed in our annulation cascade strategy. In the
presence of a fluoride anion, a skeletal reorganization
occurred, but the product outcome differed signifi-
cantly from our initial expectations. Upon refluxing
DAC precursor 5a (R = H) in THF for 16 h in the pres-
ence of a fluoride source (TBAF), benzocyclobutene
product 8a was obtained in 58% yield (Scheme 5).
Mechanistically, the reaction likely begins with
fluoride-mediated deprotection of the tertiary alco-
hol, generating alkoxide intermediate B, which could
undergo a hetero-Michael addition to the neighbor-
ing vinyl ester. Subsequent retro-Michael fragmen-
tation of moiety C could induce ring expansion to a
four-membered ring ketone D, reminiscent of known
rearrangement of 1-silyloxy-1-vinylcyclopropanes.
The resulting ketone D could undergo an intramolec-
ular aldol-type condensation to form bicyclic
intermediate E, followed by elimination and aroma-
tization to yield the final benzocyclobutene scaffold
8a. Crucially, the proposed mechanistic sequence
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Scheme 5. Rearrangement of the DAC precursor in the presence of TBAE

is not purely hypothetical. Each intermediate along
this pathway was successfully isolated and fully
characterized. These experimental findings provide
direct validation for the stepwise mechanism.

However, this fluoride-mediated protocol showed
limitations. When a substituent was present on the
donor portion of DAC 5 (R # H), the reaction either
stalled at the formation of tetrahydrofuran 9k (R =
iPr; 54% yield) (Scheme 6) or led to complete degra-
dation of 5b (R = Ph).

In response, we developed an alternative two-
step route. Initial exposure of the precursor 5a to
Mgl,, used as a mild Lewis acid, rapidly (10 min
only) triggered the formation of bicyclic product
10a by a ring-expansion/ring-opening/ring-closure
domino sequence (Scheme 7). This intermediate
could then undergo a mild base-induced transether-
ification/elimination/aromatization step, ultimately
affording the desired benzocyclobutene 8a in 59%
yield [142].

This sequence tolerated a range of substituents (R
= primary and secondary alkyl, aryl) and could be ap-
plied to a broader set of substrates. As in the previous
approach, regioselectivity was controlled by the rela-
tive configuration of the starting diastereomer.

For alkyl derivatives, each diastereoisomer led ex-
clusively to a distinct regioisomer. For instance,
compound 5n (R = Me) underwent C6-C7 cleavage
to furnish regioisomer 8a (R = Me), while its di-
astereomer 5n’ (R = Me) followed an alternate bond
reorganization route (C6-C8 bond cleavage), yielding
regioisomer 8a’ (R = Me) (Scheme 8). This strict cor-

respondence between initial stereochemistry and fi-
nal regioisomer demonstrates a complete transfer of
diastereoselectivity into regioselectivity, offering rare
predictive control over the product distribution.

The nature of the substituent profoundly im-
pacted the regioselectivity of the DAC ring opening.
Aryl-substituted analogs consistently favored C6-C8
cleavage (Scheme 9).

These divergent behaviors echo isolated reports in
related cyclopropyl ether systems [58,143] and also
other cyclizations [144]. A concerted mechanism
likely governs the alkyl series, minimizing steric re-
pulsion in the transition state, whereas the aryl se-
ries appears to favor a stepwise pathway, enabled
by stabilization of a benzyl carbocation intermedi-
ate. These findings demonstrate how fine-tuning the
electronic profile of DACs can serve as a powerful tool
to control reactivity and regioselectivity across mech-
anistically distinct pathways.

The elegance of this approach lies in its concise-
ness, a two-step sequence encompassing six ele-
mentary transformations, all initiated from a simple
yet functionally rich cyclopropane framework. The
method offers a direct and efficient route to benzo-
cyclobutene scaffolds, with complete regio- and di-
astereocontrol, and compatible with a range of func-
tional groups.

Taken together, these results not only unveil a new
facet of DAC reactivity but also underscore the power
of combining ring strain, stereoelectronic effects, and
tailored reaction conditions to access otherwise chal-
lenging molecular architectures.



Michel Giorgi and Gaélle Chouraqui

838
E
TBAF (1 equiv), E (
THF :
reflux, 16 h 0

E = CO,Et

R

9k, R = iPr (54%)
R = Ph (degradation 5b)

Scheme 6. A very limited scope.

transetherification

ring expansion

ring opening elimination
ring closure aromatization
a)
EtO (6]
N TsF, DBU CO,Et

TBSQ\ Mgl, DCE :
glp, CE, TBSO - MeCN

H/A 20 °C, 10 min [O\ MW, 70 °C, 90 min | X
EtO,C' N\~ -OFt itative yi :
2 \/\H/ quantitative yield K CO,Et 59% Et0,C” =
5 o} 10a 8a
a

1 diastereomer

Scheme 7. An alternative two-step route.

E E
E OTBS ‘ R
‘/ A
7 AN
e Mz%zog CE E b) -II\-/ISECRIBU . 8 36% to 77% (over 2 steps)
+ 50:50 < rr < 92-8
o E’
OTBS MW, 70 °C, 90 min
* )
N
E
8’ R

iPr (5k), Cy (5I/5I’), Me (5n/5n’), n-Hex (50/50°), CH,(OBnN) (5p/5p’), E = E’ = CO,Et.

Scheme 8. Alkyl derivatives—total transfer of diastereoselectivity into the regioselectivity.

a) Mgl,, DCE,
207Gt /@:L 20% to 53% (over 2 steps)
b) TsF, DBU E A a single regioisomer
MeCN, rt 8

R = Ph (5b), pMeOPh (5¢), pFPh (5d), oTol (5g), E = E’ = CO,EL.

Scheme 9. Aryl derivatives—the opposite regioisomer.



Michel Giorgi and Gaélle Chouraqui 839

3. Solid-state photopolymerization of donor-
acceptor cyclopropanes

In our recent investigations of DACs, we identi-
fied an unexpected reactivity pathway occurring
in the solid state, distinct from the thermal be-
havior observed in solution. While characterizing
vinyl bis-cyclopropane compound 6a (R' = p-F)
by single-crystal X-ray diffraction (SCXRD), we un-
expectedly found that even a short exposure (10
min) to Cu radiation triggered a notable transfor-
mation of the crystal packing, leading to the emer-
gence of a layered structure composed of both in-
tact monomers and newly generated polymer chains
(Scheme 10, left side) [145]. Structural analysis indi-
cated that polymerization proceeded via ring open-
ing of both cyclopropane units, leading to covalent
linkage between benzylic (C8) and vinyl carbons
(C14) of adjacent monomers. The resulting poly-
meric chain 10 (Scheme 10, right side) displayed two
non-conjugated Z-alkenes and two stereocenters
per repeating unit, features difficult to access via
conventional solution-phase methods.

To gain structural insight into the pre-reactive
state of the crystal, we performed SCXRD analysis at
150 K, a temperature deliberately chosen to lie be-
low the reaction threshold. Under these conditions,
the system remains unreactive, allowing direct ob-
servation of the intact monomer. The structure re-
vealed the presence of two closely related conform-
ers, p-F-m and p-F-p, coexisting in the asymmetric
unit (Scheme 11). These conformers were nearly su-
perimposable, differing primarily by an approximate
65° rotation around the terminal ethyl group of the
vinyl ester (Scheme 11, right side). Notably, only the
p-F-p conformer adopted a spatial arrangement fa-
vorable for topochemical polymerization, with a dis-
tance of 4.324 A between the reactive carbons C8 and
C14i, allowing head-to-tail propagation along a crys-
tallographic axis (Schmidt’s rules say a distance <
4.2 A is needed between reactive site for a topochem-
ical reaction to occur [146] and see reference [46] but
this can be overcome if there is enough void space in
the crystal to allow molecular movement [147,148]).
Due to the centrosymmetric packing of the crystal,
polymer growth proceeds in a racemic fashion. This
structural snapshot illustrates how small conforma-
tional variations and crystal symmetry elements gov-
ern the selectivity and outcome of solid-state trans-
formations.

To explore the generality of the observed solid-
state reactivity, we extended our study to a broader
set of DAC derivatives. Among the compounds
tested, only the para-chlorobenzene p-Cl and meta-
fluorobenzene m-F analogs exhibited molecular ar-
rangements compatible with topochemical reactiv-
ity. Measurements by SCXRD performed at 150 K re-
vealed that each of these derivatives crystallized with
a single conformer per asymmetric unit.

The p-Cl derivative underwent a temperature-
dependent transformation that could be resolved
into a series of well-defined intermediate states, ul-
timately leading to a topochemical polymerization.
Upon warming to 250 K, two partially reacted species
were detected in a 2:1 occupancy ratio. In the dom-
inant species, the inner C-C bond of one cyclo-
propane stretched to 1.713(9) A.In the minor species,
full ring opening of the second cyclopropane was
observed. This transformation progressed further
at 270 K, with the reactive bond reaching 1.87(1) A.
These structural snapshots suggest a possible mani-
festation of push—pull polarization, as evidenced by
progressive bond elongation prior to full cleavage.
While this behavior aligns with expectations for DAC
systems, it must be interpreted cautiously, since crys-
tallographic data alone do not offer direct insight into
electronic structure [149]. By 290 K, the crystals did
not diffract anymore, reflecting the loss of crystalline
integrity. In contrast, the m-F analog, despite its fa-
vorable preorganization, showed no signs of reactiv-
ity at any measurement temperature.

Molecular dynamics (MD) simulations revealed
that favorable alignment of reactive centers must be
coupled with sufficient molecular motion to allow
bond reorganization. For p-F, such motions, espe-
cially perpendicular to the polymerization axis, were
accommodated without compromising lattice co-
herence. In the case of p-Cl, movement was largely
restricted to the direction of polymerization, result-
ing in mechanical stress and crystal collapse during
the polymer growth. Despite its favorable packing
and geometric preorganization, m-F remained unre-
active. This lack of reactivity can be attributed to an
insufficient number of internal degrees of freedom.
There was not enough conformational flexibility
to accommodate the structural rearrangements re-
quired for polymerization. Interestingly, the non-
reactive conformers in p-F played a stabilizing role,
possibly acting as molecular templates [150,151].
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This divergence underscored the importance of not
only geometric alignment, but also conformational
flexibility and packing plasticity in enabling produc-
tive reactivity.

Collectively, these observations demonstrated
that the crystalline environment acts as a true re-

1.

;

Michel Giorgi and Gaélle Chouraqui

-

65° rotat/or/?_\ }/—\’\/

p-F-m & p-F-p
almost superimposable

action variable, comparable to classical param-
eters such as temperature or pressure. It not
only influences reaction rates, but also deter-
mines mechanistic pathways and enables access
to product architectures that remain elusive in solu-
tion [55,56,152-156]. The topochemical constraints
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observed in DAC systems reveal a distinctive mode of
reactivity, intimately tied to molecular packing and
conformational freedom.

The combined use of SCXRD and molecular dy-
namics simulations [157-159]% provided an atom-
ically resolved view of this rare single-crystal-to-
single-crystal polymerization. This approach al-
lowed us to capture the interplay between molecu-
lar orientation, symmetry, and lattice plasticity with
unprecedented clarity. Although predicting whether
a given reaction will proceed in the solid state re-
mains challenging, the introduction of ring strain
and, more broadly, of built-in structural tension that
seeks release, emerges as a promising strategy to
bias systems toward reactivity under topochemical
constraints.

4. Critical discussion

Beyond their distinct activation conditions, the con-
trasting reactivity profiles of donor-acceptor cyclo-
propanes (DACs) in solution and in the solid state
emphasize the structural versatility and mechanis-
tic richness in this class of compounds. In solution,
DACs undergo cascade transformations such as ring
expansion, rearrangement, and condensation, typi-
cally under mild thermal or basic conditions and of-
ten without the need for additional catalysts. These
processes are largely governed by the intrinsic elec-
tronic polarization of the substrate and, critically,
by the release of ring strain embedded in the cyclo-
propane core. This strain allows complex bond reor-
ganizations to occur efficiently and selectively.

In the solid state, DACs display a fundamentally
different mode of reactivity. The transformation
is constrained by crystal packing, requiring precise
preorganization of reactive units and sufficient lat-
tice flexibility. Under these topochemical condi-
tions, polymerization or bond cleavage occurs only
when the spatial arrangement is favorable. Yet here
too, ring strain plays a central role—facilitating the
reaction by providing a thermodynamic incentive
for bond rupture, even in the absence of molecu-
lar mobility. Although predicting whether a given

2To the best of our knowledge, molecular dynamics (MD) has
rarely been used to study crystal-to-crystal transformations in or-
ganic systems.

transformation will proceed in the solid state re-
mains inherently challenging, the deliberate incor-
poration of strain—and more generally, of structural
tension that seeks release—emerges as a rational
design element to bias systems toward productive
reactivity.

However, a key limitation of this approach lies in
its lack of scalability. To date, the solid-state transfor-
mations that we observe remain confined to single-
crystal-to-single-crystal conversions, which require
highly ordered materials and low-throughput han-
dling. We have not yet identified operationally simple
or bench-stable conditions that would enable these
reactions to be performed in batch or on prepara-
tive scale. As such, while mechanistically instructive
and structurally unique, the synthetic utility of these
transformations is currently constrained by practical
considerations.

Importantly, the reactivity principles traditionally
associated with vinyl-cyclopropanol derivatives—
well-known for undergoing ring opening and
rearrangement—can be effectively transposed to
biscyclopropanol systems. These more complex
frameworks preserve the electronic and conforma-
tional features of their monosubstituted analogs but
introduce new degrees of freedom and stereochem-
ical control. In this context, the complete transfer
of stereochemical information into regioselectivity,
where each diastereomer leads unambiguously to
a specific regioisomer, highlights the importance
of geometric predisposition in steering divergent
mechanistic pathways. This observation under-
scores how subtle differences in molecular orienta-
tion in strained systems can dictate not only product
identity but also reaction trajectory.

Together, these insights consolidate DACs as
uniquely powerful platforms for controlling molec-
ular reorganization across environments. Whether
in solution or in the solid state, they provide rare
access to structurally complex, stereochemically de-
fined products through mechanistically distinct yet
conceptually unified strategies.

5. Conclusion and future directions

Taken together, these studies emphasize the syn-
thetic potential of donor-acceptor cyclopropanes
as highly versatile platforms for molecular con-
struction. Whether activated in solution through
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well-orchestrated domino sequences or engaged in
solid-state transformations dictated by lattice con-
straints, DACs enable access to diverse and otherwise
challenging structural motifs. The capacity to trans-
late reactivity patterns, such as ring expansion or
rearrangement, from simpler vinyl-cyclopropanol
systems to more elaborate bis-cyclopropane deriva-
tives, further highlights the adaptability of this class
of compounds. Beyond their synthetic utility, these
transformations offer rare mechanistic insights into
the interplay between strain release, stereoelectronic
effects, and medium-dependent selectivity. This du-
ality of behavior not only broadens the scope of DAC
chemistry but also opens new avenues for rational
design of reactivity, both in and beyond conventional
solution-phase settings.
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Nowadays, the formation of carbon-carbon (C-
C) bonds via cross-electrophile coupling (XEC) or
electrochemical cross-electrophile coupling (eXEC),
catalyzed by transition metals, has emerged as a
powerful and attractive strategy in synthetic chem-
istry [1-3]. The construction of C-C bonds is fun-
damental to the synthesis of a wide range of key
molecules, including pharmaceuticals, agrochemi-
cals, and basic organic materials. Compared to clas-
sic cross-coupling reactions involving the reaction of
an organometallic (nucleophile) with an electrophile
in the presence of a transition metal catalyst (no-
tably palladium, as recognized by the 2010 Nobel
Prize in Chemistry) [4], XEC or eXEC reactions of-
fer several key advantages (Scheme 1). Notably, they
eliminate the need for the preparation and handling
of sensitive organometallic compounds in stoichio-
metric amount, simplify operations through one-
step procedures, and exhibit broad functional group
tolerance.

ISSN (electronic): 1878-1543

Although cobalt-catalyzed cross-couplings with
organometallic reagents (e.g., Grignard reagents or
zinc species) have been described, XECs (previously
called reductive or direct couplings) have emerged
as a robust and versatile alternative [5-8]. These
reactions enable the formation of diverse carbon-
carbon and carbon-heteroatom bonds—including
Csp2-Csp?, Csp?-Csp3, Csp®-~Csp?, and Csp-Csp?
linkages—under mild conditions, using two elec-
trophilic partners such as stable halides or pseudo-
halogenated substrates.

Prior to the emergence of modern XEC, eXEC of
two electrophiles [9-11] had already been explored,
particularly by Périchon and coworkers, predomi-
nantly using nickel catalysts [12]. These early contri-
butions laid the foundation for the development of a
wide range of nickel-catalyzed eXEC methods.

In an effort to replace nickel with a more cost-
effective and environmentally benign alternative, we
pioneered the use of cobalt in electroreductive C-C

https://comptes-rendus.academie-sciences.fr/chimie/


https://doi.org/10.5802/crchim.420
https://orcid.org/0000-0002-1355-2301
mailto:corinne.gosmini@cnrs.fr
https://comptes-rendus.academie-sciences.fr/chimie/

888 Corinne Gosmini

Conventional Cross-coupling

M-+ @Px — 0O

Cross-electrophile coupling

Ox- @y — 0O

(eXEC or XEC)

Scheme 1. Conventional cross-coupling vs cross-electrophile coupling.

bond formation via sacrificial anode processes [13].
Cobalt is particularly attractive due to its low cost,
broad functional tolerance, and improved ecologi-
cal footprint compared to nickel. Despite the in-
creased accessibility of electrosynthesis in recent
years—thanks in part to the advent of user-friendly
equipment such as the IKA ElectraSyn—this tech-
nique was historically regarded as more complex and
less practical than conventional synthetic methods,
which significantly limited its adoption within the or-
ganic chemistry community.

It is worth noting that the concept of XEC dates
back to the 19th century, with Wurtz’s pioneering
work using stoichiometric sodium metal at elevated
temperatures [14]. However, such harsh conditions
were incompatible with many functional groups,
which curtailed its utility. To overcome the chal-
lenges associated with electrosynthesis or the use of
palladium at high temperature [15,16], we reported
in 2003 the first XEC of two distinct electrophiles
under non-electrochemical conditions, employing a
first-row transition metal catalyst, Co, in combina-
tion with metal reducers (Zn or Mn) [17]. This ap-
proach offered excellent functional group tolerance
and operational simplicity.

Since 2010, the field of XEC has witnessed sub-
stantial growth, with many research groups initiating
work in this area, primarily concentrating on nickel-
catalyzed transformations [18-20]. These transfor-
mations typically use Ni(II) precursors along with ei-
ther metallic reductants (Zn, Mn) or homogeneous
reductants such as tetrakis(dimethylamino)ethylene
(TDAE) [21] or bis(pinacolato)diboron (Bzpiny) [22].
In contrast, examples involving other metals—such
as Cu [23], Fe [24], or Cr [25]—remain comparatively
rare. Photoredox catalysis has also emerged as a com-
plementary strategy to minimize the use of stoichio-
metric metal reductants in XECs [26,27].

Despite being less extensively developed than
nickel-catalyzed systems, cobalt-catalyzed XECs

have shown interesting complementary reactivity
and offer unique advantages in certain transforma-
tions [28]. Recognizing these advantages, we have
pursued our studies on cobalt catalysis, particularly
for the formation of Csp?>-Csp?, Csp?>-Csp®, and
Csp3-Csp?® bonds.

This account highlights the contributions of our
laboratory to the development of cobalt-catalyzed re-
ductive cross-coupling reactions for the construction
of C-C bonds from C-X (X = Cl, Br, I), C-O, C-N, and
C-S bonds, using both electrochemical (eXEC) and
conventional (XEC) approaches.

These methods are operationally simple and ro-
bust. In the case of eXEC, reactions are typically con-
ducted in undivided cells equipped with an iron an-
ode and a nickel foam cathode, with the choice of
anode proving critical to the success of the reaction.
Both electrochemical and classical approaches are
carried out in solvents such as acetonitrile (CH3CN)
or dimethylformamide (DMF), with or without pyri-
dine, under inert atmosphere (argon) at room tem-
perature or moderate temperatures (up to 50 °C).
The cobalt catalyst generally consists of commer-
cially available CoBr, or CoCly, with negligible differ-
ences observed between these two salts. Addition-
ally, the use of ancillary ligands (e.g., bipyridine or
phosphines) is not always required, further simplify-
ing the protocol.

1. Formation of C(sp?)-C(sp?) bonds
1.1. Biaryl formation

Unsymmetrical biaryls are key structural motifs
found in a broad range of biologically active com-
pounds, including natural products, pharmaceuti-
cals, functional materials, and agrochemicals [29-
31].  Traditionally, their synthesis involves the
transition-metal-catalyzed cross-coupling of an
aryl halide with an organometallic reagent—such
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Scheme 2. Electroreductive cobalt-catalyzed cross-coupling of functionalized phenyl halides with 4-
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Scheme 3. Synthesis of unsymmetrical biaryls by electroreductive cobalt-catalyzed cross-coupling of

aryl halides.

as arylboronic acids, arylzinc, stannane, or Grig-
nard derivatives—typically mediated by palladium
or nickel catalysts.

Pioneering work by Kharasch and coworkers has
demonstrated that aryl Grignard reagents can un-
dergo efficient homocoupling in the presence of cat-
alytic amounts of first-row transition metal salts such
as cobalt(Il) chloride (CoCly) [32]. Beyond homo-
coupling, cobalt has also proven to be an effec-
tive catalyst for cross-coupling reactions between
two different aryl partners. Notably, Nakamura
et al. [33] and von Wangelin et al. [34] have in-
dependently showed that cobalt salts catalyze the
cross-coupling between aryl Grignard reagents and
aryl or heteroaryl halides, enabling the formation
of unsymmetrical biaryls. This strategy has since
been extended to include aryl tosylates as elec-
trophilic partners by using a cobalt diisopropyl dis-
ubstituted bis(phosphino)pyridine pincer (P'PNP)-
based catalyst [35].

In a complementary approach using commer-
cially available precursors, cobalt precatalysts bear-
ing N-heterocyclic carbene (NHC) ligands, have
also been employed in Suzuki-Miyaura cross-
coupling reactions of aryl chlorides and bromides

with arylboronic pinacol esters, activated in situ with
alkyllithium reagents [36].

To circumvent the need for stoichiometric
organometallic reagents, the first cobalt-catalyzed
eXEC was developed for biaryl synthesis. Initially,
the method used aryl halides and 4-chloroquinolines
as electrophilic partners (Scheme 2) [37]. This was
later expanded to include couplings between two
distinct aryl halides (Scheme 3) [38]. In both cases,
the reactions were conducted in an undivided elec-
trochemical cell equipped with an iron anode and
required pyridine as a ligand to activate the cobalt
catalyst.

The aromatic moiety involved in these trans-
formations can accommodate a broad range of
electron-donating and electron-withdrawing sub-
stituents. In 2008, the cobalt-catalyzed synthesis of
biaryls via eXEC was successfully adapted to conven-
tional chemical methods by changing some param-
eters (Scheme 4). These included reactions between
two aryl halides or between an aryl halide and a
heteroaryl halide with comparable reactivities [39].
In this protocol, manganese powder was employed
as the reductant in a DMF/pyridine solvent system.
The cobalt(II) bromide (CoBr) catalyst, ligated with
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Scheme 5. Cobalt-catalyzed biaryl formation
mediated by C(spz)—CN bond activation.

triphenylphosphine (PPhs), enabled the efficient for-
mation of unsymmetrical biaryls in good yields. With
these adapted reaction conditions, the proposed
mechanism proceeds via a non-radical pathway.

We applied this strategy to the synthesis of 2-(4-
tolyl)benzonitrile, a key intermediate in the prepa-
ration of sartans—widely used antihypertensive
agents. More recently, we demonstrated that cobalt
catalysis could be extended to inert C-CN bond ac-
tivation, thereby enabling the challenging formation
of biaryls from aryl halides and benzonitriles—an
approach that poses a greater synthetic challenge
(Scheme 5) [40]. In this system, the addition of AlMes
to the reaction medium enhanced the reactivity of
the aryl-CN bond.

Combined DFT calculations and experimen-
tal studies revealed that the reaction proceeds
through the in situ generation of two low-valent
cobalt species: a Co(I) species that activates the aryl
halide, and a Co(0) species that facilitates the cleav-
age of the aryl-CN bond. Consistent with earlier
findings by Chatani et al. in rhodium catalysis [41],
an intramolecular version of this transformation was

also shown to be feasible, albeit requiring prolonged
reaction times.

1.2. Formation of vinyl arenes

Although Heck et al. initially reported the formation
of styrene in low yield from vinyl acetate, via pal-
ladium catalysis, the first efficient XEC between an
aryl and a vinyl compound was achieved through
electrosynthesis using a sacrificial anode and cobalt
catalysis. This approach enabled, for the first time,
the use of vinyl acetates as reagents, compounds
that are readily accessible from abundant carbonyl
precursors, inexpensive, stable, and environmentally
benign.

Although being considered highly attractive
alkenyl reagents, vinyl acetates are rarely employed
due to their low intrinsic reactivity. Daves and Arai
described the first direct Pd-catalyzed vinylation
starting from vinyl acetate and iodo compounds.
However, poor yields were obtained [42,43]. Our
group was the first to report a cobalt-catalyzed elec-
trochemical vinylation of aryl halides using vinyl
acetates (Scheme 6). This reaction was performed
in an undivided cell equipped with an iron anode
and a mixture of acetonitrile/pyridine [44]. This
method afforded good to excellent yields, although
it required a stoichiometric amount of bipyridine,
which remains a notable limitation.

In 2005, we adapted this transformation to a
conventional chemical method using manganese as
the reductant, this time employing only a catalytic
amount of bipyridine (Scheme 7) [45]. The proposed
mechanism involves a six-membered transition state
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Scheme 6. Cobalt-catalyzed electrochemical vinylation of aryl halides using vinylic acetates.

CoBr; (5 mol%)
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Scheme 7. Cobalt-catalyzed vinylation of functionalized aryl halides with vinyl acetates and proposed

mechanism.

in which the aryl group adds to the more substituted
carbon of the double bond.

Later, Shu et al. described several nickel-catalyzed
XECs for C-C bond formation using alkenyl acetates
as starting materials [46].

A similar strategy was applied to the synthesis
of stilbenes from {3-bromostyrenes and aryl halides
(Scheme 8) [47]. These compounds are of signifi-
cant interest due to their presence in the manufac-
ture of industrial dyes, dye lasers, optical brighteners,
scintillator, other materials, and a wide range of bio-
logically active molecules, including resveratrol and
combretastatin. Stilbenes can be obtained via XEC
between aryl halides and bromostyrenes using cobalt
catalysis. However, halostyrenes (X = CI or Br) are
more reactive than vinyl acetates and must be added
dropwise to prevent dimerization.

Aryl bromides bearing electron-donating or
electron-withdrawing groups in the ortho, meta,
or para positions afforded good yields. Moreover,
this method proceeds with complete retention of the
double bond configuration, in contrast to reactions
catalyzed by nickel.

1.3. Formation of 1,3-dienes

1,3-Dienes are a prominent class of functional
molecules with diverse applications in materials
science, natural product synthesis, and pharmaceu-
ticals. Recent years have seen significant progress in
both their synthesis and utilization. Beyond classic
methods such as the Wittig and Julia reactions, 1,3-
dienes can be accessed through elegant transition-
metal-catalyzed coupling strategies. This includes
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Scheme 8. Cobalt-catalyzed vinylation of aromatic halides using (3-halostyrenes.
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Scheme 9. Access to functionalized benzotropones, azepanes, and piperidines by reductive cross-
coupling of «c-bromo enones with «x-bromo enamides.

palladium-catalyzed Suzuki, Stille, and Heck reac-
tions involving vinyl halides, as well as transforma-
tions using alkynes, allenes, and carbenes. Moreover,
ruthenium-, iridium-, and palladium-catalyzed pro-
cesses offer straightforward access to 1,3-dienes as
well.

Nickel-catalyzed XECs developed by Gong and
Shu et al. allow the formation of vinyl-vinyl frame-
works from vinyl halides and vinyl triflates, or be-
tween two vinyl halides [48,49]. While cobalt-
catalyzed couplings using vinyl Grignard or vinyl
zinc reagents with vinyl halides, triflates, or acetates
have been reported, the only cobalt-catalyzed XEC
between two vinyl compounds was described by
Beng et al., involving x-bromo enones and x-bromo
enamides for the synthesis of azepanes, piperidines,
and benzotropones (Scheme 9) [50].

2. Formation of C(spz)—C(sp3) bonds

The earliest cobalt-catalyzed XEC leading to a Csp?~
Csp® bond formation was achieved via electrosyn-
thesis, similar to nickel-based systems.

2.1. Coupling of aryl halides with allylic
compounds

This initial transformation involving aryl halides
and allyl acetates was reported by electrosynthesis.

Unlike nickel catalysis, which required dropwise ad-
dition of reactive allyl chlorides or acetate [51], the
cobalt system allowed the addition of allyl acetates
at the beginning of the reaction, simplifying the pro-
cedure. The reaction was conducted in an undivided
cell with an iron anode, using cobalt bromide as the
catalyst in acetonitrile/pyridine (Scheme 10) [52].
Aryl bromides bearing electron-donating or
-withdrawing groups in ortho, meta, or para po-
sitions were well tolerated. In contrast, aryl chlo-
rides required electron-withdrawing substituents.
Heteroaryl substrates such as bromothiophenes or
chloroquinaldines were also compatible. Remark-
ably, unlike many other methods, the major product
was the linear isomer. This electrochemical synthe-
sis was patented in 2001 [53]. Due to the perceived
complexity of electrochemical methods at the time,
we later developed a conventional chemical variant.
Although this reaction was the first XEC involving a
non-noble metal, yields were lower with substituted
allyl acetates compared to the electrochemical ap-
proach [54]. Depending on the nature of the halide
on aryl moiety, conditions are different (Scheme 11).

2.2. Coupling of aryl halides with benzylic
compounds

Cobalt catalysis also enables coupling of aryl halides
with benzylic compounds. Prior to exploring XECs,
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Scheme 10. Cobalt-catalyzed electrochemical coupling between aromatic halides and allylic acetates.

X=Cl X X=Br
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Mn (10 equiv) Zn (3,3 equiv)
FeBr; (1 equiv) PhBr (10 mol%)
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e pring
_Fe | sFe
50 to 83% 3510 75%

FG = CO,Et, CN, CF4

FG = CO,Et, CN, MeO, CF3, H

Scheme 11. Cross-coupling between aryl halides and allylic acetates using a cobalt catalyst.

Gosmini and Knochel jointly demonstrated that
arylzinc [55] or benzylzinc [56] reagents could react
with benzyl chlorides or aryl halides, respectively,
under cobalt catalysis. However, these methods
required the use of preformed organozinc species.

To overcome this limitation, a direct cobalt-
catalyzed reductive arylation of benzyl chlorides
with aryl halides was developed to synthesize
diarylmethanes—key motifs in pharmaceuticals,
agrochemicals, and supramolecular chemistry [57].
This protocol, which tolerates a wide range of func-
tional groups, proceeds under mild conditions (rt to
35°C) in acetonitrile without the need for ligands and
uses pyridine as a cosolvent (Scheme 12). Heteroaryl
bromides were also successfully employed.

Due to environmental concerns associated with
halides, alternative electrophiles are being explored.
Weix et al. reported a dual Ni/Co-catalyzed cou-
pling of benzyl mesylates with aryl halides em-
ploying cobalt phthalocyanine as a radical precur-
sor [58]. Inspired by this, our team demonstrated
that benzyl mesylates—generated in situ from ben-
zylic alcohols—could replace benzyl chlorides using

simple cobalt bromide catalysis without ligands
(Scheme 13) [59]. This method tolerates various
functional groups on both benzyl and aryl moieties.

More recently, this strategy was ex-
tended to bench-stable benzyl sulfonium salts
(Scheme 14) [60]. Under conditions similar to those
optimized for mesylates, initial cross-coupling reac-
tion yields were low but improved significantly upon
addition of bipyridine. Mechanistic studies suggest
that low-valent cobalt activates both aryl halides and
C-S bonds via single-electron transfer, generating
benzyl radicals.

2.3. Coupling of aryl halides with non-activated
alkyl halides

Earlier studies primarily utilized activated alkyl elec-
trophiles such as benzyl or allyl derivatives. Ja-
cobi von Wangelin et al. used iron or cobalt catal-
ysis in combination with magnesium as a reduc-
tant to expand the scope to non-activated alkyl
halides. However, the underlying mechanism in-
volves the in situ formation of Grignard reagents,
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Scheme 12. Cross-electrophilic coupling benzyl chlorides and (Het)aryl bromides.
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Scheme 13. Ni/Co or Co-catalyzed formation of functionalized diarylmethanes from benzyl alcohols and

aryl halides.
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Ri— S'Me, X Mn < S
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MeCN, 45 °C =
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= H, OMe, Me, OTBDMS, Ph, SMe, Bpin, NMe,, CHO, CN, F, CI, CO,Et, CFj ...

R2= Me, F,Cl, CO,Me, CF,

Scheme 14. Synthesis of diarylmethanes by cobalt-catalyzed reductive cross-coupling via Csp3-S bond

activation.

which inherently limits the functional group toler-
ance of the reaction [61].

Later, a more versatile system based on CoBr,/
iPrp,PhP/Mn in DMF/pyridine at 30 °C was devel-
oped (Scheme 15). This protocol tolerated functional
groups and gave improved yields when using mon-
odentate phosphine ligands, in contrast to bidentate
nitrogen ligands. A slight excess of alkyl bromide was
required, unlike the stoichiometric amounts typically
sufficient for more reactive alkyl partners.

The mechanistic hypothesis is similar to
other cobalt-catalyzed diarylmethane formation

(Scheme 16). The initiating step is the reduction
of the Co(Il) precatalyst into the active low-valent
Co(I) species by manganese. Subsequent oxidative
addition to the aryl bromide forms an aryl Co(III) in-
termediate, which is reduced to arylcobalt(Il). At the
same time, the reduction of alkyl compound leads to
the alkyl radical intermediate. Finally, the alkyl aryl-
cobalt complex, generated from the combination of
the alkyl radical and the arylcobalt complex, provides
the cross-coupling product by reductive elimination
together with the regeneration of the active species
Co(D), closing the catalytic cycle.
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Scheme 15. Cobalt-catalyzed alkylation of aryl halides.
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(B)
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Scheme 16. Proposed mechanism.

2.4. Coupling of vinyl compounds with benzyl
chloride

Beyond aryl partners, vinyl halides can also be cou-
pled with benzyl chlorides. A cobalt/manganese
system using CoBr, (PPh3), was reported in acetoni-
trile with Nal as additive (Scheme 17). Electron-
withdrawing groups required elevated temperatures
(50 °C), while electron-donating groups allowed
reactions at 0 °C to room temperature. Lipshutz
et al. [62] previously described a similar transfor-
mation using palladium without organic solvents.
More recently, Reisman and Cherney [63] devel-
oped an enantioselective nickel-catalyzed cross-
coupling of secondary benzyl chlorides with styrenyl
bromides. However, their method was not stere-
ospecific: Z-alkenyl bromides yielded exclusively
E-products. In contrast, the cobalt/manganese sys-
tem preserved the stereochemistry of the starting
material.

3. Formation of C(sp®)-C(sp®) bonds

Reductive cross-coupling between two alkyl elec-
trophiles has emerged as a powerful strategy for
constructing C(sp®)-C(sp®) bonds—a long-standing
challenge in organic synthesis due to issues such as
[3-hydride elimination and the control of the selec-
tivity. While nickel catalysis has traditionally domi-
nated this field, cobalt has recently gained attention
as asustainable and versatile alternative, offering dis-
tinct reactivity profiles.

Historically, the Wurtz reaction was one of the ear-
liest alkyl-alkyl coupling methods. However, it was
limited to the synthesis of symmetrical alkanes due
to uncontrolled radical formation. More modern ap-
proaches involve the cross-coupling of alkylmetals
with alkyl halides, typically catalyzed by palladium or
nickel. Yet, when using non-activated alkyl halides,
undesired 3-hydride elimination often occurs due to
slow reductive elimination, especially in the absence
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Scheme 17. Cobalt-catalyzed reductive cross-coupling between styryl and benzyl halides.
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Scheme 18. Co-catalyzed reductive allylation of alkyl halides with allylic acetates and carbonates.

of bulky electron-rich phosphine or N-heterocyclic
carbenes (NHC) ligands.

Nickel-catalyzed XECs have shown promise in
suppressing {3-hydride elimination by leveraging
low-valent metal centers under reducing condi-
tions [64]. However, cobalt catalysis offers comple-
mentary advantages, including broader functional
group tolerance and enhanced radical reactivity.

Cobalt complexes stabilized by ligands such as
bipyridines, phenanthrolines, or salen-type frame-
works can mediate the coupling of two unactivated
alkyl halides in the presence of external reductants
like zinc or manganese. Alternatively, electrochem-
ical reduction can generate low-valent cobalt species
in situ, eliminating the need for sacrificial metals.

A key advantage of cobalt catalysis is its ability to
suppress homocoupling and promote cross-coupling
selectivity, particularly when using sterically or elec-
tronically differentiated electrophiles. Unlike palla-
dium, cobalt catalysts are more effective in radical-
mediated pathways and exhibit higher tolerance to
functional groups.

3.1. Coupling of alkyl halides with allyl acetates

While cobalt-catalyzed homocoupling of non-
activated alkyl halides has been reported [65],

heterocoupling has also been achieved—either be-
tween an activated and a non-activated alkyl elec-
trophile, or between two activated alkyl species such
as benzyl or allyl compounds.

In 2011, we reported the first reductive cobalt-
catalyzed Csp3-Csp® formation by describing the al-
lylation of alkyl halides using either allyl acetates or
allyl carbonates, depending on the nature of the alkyl
halide (Scheme 18) [66]. The reaction was effective
with primary, secondary, and tertiary alkyl substrates
and was conducted in a mixture of acetonitrile and
pyridine.

For reactive alkyl halides such as benzyl chlorides,
alkyl iodides, or alkyl bromides bearing [3-electron-
withdrawing groups, more reactive allyl carbonates
were preferred over acetates, and the reaction tem-
perature was lowered to 50 °C (versus 80 °C). With
substituted allyl compounds, the linear product was
consistently favored. Experimental evidence sup-
ported the involvement of alkyl radical intermedi-
ates.

3.2. Coupling of activated alkyl compounds with
allylic compounds

More recently, the cobalt-catalyzed reductive
alkylation was extended to other activated alkyl
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Scheme 19. Co-catalyzed cross-electrophile couplings of benzyl sulfonium salts with allyl esters or

ethers.
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Scheme 20. Cobalt-catalyzed cross-electrophile couplings of benzyl Katritzky salts with allyl esters or

ethers.

electrophiles, including benzyl sulfonium salts and
Katritzky pyridinium salts, and XEC of benzyl sulfo-
nium salts with O-allyl electrophiles, using simple
CoBr,; and Mn as reductant in acetonitrile without
ligands, was demonstrated (Scheme 19) [67]. This
system activated both C-S bonds (from sulfonium
salts) and C-O bonds (from allyl esters or ethers),
enabling the synthesis of functionalized alkyl-
olefinic compounds in moderate to good yields. No-
tably, these reactions involved two non-halogenated
electrophiles—a first in cobalt-catalyzed C-C bond
formation.

While nickel-catalyzed cross-coupling reactions
with Katritzky salts had been described by Watson
et al.,, Ni et al.,, and Rueping et al. [68-70], they typ-
ically involved alkyl metals or aryl halides. The only
cobalt-catalyzed variant was reported by Kojima and
Matsunaga et al. via cobalt/organophotoredox dual
catalysis, but it was limited to secondary alkyl pyri-
dinium salts [71]. A similar transformation using
benzylic Katritzky salts was also reported [72]. This
method offers a simple and efficient alternative for
synthesizing allyl-benzyl derivatives, using CoBr»,
under mild conditions (Scheme 20). The reaction
was also applicable to allyl alkyl ethers, as previously

shown with benzyl sulfonium salts. Mechanistic
studies suggest the formation of benzyl radicals from
pyridinium or sulfonium salts, and 7t-allylcobalt in-
termediates from allyl compounds.

Benzyl sulfonium salts were also shown to couple
with benzyl chlorides or alkyl iodides, yielding func-
tionalized alkyl derivatives [73] (Scheme 21). Prelim-
inary mechanistic investigations suggest the involve-
ment of two radical species—one from the sulfonium
salt and the other from the alkyl halide.

4. Conclusion

Cobalt-catalyzed reductive cross-coupling, also
known as cross-electrophile coupling (XEC), repre-
sents a powerful and sustainable approach for con-
structing C(sp?)-C(sp?), C(sp?)-C(sp®), and C(sp®)-
C(sp®) bonds from readily available precursors.
This method stands out for its ability to activate
non-halogenated electrophiles (e.g., C-O, C-S, or
C-N bonds), its broad functional group tolerance,
and its compatibility with mild conditions. Impor-
tantly, it circumvents the need for stoichiometric
organometallic reagents that are typically required
in traditional approaches. Although cobalt was the
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Scheme 21. Cobalt-catalyzed cross-electrophile couplings of benzyl sulfonium salts with alkyl iodides or
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1. Introduction

Multicomponent reactions (MCRs) have seen a surge
in interest due to their significant abilities of build-
ing complex scaffolds from easy-to-access start-
ing materials, all the while respecting the princi-
ples of green chemistry [1]. A subclass of this field
is the isocyanide-based multicomponent reactions
(IMCRs), the Passerini [2] and Ugi [3] reactions being
prime examples. They employ the unique properties
of isocyanide moieties: they classically first react as
nucleophiles, to generate nitrilium species, which
can then be trapped by other nucleophiles, to effi-
ciently construct complex patterns in one step [4].

*Corresponding authors

ISSN (electronic): 1878-1543

Electrosynthesis can also be a major contrib-
utor to respecting green chemistry principles, by
replacing costly and stoichiometric oxidants (of-
ten toxic and with poor atom-economy), or rare-
earth-based catalysts [5,6]. In this endeavour, our
group [7-10] and many others [11] merged the
two concepts, electrosynthesis and IMCR, to avoid
the use of unstable substrates, additives, or cat-
alysts, toward the synthesis of Passerini and Ugi
adducts among other structures. However, syn-
thetizing a benzamide group from a non-substituted
aromatic compound without using a metal-based
catalysis and functionalization of the aromatic ring
remained elusive. Inspired by previous electro-
induced C(sp?)-H bond functionalizations [12—
15] (Scheme 1), we proposed a method merging

https://comptes-rendus.academie-sciences.fr/chimie/
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Scheme 1. Previous and current strategies for direct oxidative C(sp?)—H functionalization.

electrosynthesis and IMCR toward the production of

arylcarboxamides.

Indeed, building on the mechanistic studies
[13], we surmised that a radi-
cal cation, produced at the anode from the di-
rect oxidation of an arene, could be trapped by
an isocyanide and a water molecule to build aryl-
The released protons would in

of GooRen et al.

carboxamides.

turn be converted into dihydrogen at the cath-
ode, closing the electrical circuit (Scheme 2).
original carboxamide synthesis would avoid the
use of catalyst and stoichiometric oxidants, us-
ing green energy (94% of low-carbon electricity in
France’s electricity mix in 2024, 96% in 2025) to
convert available substrates into high-value prod-
ucts [16].
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2. Results and discussion

With this strategy in mind and using our in-house
expertise on electro-induced IMCRs, we selected
mesitylene la as a prototypical oxidizable arene
along with cyclohexyl isocyanide (Cy-CN) 2a as
partner in acetonitrile as solvent. A quick pre-
optimization led to choose N-tetrabutylammonium
tetrafluoroborate (n-BuyNBF,) as supporting elec-
trolyte, graphite as cathode and stainless steel as
anode. These conditions led to the isolation of de-
sired product 3a in 38% yield, which constituted the
starting point of the optimization process.
Subsequent tests fixed the temperature at 20 °C (a
41% yield at 60 °C was not significant enough to con-
tinue using high temperature) and showed that the
stirring had no impact on the outcome. These ob-

servations fixed half of the reaction parameters (see
Table S1 in Supplementary material), however, the
rest of the parameters (in italic in Scheme 3) could
hardly be optimized the usual way, one at a time, as
they could be interdependent. Thus, we resorted to
a machine learning model, as it was capable of opti-
mizing several parameters at the same time [17-20].
The model chosen was EDBO, created by the Doyle
group in 2021 [21] for its low resource cost and avail-
ability (https://edboplus.org/). While this work was
in progress, the Ackerman group also used machine
learning to optimize an electro-induced annulation
via palladium catalysis [22], while the Sigman group
reported using EDBO for the design of palladium cat-
alyst for the fluorination of arylboronic acids [23],
proving the usefulness of this strategy. In order to use
this model, several questions needed to be answered:
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(1) Which outcome(s) is (are) of concern to us, and
whether its maximization or minimization were de-
sired? (2) How to measure the chosen outcome, and
how to interact with the model? (3) What is the re-
search space for the model to investigate? (4) What is
(are) the stop condition(s)?

In our case, maximizing the yield was the main
goal, which would be measured by 'H NMR against
an internal standard, the supporting electrolyte (it
was proven to be stable with external standards). The
research space was designed as neutral as possible,
to avoid introducing human bias into the model (see
Table 1). As an example, various amounts of the
isocyanide led to different products, 3a and 4a (see
Scheme 4, structure of 4a was elucidated by X-ray
analyses). Thus, the number of isocyanide equiv
had to be limited between 0.33" and 3 (0.33 experi-
mentally means 1 equiv of isocyanide and 3 equiv of
mesitylene).

Similarly, using more than 50 equiv of water was
meaningless, so its limits were set at 1 and 50 equiv.
Standard values often found in the literature for the
supporting electrolyte were between 0.5 and 2 equiv;
for the concentration of the reagents, they were
above 0.05 M and below 0.5 M, and the current
density was bounded between 5 and 25 mA-cm 2.
Finally, based on our proposed mechanism (see
Scheme 2), this reaction would need at least 2 elec-
trons per molecule of mesitylene. Using the same
limits as for the isocyanide, the upper limit for the
charge was set at 6 F-mol~!. These studies led to the
following research space (Table 1).

The resulting number of possible combinations
was 10 500, and, as an example, a human would

80 4

70

60 4

50

NMR Yield (%)

40

30

20||III|
012 3 456

T T T T T T T T 1
7 8 9 10 11 12 13 14 15

Iteration

Figure 1. Evolution of yield with EDBO.

conduct 29 (0.3% of the research space) experiments
with this table: one experiment for each value of each
parameter, with all other parameters fixed, following
the classical OFAT (one factor at a time) method [24].
For the purpose of this study, we decided to fix the
total number of experiments to 15, which repre-
sents half the effort required with the OFAT method
(below 0.15% of the research space). The results
of this EDBO-led optimization are displayed in
Figure 1.

It became clear that EDBO was able to quickly
increase the yield from the starting 38%, reaching
50% after 5 experiments, 70% at the 9th, and stopping
at its 15th experiment, in which the starting yield of
38% was doubled to reach a high yield of 74%. The
differences between the starting point (Scheme 3)
and the best conditions found by EDBO (Scheme 5)
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Table 1. Research space
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Parameters Values
Cy-NC equiv 033 05 075 1 15 2 3
Water equiv 1 5 10 25 50
n-BuyNBF, equiv 0.5 1 2
Current density (mA-cm™2) 5 10 15 20 25
Limiting reagent concentration (M) 0.05 0.1 0.15 0.2
Charge (F-mol™!) 2 3 4 5 6
Cor @6| |i@ ss
Me n-Bu,NBF, Me O O
. CyNG (0.5 equiv) NH
Me Me Acetonitrile 0.2 M o Me
1a 2a H0 (50 equiv) 3a (74%)
(0.33 equiv) 25 mA-cm™
2 Fmol™

Scheme 5. Final conditions found by EDBO.

were counter-intuitive compared to commonly used
values (isocyanide in default, high current density
and concentration), highlighting the importance of
an unbiased design of the research space.

With these optimized conditions, the scope
of the reaction’s applicability was then tested
(Scheme 6).

Primary and secondary isocyanides were found
to work under these conditions (74% for cyclohexyl
isocyanide, 52% for 1-pentyl isocyanide, and 31%
for benzyl isocyanide), while the aromatic isocyanide
gave a low amount of the desired product (5%). In-
terestingly, tertiary isocyanides were found to frag-
ment to give the cyano compound in good yield
(up to 91% NMR yield, 52% isolated yield)!. Its for-
mation is supposed to take place when the iminyl
radical is produced: this structure may fragment to
release a stabilized tertiary carbon-centered radical
and the benzonitrile compound, favoring this elimi-
nation.

1 This benzonitrile is prone to sublimation, which explains the
difference between the two yields.

Alternative aromatic compounds were also tested,
and m-xylene was functionalized with an accept-
able 36% vyield. Anisole was found to polymerize
(black tar formation), resulting in low yield (17%),
while fert-butylbenzene also gave the para-product
in low yield (7%, also prone to polymerization). Sev-
eral other aromatic compounds were tested, and
none produced the desired amide in detectable
amounts.

3. Conclusion

In this article, we report a previously unknown
electro-induced isocyanide-based multicomponent
reaction toward the synthesis of arylcarboxamides,
with an Al-guided optimization. In respect with
green chemistry objectives, this work avoids the use
of chemical oxidants, coupling agents, or catalysts
by relying on electrosynthesis. The optimization was
conducted with a minimal number of experiments,
thanks to guidance by a Bayesian optimization-
based model (EDBO). Overall, this work opens a path
toward more challenging electro-induced methods
and the use of Al in the laboratory. Subsequent work
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on other electro-induced IMCRs is currently under
investigation in our team.
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1. Introduction building block, readily convertible into aldehydes,

ketones, carboxylic acids, amides, amines, and N-
Recent studies have highlighted the crucial role  heterocycles. In this context, significant progress has
of three-dimensional architecture in bioactive  peen achieved in developing innovative strategies for
molecules, and many drugs featuring a quaternary  the synthesis of C*-tetrasubstituted or a-quaternary
chiral center are derived from natural products (Fig-  chiral nitriles with diverse architectures. This ac-
ure 1) [1]. However, building structures with vicinal count summarizes recent advances in this area, with

tetrasubstituted stereocenters still remains elusive  particular emphasis on the formation of homoallylic
due to steric repulsions occurring at the Csp3-Csp® and allylic nitriles.

bond formation [2-4]. «-Chiral nitriles are com-
mon structural motifs in natural products, phar-
maceuticals, and bioactive compounds. Moreover,
the cyano group serves as a hlghly versatile chiral Since its introduction several decades ago, metal-
catalyzed asymmetric allylic alkylation (AAA) has

proven remarkably powerful in enabling the enan-

* Corresponding author tioselective synthesis of carbon-carbon bonds,

2. Asymmetric allylic alkylation
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Figure 1. Examples of bioactive or natural compounds with quaternary stereogenic centers.

making it a cornerstone in modern organic syn-
thesis [5-7]. Extensive efforts have since been de-
voted to expanding the scope of nucleophiles, with
notable advances achieved using carbon-based nu-
cleophiles [8-24]. While «-carbanions derived from
ketones and carboxylic acid derivatives have been
effectively employed in Pd-catalyzed AAA [25-31],
reports on the use of nitrile-derived x-carbanions re-
main scarce. This limitation likely stems from the in-
trinsic “hardness” of such carbanions and their ten-
dency to interconvert between C- and N-metalated
forms [15-24]. As a result, several refined strategies
have emerged that exploit electrophilic trapping of
the N-metalated intermediate with silicon, afford-
ing axially chiral N-silyl ketene imines (SKIs) [32].
Despite these advances, the direct enantioselective
alkylation of an «c-metalated nitrile would represent a
more straightforward and attractive approach. While
diastereoselective alkylation [33] and enantiospecific
acylation [34-37] of such anions have been docu-
mented, achieving a truly enantioselective variant
has proven elusive, particularly in the case of asym-
metric allylation, which is the focus of this Section.

Branch-selective allylic substitution catalyzed by
iridium complexes was first disclosed by Takeuchi
and Kashio in 1997 (Scheme 1) [38]. Building on
this pioneering study, the Takeuchi group reported
the enantioselective synthesis of chiral homoallylic
nitriles via iridium-catalyzed allylation of cyanoac-
etates, followed by Krapcho demethoxycarbonyla-
tion. This strategy provided a broad array of homoal-
lylic nitriles in excellent enantiomeric excess (>95-
99% ee). The resulting products serve as valuable chi-
ral building blocks, as further diversification can be
achieved from either the nitrile moiety or the termi-
nal alkene.

In 2005, Agbossou-Nidercorn demonstrated
that Pd-catalyzed allylic substitution with aryl

cyanoester pronucleophiles affords allylated prod-
ucts with significant enantioselectivity (ee up to 54%)
(Scheme 2) [39]. Although the precise structure of
the enolate involved in the addition step remains un-
defined, it seems to exert a critical influence on the
stereocontrol. The noncyclic nature of the substrate
likely accounts for the observed enantioselectivity, in
line with precedents involving pronucleophiles that
generate acyclic enolates. Among the chiral ligands
examined, Trost-type “chiral pocket” ligands pro-
vided the highest selectivities. Notably, chiral alky-
lated cyanoesters bearing quaternary stereogenic
centers constitute versatile building blocks for asym-
metric synthesis.

In this context, Sauthier also reported a nickel-
catalyzed o-allylation of phenyl- and oc-alkyl phenyl
acetonitriles using allylic alcohols (Scheme 3) [40].
The reaction proceeded under neutral conditions,
using nickel complexes generated in situ from
Ni(cod), and dppf (1,1'-bis(diphenylphosphino)
ferrocene).

In 2015, Evans et al. described a direct and highly
enantioselective rhodium-catalyzed allylic alkylation
of allyl benzoate with «-substituted benzyl nitrile
pronucleophiles (Scheme 4) [22,41,42]. This pro-
tocol provided a new approach toward the synthe-
sis of acyclic quaternary carbon stereogenic centers
and is the first example of direct asymmetric alkyla-
tion of an «-cyanocarbanion. The process is driven
by the ability to control the C- versus N-metalated
equilibrium with a crown ether. The synthetic util-
ity of the nitrile products is amply demonstrated
through conversion to various functional groups and
the asymmetric synthesis of the calcium channel
blocker (S)-verapamil in three steps and 55% overall
yield.

In 2017, Hou and Ding highlighted that the o-
carbanion of acetonitrile (pK; = 31 in DMSO) [43]
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Scheme 1. Highly selective Ir-catalyzed allylic alkylation with a carbon nucleophile at the more substituted allylic terminus.

Redrawn from Ref. [38].
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Scheme 2. Pd-catalyzed asymmetric allylic alkylation of prochiral aryl cyanoesters. Redrawn from Ref. [39].

was unreactive with allylic electrophiles [44], failing
to yield the expected allylic-alkylation products,
which instead underwent self-condensation to form
[3-enaminonitriles (Scheme 5). A novel nucleophilic
species, the 3-imino nitrile carbanion, was subse-

quently generated in situ via the Thorpe reaction
and employed in Pd-catalyzed asymmetric allylic
alkylation of monosubstituted allyl reagents us-
ing the Pd/SIOCPHOX system. The resulting (3-
enaminonitriles isolated in high yields with high
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regio- and enantioselectivity constitute valuable
building blocks for the synthesis of heterocycles,
polymers, and pharmaceutical compounds. Re-
garding the reaction mechanism, the authors pro-
posed that nitrile VI arises from the coupling of
allyl reagent with nucleophile III, which is gener-
ated in situ through the attack of the acetonitrile
«-carbanion I on a second acetonitrile molecule,
followed by isomerization.

Cao and coworkers developed a method to over-
come the side reactions associated with using ni-
trile «-carbanions as nucleophiles (Scheme 6). This
strategy involved iridium-catalyzed enantioselec-
tive coupling between vinyl azides and allylic elec-
trophiles [45]. Vinyl azides are cleverly employed as
surrogates for acetonitrile carbanions, enabling the
synthesis of y,5-unsaturated (3-substituted nitriles
with outstanding enantiomeric excess. These prod-
ucts can be efficiently converted to chiral nitrogen-
containing building blocks and pharmaceutically
relevant compounds. A mechanism has been pro-
posed to account for the observed chemoselec-
tivity of the coupling process (Scheme 6b). In
the presence of a Lewis acid (e.g., BF3-OEt; or a
Zn(I) salt), the chiral Ir(I) complex activates al-
lylic carbonate VII through oxidative addition, giv-
ing Ir(Ill) intermediate VIII and [LA-OtBul~. An
enantioselective C-C coupling between VIII and

the vinyl azide then produces chiral iminodiazo-
nium ion IX, which carries an «-2-hydroxypropan-
2-yl group and then undergoes fragmentation to
formX.

In 2022, a palladium(phosphinooxazoline)-
catalyzed method for asymmetric allylic alkylation
of a-aryl-«-fluoroacetonitriles was reported by Wolf
and Sripada (Scheme 7) [46]. This reaction involves
C-C bond formation and generates two contiguous
chirality centers with moderate to good yields, high
enantioselectivities, and up to 15:1 dr. The proce-
dure is scalable, and it is worth noting that the bromi-
nated AAA products can be further derivatized using
a Stille cross-coupling reaction without significant
HF elimination.

Ito, Sawamura, and Sudoh reported an innovative
strategy involving dual catalysis, in which each tran-
sition metal complex (Pd and Rh) activates its own
substrate (Scheme 8) [47]. The resulting interme-
diates undergo an enantioselective coupling to af-
ford optically active products. The allylation of di-
ethyl (1-cyanoethyl)phosphonate proceeded with ex-
cellent enantioselectivity, yielding an optically active
phosphonic acid derivative (ee = 92%). Notably, this
remains the only reported example of dual catalysis
applied to nitriles. However, in this case, the catalytic
system is restricted to the formation of a single qua-
ternary stereogenic center.
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Scheme 4. (a) Enantioselective Rh-catalyzed allylic substitution. (b) Modular three-step synthesis of (S)-verapamil. Redrawn

from Ref. [22,41,42].

Gillaizeau and Nicolas et al. established an enan-
tioselective strategy for constructing unprece-
dented homoallylic nitriles bearing vicinal stere-
ogenic centers through an allylic alkylation process
(Scheme 9) [48]. This transformation relied on a
dual catalytic system in which a palladium catalyst
controls the configuration of the allylic electrophile,
while a copper catalyst governs the stereochem-
istry of the nucleophilic carbon via an N-MKI (metal
ketenimine) active species XI. This strategy delivers

nitrile-substituted products bearing vicinal tertiary
and quaternary centers in up to 99% yield and 91%
ee. All four stereoisomers are accessible, underscor-
ing independent stereocontrol at both reactive sites
(Scheme 9b). The reaction is readily scalable without
compromising efficiency. Computational studies
highlighted the pivotal role of the copper catalyst
and attributed the limited diastereoselectivity to an
orthogonal alignment of the ketenimine and allyl
moieties within the key intermediate.
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Scheme 5. (a) New type of nucleophile in Pd-catalyzed AAA. (b) Proposed mechanism. Adapted with permission from Ref. [44].

3. Metal-catalyzed conversion of allylic alco-
hols to nitrile

The transition-metal-catalyzed allylic substitution of
diverse allylic substrates has emerged as a highly
versatile transformation, particularly for construct-
ing C-C bonds. This process typically relies on acti-
vated allylic precursors, such as acetates or carbon-
ates, which promote the formation of n3—M com-
plexes. The direct use of allylic alcohols is particu-
larly attractive, as it avoids the generation of stoichio-
metric waste and eliminates the need for hydroxyl
protection [49,50]. In this regard, Tsuji and cowork-
ers first established allylic cyanation using TMSCN
as the cyanide donor and Pd(PPhs), as the cata-
lyst [51]. Subsequent advances were made by Kawat-
sura et al., who employed Cul as the catalyst [52],
and by Rousseaux et al., who developed a Ni(I)-
based precatalyst in combination with Zn(CN), as
the cyanide source [53]. Koert et al. also reported that

rhodium-catalyzed allylic cyanation of 3-fluoroallylic
trifluoroacetates with TMSCN in the presence of a
bulky phosphite ligand provides 3-fluoroallylic ni-
triles with a broad range of substrates and excel-
lent Z/E selectivity [54]. In dialkyl-substituted sub-
strates, the fluorine atom governs the regioselec-
tivity, favoring the formation of the distal product.
Investigation of selected scalemic substrates indi-
cated stereocenter inversion during cyanation, ac-
companied by minimal or no stereochemical ero-
sion. Despite extensive studies on asymmetric allylic
substitution, the enantioselective synthesis of allylic
cyanides remains underdeveloped. In 1998, Tsuji
reported the catalytic enantioselective cyanation of
cyclic allylic carbonates with TMSCN using 5 mol%
of the (S)-MeO-MOP-Pd complex, yielding only two
chiral allylic cyanides with 19% and 63% ee, respec-
tively (Scheme 10, Equation (1)) [55]. Later, Hou and
coworkers demonstrated an asymmetric kinetic res-
olution of racemic 1,3-disubstituted unsymmetrical
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mechanism. Adapted with permission from Ref. [45].

allylic carbonates by Pd-catalyzed allylic cyanation,
affording allylic cyanides in 31-50% yields with 25—
65% ee, alongside recovered chiral carbonates with
an (S) configuration in 21-54% yields and with 24—
99% ee (Scheme 10, Equation (2)) [31].

Toluene, argon, 25 °C, 12 h

ee =911099%

l
Me020/©)%
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o
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< 20 examples >

H

Ph".

LA = Lewis acid

(b) Proposed

The Fang group described a one-pot conver-
sion of allylic alcohols into chiral 1,3-dinitriles by
merging allylic cyanation with asymmetric hydro-
cyanation through an auto-tandem catalysis strat-
egy (Scheme 11) [56,57]. Using 5 mol% of a nickel



60 Quentin Chevrier et al.

[Pd(n3~C3Hs)Cll, (5 mol%)
Ligand (12 mol%)

DBU (2.0 equiv.)
ACN, -20 °C

Ar' = Ac, CO,Et
up to 78%

Selected examples

(77%, ee = 99%, dr = 4:1) (64%, ee = 99%, dr=10.6:1)

Stille cross-coupling

R= C3Hs (92% dr >15:1)
R= Ph (89%, dr >15:1)

Br

F,

]
Ar/</\/Ar /N )

H \74 Bu
Ar' PPh, O

13 examples
ee >99%
drup to 15:1

(64%, ee >99%, dr =12.3:1)

[Pd(PPh3),4 (30 mol%)
THF, 65 °C
C3HsSn(n-Bu); (2.0 equiv.)
or PhSn(n-Buj3) (2.0 equiv.)

Scheme 7. Pd-catalyzed asymmetric allylic alkylation of «-aryl-a-fluoroacetonitriles. Adapted with permission from Ref. [46].

Rh(acac)(CO), (1 mol%)
[Pd(mt-C3Hs5)(cod)IBF4 (1 mol%)

0 Il _OEt PhTRAP (2 mol%)
+ \
\/\OJ\OR Y oEt THF, -25°C, 72 h
Me 91%
—
P_ P
+Pd RO
P
P . Q OEt

z *\ P-OEt
0=C—{Rh— —(
\ Me

/

PhoP_

1 _OEt Fe :

R OEt Fe @ i
M UGN

(ee =92%)

0u=0

PhTRAP

Dual catalysis
Nucleophilic attack by the enolate
on the n-allylpalladium complex

Scheme 8. Rh/Pd-Catalyzed allylic alkylation of activated nitriles. Adapted with permission from Ref. [47].

complex bearing a chiral bidentate phosphine lig-
and, a broad range of allylic alcohols reacted ef-
ficiently with acetone cyanohydrin as the cyanide
donor to afford the corresponding enantioenriched
1,3-dinitriles in 37-89% yield and 65-94% ee. The
proposed mechanism involves initial coordination of
Ni(0)-L* species XII with the allylic alcohol to form

a mt-allyl-Ni(I)-OH intermediate XIV, which subse-
quently reacts with acetone cyanohydrin to generate
intermediate XV. Reductive elimination delivers allyl
nitrile XVI, which undergoes asymmetric hydrocya-
nation to furnish target dinitriles XX while regenerat-
ing active catalyst XII. These chiral dinitriles can be
further transformed into piperidines XXI, a key step
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Scheme 9. Dual Pd/Cu-catalyzed enantioselective synthesis of chiral homoallylic nitriles bearing vicinal stereogenic centers.

Redrawn from Ref. [48].

enabling the formal synthesis of the antidepressant
(+)-paroxetine.

The same group reported a Ni-catalyzed asym-
metric hydrocyanation of racemic allene- and
methylene cyclopropanes (Scheme 12, Equation (1)).
Using 10 mol% (R,R)-Ph-BPE with Ni(cod),, it
delivered enantioenriched allylic nitriles in up to
78% yield and 98% ee with excellent regioselectivity.
Subsequently, a nickel catalyst based on a TADDOL-
derived diphosphate (L;) enabled highly asymmetric

hydrocyanation of disubstituted methylene cyclo-
propanes, providing chiral allylic nitriles in 82-99%
ee (Scheme 12, Equation (2)) [58].

A nickel-catalyzed direct transformation of al-
lylic alcohols with benzyl nitrile derivatives was
also developed by Liu et al. in 2023, offering an
efficient and racemic approach to access homoallylic
nitriles featuring o-tertiary or quaternary carbon
centers (Scheme 13) [59]. This protocol delivered
good to excellent yields with high regioselectivity,
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Scheme 10. Pd-Catalyzed asymmetric allylic cyanation of allylic carbonates using TMSCN. Adapted with permission from

Ref. [55].

broad substrate applicability, and high tolerance
toward diverse functional groups. Notably, N,O-
bis(trimethylsilyl)-acetamide (BSA) was identified
as a key additive that significantly promotes the
coupling, particularly in reactions involving alkyl-
substituted allylic alcohols.

4. Metal-catalyzed cyanofunctionalization of
unsaturated bonds

Copper has been shown to mediate cyanation of
the 7t-bond in nitriles through C-CN activation [60].
Procter and co-workers developed a regio- and
enantioselective Cu-catalyzed borocyanation of di-
enes using bis(pinacolato)diboron (B;piny) and
electrophilic cyanamides (Scheme 14) [61]. With a
P,N-ligated copper complex (10 mol%) and Cu(l)
thiophene-2-carboxylate (CuTC) (10 mol%), allylic
nitriles bearing a Bpin substituent were obtained in
up to 90% yield and 94% ee. The reaction is proposed
to proceed through selective borylcupration of the
terminal alkene, isomerization to (Z)-allyl copper
intermediate XXIV, and subsequent cyanamide in-
sertion. Despite high efficiency with simple dienes,
this led to a decrease in reactivity and selectivity with
multisubstituted substrates.

5. Site-selective C(sp®)-H cyanation of alkenes

While traditional asymmetric cyanation typically em-
ploys unsaturated substrates, recent advances have
revealed that allylic C(sp®)-H bonds can also serve
as radical precursors suitable for enantioselective
cyanation. In 2019, Li et al. further addressed
the challenge of trapping allylic radical with chi-
ral Cu(Il) cyanide species, achieving site-selective
and enantioselective allylic C(sp®)-H cyanation of
diverse di-, tri-, and tetrasubstituted alkenes via
hydrogen atom transfer (HAT) pathways [62]. Us-
ing N-fluoroalkylsulfonamide (NFAS) as a precursor
of the N-centered radical (NCR), the authors suc-
cessfully realized allylic cyanation of trisubstituted
alkenes bearing two distinct sets of allylic hydrogens.
Under catalysis by 5 mol% of a chiral bisoxazoline
L*/CuOAc complex, a diverse array of chiral allylic ni-
triles was obtained in yields of up to 91% and enan-
tiomeric excesses as high as 99% (Scheme 15). Mech-
anistic studies suggested that the in situ—generated
Cu(Il)-bound NCR XXVI plays a decisive role in con-
trolling site selectivity among multiple allylic C(sp®)—
H bonds with similar properties. This method fea-
tures wide substrate generality and excellent chemo-,
regio-, and enantioselectivity. Its synthetic utility was
underscored by diverse downstream derivatizations.
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Scheme 11. One-pot conversion of allylic alcohols to chiral 1,3-dinitriles. Adapted with permission from Ref. [57].
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Scheme 12. Ni-catalyzed asymmetric hydrocyanation of allene- and methylene cyclopropanes. Adapted with permission from
Ref. [58].
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Scheme 13. Ni-Catalyzed allylation of nitriles with allylic alcohols. Adapted with permission from Ref. [59].

6. Intramolecular palladium-catalyzed decar-  der mild conditions (Scheme 16) [63]. This method
boxylative allylic alkylation provides an efficient and reliable route for the in-situ
generation of tertiary «-cyano carbanions via an

Tan, Luan, and Ren outlined a practical strategy for ~ intramolecular palladium-catalyzed decarboxylative
the asymmetric synthesis of chiral acyclic nitriles allylic alkylation. Moreover, it allows for exceptional
bearing oc-all-carbon quaternary stereocenters, em- enantioselective control of simple nitriles through
ploying a synergistic combination of palladium and ion-pairing interactions with chiral phase-transfer
phase-transfer catalysis on allyl 2-cyanoacetates un- catalysts. The versatility of this approach was further
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Scheme 15. Enantioselective allylic cyanation of alkenes. Redrawn from Ref. [62].

facilitated by Cs,COs. Subsequently, tertiary o-
cyano carbanion XXIX then associates with PN4 to
form chiral ion pair XXX. Enantioselective nucle-

highlighted by its scalability to gram-scale synthe-
sis and its subsequent conversion into a range of
chiral functionalized molecules containing acyclic

all-carbon quaternary stereocenters. A plausible
reaction mechanism was proposed (Scheme 16). The
starting substrate is first activated by Pd(0), releasing
CO, and generating electrophilic m3-7-ally-PdLn]*
species XXVIII and tertiary «-cyano carbanion XXIX,

ophilic attack by the x-cyano carbanion in XXX on
the electrophilic species XXVIII furnishes the desired
enantioenriched final homoallylic nitrile, while re-
generating the palladium active catalyst for subse-
quent cycles.
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Scheme 16. Enantioselective construction of acyclic x-all-carbon quaternary nitriles via synergistic intramolecular Pd-catalyzed

decarboxylative AAA and phase-transfer catalysis (PTC) from allyl 2-cyanoacetate substrates.

Ref. [63].

7. Asymmetric deacylative allylation

The use of readily available prochiral or racemic qua-
ternary carbons to generate enantioenriched coun-

Adapted with permission from

terparts offers an efficient alternative to conven-
tional syntheses from tertiary or planar substrates.
Unlike desymmetrization, which modifies an exist-
ing substituent of limited reactivity, functional-group
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Scheme 17. Enantioconvergent deacylative functionalization toward «-quaternary nitriles. Redrawn from Ref. [64].

exchange introduces a new, structurally distinct mo-
tif. Achieving enantioconvergence in quaternary-
to-quaternary transformations remains challenging,
particularly for acyclic centers. Huang and cowork-
ers reported a palladium-catalyzed deacylative ally-
lation in which the acyl group of 3-ketonitriles was
stereoselectively replaced by an allyl fragment us-
ing simple alcohols as alkyl donors (Scheme 17) [64].
The transformation proceeded via a retro-Claisen-
type elimination with alkoxide, and the absence of
diastereoisomerism in the resulting ketenimine an-
ion enabled highly selective asymmetric addition.
The combination of x-substituents, retained nitrile,
and introduced alkyl unit confers broad derivatiza-
tion potential to the resulting enantioenriched qua-
ternary stereocenters.

8. Conclusion

Over the years, significant progress has been made in
the enantioselective synthesis of homoallylic and al-
lylic nitriles through transition-metal-catalyzed ally-
lation, enabling access to C*-tetrasubstituted and o
quaternary chiral nitriles with diverse architectures.
These advances have broadened the chemical space
relevant to both academic and industrial research.
Nevertheless, this account highlights the continu-
ing need for enantioselective strategies capable of

constructing chiral nitriles bearing vicinal tertiary or
quaternary carbon centers.
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1. Introduction

Pressure is a parameter frequently overlooked by the
community of organic synthetic chemists, except in
cases involving gases, such as hydrogenation or car-
bonylation, where it typically reaches values between
1 and 50 bars. In organic chemistry, reaction me-
dia are most often liquids, and compressing a liquid
is generally considered challenging, if not impossi-
ble, especially when aiming to attain pressures above
1 kbar, such as those needed to significantly affect
the reaction outcomes. For clarity, the term “high
pressure” (HP) used in the following refers specifi-
cally to the 1-20 kbar range (i.e., 2000-20 000 atm or
0.2-2.0 GPa).

On the basis of the Evans-Polanyi transition state
theory, it has been established that the influence
of pressure on the activation energy of chemical

*Corresponding author

ISSN (electronic): 1878-1543

reactions (AG¥), and thus on their kinetic constants,
is a function of the sign and absolute value of the ac-
tivation volume (AV¥), which corresponds to the vol-
ume of the transition state (Vs) minus the volume of
the substrate(s) (Vom) (AV* = Vig — Vspm). A chemical
reaction characterized by a negative AV* is acceler-
ated when pressure increases, while in contrast it is
decelerated when AV* is positive [1-3].
Cycloadditions are among the most useful reac-
tions in synthesis, giving rapid access to function-
alized (poly)cyclic compounds from simple starting
materials such as, for example, alkenes, dienes, or
dipoles. As the cycloadducts incorporate the entire
starting materials, the process generates no waste
and exhibits high atom economy. However, the ap-
plication of these reactions is often hampered by the
unfavorable steric or electronic characteristics of the
reagents. The typical activation methods used for
promoting cycloadditions are thermal, microwave,
or chemically catalyzed ones (acid, base, metal, or
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organo-catalyst). Because cycloadditions are charac-
terized by highly compact transition states, they are
generally associated to negative activation volumes,
comprised between —10 and —50 cm®-mol~!, and are
thus significantly accelerated when the pressure in-
creases [4].

Under HP, deactivated and/or sterically hindered
substrates can become good partners in cycloaddi-
tions, making HP a valuable alternative to conven-
tional heating or chemical catalysis [5]. An increase
in selectivity comes as an extra bonus since this ac-
tivation mode disfavors uncontrolled side reactions,
especially when they are characterized by a positive
activation volume. For instance, HP tends to pre-
vent retrocycloadditions or eliminations that are dif-
ficult to control under more classical conditions. En-
ergy is required to compress the reaction medium,
but HP remains constant once established, and the
overall energy input remains low. Consequently, HP
represents a sustainable and effective strategy to en-
hance the yields of sluggish or inefficient cycloaddi-
tions [6].

Electron-deficient aromatic compounds are eas-
ily accessible, through SgAr reactions (electrophilic
aromatic substitution) for example. Their involve-
ment in dearomatizations is particularly attrac-
tive, facilitating a straightforward increase in the
complexity of the molecular structure. In general,
when electron-deficient aromatics interact with nu-
cleophilic species, they undergo nucleophilic aro-
matic substitutions (SyAr), which involve an addi-
tion/elimination sequence restoring the aromaticity
of the original ring [7]. In some cases, the dearo-
matized Meisenheimer intermediate resulting from
the nucleophilic addition step can be trapped in-
tramolecularly, in a formal cycloaddition process,
affording a dearomatized cycloadduct [8]. Com-
plementarily, concerted cycloadditions between
electron-poor aromatics and electron-rich dienes
or dipoles can also deliver the dearomatized cy-
cloadducts. Because the latter processes involve
transition states that are more compact than the
starting materials, they are efficiently accelerated
under HP. At the same time, HP helps to prevent
potentially competitive retroadditions or rearomati-
zations, which are typically associated with positive
activation volumes.

Over the past two decades, our laboratory has
explored dearomatizations of electron-deficient

(hetero)arenes in different cycloaddition processes.
While the involvement of the aromatics as electron-
poor dipolarophiles in the presence of electron-rich
1,3-dipoles is typically performed at atmospheric
pressure [9-14], HP activation has proven very useful
to promote (4+2) dearomative cycloadditions. Two
different types of reactions have been developed: the
first one involves one double bond of the aromatic
compound acting as an electron-poor dienophile,
while the second exploits the C=C-N=0 system of
nitroarenes acting as an electron-poor heterodiene.
Both approaches are described below.

2. Electron-deficient arenes as dienophiles in
HP-promoted Diels-Alder cycloadditions

We have developed (4+2) dearomative cycloaddi-
tions in which the double bond of the aromatic bear-
ing an electron-withdrawing substituent reacts as
dienophile, through its lowest unoccupied molecu-
lar orbital (LUMO), with an electron-rich 1,3-diene
involved through its highest occupied molecular or-
bital (HOMO). This typically leads to a polycyclic
adduct bearing a tetrasubstituted carbon atom at the
ring junction, with a relative cis stereochemistry of
the junction due to the pericyclic character of the re-
action (Scheme 1).

Different electron-poor (hetero)aromatics have
been involved in these reactions with electron-
rich dienes, and the cycloaddition conditions
depend on the nature of the aromatic (indole,
pyrrole, naphthalene, quinoline, or benzene),
the electron-withdrawing group(s) (nitro, cyano,
(alkoxy)carbonyl, or ketoamide) and the electron-
rich diene. The following classification is based on
the nature of the aromatic.

2.1. Electron-depleted indoles as dienophiles in
Diels-Alder cycloadditions

Indoles are crucial structural frameworks present
in a wide range of natural products, many of which
display notable biological activities. From a reac-
tivity perspective, indoles are widely recognized
as moderate nucleophiles [15], and their reactiv-
ity with various electrophiles has been extensively
studied in organic synthesis. Recently, in a com-
plementary approach, the electrophilic reactiv-
ity of electron-deficient indoles has been largely
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Scheme 1. Electron-deficient arenes as dienophiles in Diels-Alder cycloadditions.

investigated [16,17]. Intramolecular reactions have
been developed some time ago, to generate interest-
ing scaffolds [18,19]. In the case of the intermolecu-
lar version of the cycloadditions, it has been demon-
strated that introducing a nitro group at the C3 po-
sition of this heterocycle decreases its aromatic-
ity, thereby facilitating the addition of electron-rich
species [20]. In this context, different research groups
have contributed to exploit the “umpolung” reactiv-
ity of electron-depleted indoles and demonstrated
that 3-nitroindoles can react as C2=C3 electron-poor
dienophiles with electron-rich dienes in Diels-Alder
cycloadditions (Scheme 2) [21]. Note that thermally
activated processes generally lead to partial or com-
plete rearomatization of the cycloadducts by nitrous
acid elimination, a thermodynamically favored pro-
cess [21-27].

Thanks to the relatively high electrophilic
character of 3-nitroindoles bearing an electron-
withdrawing group at the nitrogen position [20], the
presence of the Danishefsky’s diene 2a, doubly ac-
tivated by two oxy groups at positions N1 and C3,
renders the cycloaddition possible at room temper-
ature (r.t.) in the absence of any promoter. Under
these smooth conditions, rearomatization is pre-
vented and the indoline cycloadduct isolated in good
yields [20]. Diastereoselectivities are low, probably

because of the conflicting influences of the stabiliz-
ing secondary orbital interactions favoring the endo
approach, and of the steric hindrance favoring the
exo one. The reaction can also occur with thiourea-
or squaramide-based organocatalysts, including chi-
ral ones. However, the stereoselectivities observed
with these catalysts are generally low, likely due to
the competing non-catalyzed process [28].

With less reactive dienes such as 2-
trimethylsilyloxycyclohexadiene 2b, the reaction
is not possible at atmospheric pressure. In such
cases, HP activation proves efficient, and the re-
action proceeds under 16 kbar at r.t. [29]. These
smooth thermal and chemical conditions lead to
the preservation of the three-dimensional nature
of the dearomatized cycloadduct, which is isolated
in good yields (Scheme 3). Notably, the diastere-
oselectivity of the cycloaddition is complete with
this diene, leading to the exquisite formation of the
exo cycloadduct. The corresponding approach is
characterized by lower distortion of the substrates
in a late transition state and by more favorable or-
bital interactions, presumably between the nitro
group and the dienic part, explaining the stereos-
electivity [29]. Under these conditions, 7-aza-3-
nitroindoles also react well, leading to azaindolines
in a similar manner.
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Scheme 3. HP-promoted Diels-Alder reaction of 3-nitro(aza)indoles with diene 2b.

Other possible indolic dienophiles include 3-
carbonylated substrates. In this case, the Diels—Alder
(DA) reaction involving the C2=C3 double bond
of the heteroaromatic competes with the hetero-
Diels-Alder (HAD) reaction, where the carbonyl C=0
bond acts as a competing dienophile. The reac-
tion outcome depends on the carbonyl substituent,
with tertiary ketoamide favoring the DA process,
while formyl, ketoester, and secondary ketoamide
favor the HDA one, all using Danishefsky’s diene 2a
(Scheme 4) [30].

When less polarized, all-carbon dienes 2c and 2d
are involved in the process with 3-formylindole 1c,
chemoselectivity favors the DA cycloadduct. Owing
to the lower reactivity of these dienes, Lewis acid acti-
vation, such as zinc chloride catalysis, can be benefi-
cial. However, this acidic catalyst also promotes com-
petitive polymerization of the diene used in excess
under HB, and this can sometimes complicate the
isolation of the desired cycloadduct. Under thermal

conditions (195 °C), cycloadduct 6c is obtained in a
good yield. However, when diene 2c is used, HP acti-
vation triggers a subsequent reaction, leading to the
formation of bis-cycloadduct 8 (Scheme 5) [30,31].

In contrast, when cyclohexa-1,3-diene 2d is in-
volved, the reaction leads to cycloadduct 6d regard-
less of the reaction conditions (Scheme 6) [31]. The
conversion, yield and diastereoselectivity of the re-
action under HP conditions are greater than under
thermal activation.

The type of electron-withdrawing substituent on
the nitrogen atom of the indolic dienophile plays
a crucial role in the cycloaddition. Although sul-
fonyl groups are known to be stronger electron-
withdrawing groups than (alkoxy)carbonyl groups,
the cycloaddition of 3-ketoamidic indoles with diene
2a occurs more readily when the nitrogen atom is ac-
tivated as an amide or carbamate rather than as a
sulfonamide (Scheme 7) [32]. This fact is ascribed
to a greater ability of the carbon-centered groups to
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Scheme 5. Thermal versus HP-promoted Diels-Alder reaction of 3-formylindole with 2c.
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Scheme 6. Thermal versus HP-promoted Diels-Alder reaction of 3-formylindole with 2d.
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Scheme 7. Influence of the nitrogen atom substituent on the cycloaddition.

achieve delocalization of the nitrogen’s lone pair, re-
sulting in stronger global withdrawing effects. The
sulfur-centered functional group is less efficacious
in decreasing electron density on the nitrogen atom,
even when inductive effects are considered. This re-
sults in a lower aromaticity of the (alkoxy)carbonyl
indoles and a higher reactivity at C2=C3 electron-
poor dienophile [32].

2.2. Electron-depleted benzofurans as
dienophiles in Diels-Alder cycloadditions

Other possible heteroarenic dienophiles include
benzofuranic compounds, bearing an electron-
withdrawing substituent at position C3. Here again,
while 3-nitrobenzofurans react as C2=C3 dienophile
at r.t. and ambient pressure with Danishefsky’s di-
ene 2a to yield the corresponding cycloadduct [20],
reactions with the less depleted 3-carbonylated
substrates require a stronger activation. With 2,3-
dimethylbuta-1,3-diene 2c¢ or cyclohexa-1,3-diene
2d, the cycloadditions can be thermally activated.
However, this activation mode is less efficient when
more sensitive silyloxydienes are involved and HP
conditions are then to be preferred (Scheme 8) [33].
Here again, competitive HDA processes, involving

the carbonyl substituent at position C3 as hetero-
dienophile, are observed with benzofurans bearing
a ketoester group in the presence of Danishefsky’s
diene 2a [33].

2.3. Electron-depleted pyrroles as dienophiles in
Diels-Alder cycloadditions

When reacted under thermal conditions or Lewis
acid activation, 3-nitro-N-tosylpyrrole 11 remains
inert toward Danishesfky’s diene 2a and this sensitive
diene is generally destroyed. In contrast, it reacts ef-
ficiently as an electron-poor dienophile with 2a un-
der HP activation [34]. The cycloadduct generated is
unstable after decompression and leads to the cor-
responding carbazole 12, resulting from a complete
rearomatization (Scheme 9).

Cycloadditions with the less electron-depleted 3-
acylpyrroles are also feasible under HP conditions,
although Lewis acid catalysis is required alongside
HP activation in this case. For example, cycload-
ditions between electron-poor pyrroles 13, which
contain electron-withdrawing groups at least at the
N1 and C3 positions and a series of electron-rich
dienes, result in the formation of cycloadducts 14
(Scheme 10) [35,36]. These products are obtained in
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Scheme 9. 3-Nitropyrrole as C2=C3 dienophile under HP activation.

very low yields under thermal activation in the pres-
ence of ZnCly. Similarly, under HP and without a
catalyst, this dienophile reacts poorly and enters a
competitive polymerization process. However, com-
bining HP and Lewis acid (ZnCly) activations signif-
icantly improves the efficiency of the cycloaddition
and the expected syn-tetrahydroindole 14 is recov-
ered in good to excellent yields.

2.4. Other electron-depleted five-membered-ring
heteroaromatics as dienophiles in Diels—
Alder cycloadditions

Other nitrated five-membered-ring heteroaromat-
ics can be dearomatized under HP in the presence
of Danishefsky’s diene 2a, among which benzoth-
iophene, pyrazole, or furan. The reaction does
not require any additional chemical activation and
smooth hydrolysis of the pressurized mixture leads
to preservation of the three-dimensional structure
of the dearomatized cycloadduct in these cases
(Scheme 11) [34].

2.5. Six-membered-ring (hetero)aromatics as
dienophiles in Diels-Alder cycloadditions

HP-promoted DA reactions may also involve highly
aromatic six-membered rings, such as nitroquino-
lines or nitronaphthalenes and nitrobenzenes in the
presence of Danishefsky’s diene 2a (Scheme 12) [34].
The reaction proceeds at r.t. in the absence of any
chemical promoter and affords in good yields the hy-
drolyzed cycloadducts with their three-dimensional
structures intact. Here again, the endo/ exo diastere-
oselectivities are low with this diene, because of com-
pensation between the stabilizing secondary orbital
interactions favoring the endo approach and steric
hindrance favoring the exo one. The diastereose-
lectivity is slightly enhanced with structurally sim-
ilar but sterically more hindered dienes, especially
those bearing bulky groups at position C1 or C3, but
this comes at the expense of reactivity [34]. Notably,
when two nitro groups are positioned on the same
ring of the original aromatic substrate, two cycload-
ditions occur, resulting in the formation of polycyclic
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Scheme 11. Nitrated five-membered-ring heteroaromatics as dienophiles under HP activation.

bis-cycloadducts 19 from 1,3-dinitronaphthalene or
1,3-dinitrobenzene.

As suggested by DFT computations performed on
a model reaction between 1-nitronaphthalene and
Danishefsky’s diene 2a, the cycloaddition occurs in
a stepwise fashion, the silylenol ether first adding at
position C2 of the aromatic. The formation of an elu-
sive zwitterionic primary adduct (PA) is quickly fol-
lowed by cyclization via a Michael addition to furnish
the cycloadduct (CA), prior to hydrolysis of the silyl
enol ether moiety (Scheme 13). The initial dearom-
atization addition is associated with a significantly
higher energy barrier than that of the subsequent
cyclization step (~27 versus ~4 kcal-mol™!), making
it the rate-determining step. Assuming that the PA
undergoes no conformational change before cycliza-
tion, the diastereoselectivity of the overall cycload-
dition is governed by the stereochemical outcome of

the initial addition. Consistent with the experimental
data, the small energy difference between the endo
and exo transition states (AAG* = 0.4 kcal-mol™!) ac-
counts for the low diastereoselectivity observed in
the resulting cycloadducts.

With the less reactive 2-trimethylsilyloxycyclo-
hexadiene 2b, the reaction is still possible at r.t. under
16 kbar in the absence of a catalyst (Scheme 14) [29].
As observed with 3-nitroindoles, diastereoselectivity
with this cyclic diene is now totally controlled and
the exquisite formation of the sole exo-cycloadduct
is observed. As suggested by DFT computations, the
exo approach is associated with reduced substrate
distortion in a late transition state, along with more
favorable orbital interactions, likely between the ni-
tro group and the diene moiety. The propensity for
the cycloadducts to rearomatize by loss of nitrous
acid is higher here, causing a slight lowering of the
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HP activation.
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isolated yields. Here again, when two nitro groups
are positioned on the same ring of the initial aro-
matic compound, two cycloadditions occur, result-
ing in the formation of the bis-cycloadduct 21 from
1,3-dinitro-naphthalene in a completely diastereose-

lective way.

3. Nitroarenes as heterodienes in HP-
promoted domino (4+2)-/(3+2)-
cycloadditions

Over the years, domino processes have proven to be

powerful and efficient strategies for the rapid con-

struction of complex molecules in a minimal number
of synthetic steps. Notably, Denmark et al. described

a series of (4+2)-/(3+2)-cycloadditions involving
and these processes have proven

nitroalkenes,

highly valuable for the synthesis of a wide range
of nitrogen-containing compounds [37]. In these
domino transformations, the nitroalkene partner 22
initially acts as a heterodiene in an inverse electron-
demand (4+2)-cycloaddition, forming the interme-
diate nitronate 23. This species then undergoes a

subsequent (3+2)-cycloaddition to afford a nitroso-
Such compounds

ketal derivative 24 (Scheme 15)
provide useful synthetic intermediates, giving an

easy access to nitrogenated motifs, after selective

cleavage of the N-O bonds for instance
It turns out that both (4+2)- and (3+2)-
cycloaddition processes are promoted under HP [4]
Hence, Scheeren et al. have demonstrated that such
(4+2)-/(342)-reactions using nitrostyrenes as het-
erodienes can be efficiently promoted under HP [38].
Given the comparable electrophilic character of
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Scheme 14. Cycloadditions of nitrated six-membered-ring (hetero)aromatics as dienophiles with 2b under HP activation.

nitrostyrenes and 3-nitroindoles [20], we sought to
explore the participation of these nitro heteroarenes
in similar domino processes. If such a synthetic
endeavor could be impeded by the aromaticity of
the substrate, it would offer the advantage of relying

on readily accessible starting materials to generate
partially dearomatized polycyclic structures bearing
a tetrasubstituted center at the ring junction, a fea-
ture generally difficult to control. In the first (4+2)-
cycloaddition, the nitroalkene moiety is expected
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Scheme 16. (4+2)/(3+2)-Domino cycloadditions involving 3-nitroindole 1a, ethyl vinyl ether 25, and methylacrylate 26.

to react via its LUMO as an electron-deficient het-
erodiene, favoring interaction with an electron-rich
dienophile in an inverse electron-demand (4+2)-
cycloaddition. Ethyl vinyl ether was selected as a
model electron-rich dienophile. In contrast, the ni-
tronate dipole intermediate is expected to react more
effectively via its HOMO with an electron-deficient
dipolarophile, such as an acrylate. The complemen-
tary reactivities of these two alkene species make
them excellent candidates for the design of a mul-
ticomponent domino process enabling the efficient
synthesis of nitroso ketals.

Indeed, the reaction of indole 1a with ethyl vinyl
ether 25 and methyl acrylate 26 in dichloromethane
at r.t. successfully affords the expected nitroso ke-
tal 27 [39]. Comparing different activation modes
shows that HP is the most efficient one, leading to
the expected tetracyclic adduct in good yield and
with superior diastereoselectivities (Scheme 16).

The reaction can also occur with thiourea- or
squaramide-based organocatalysts, including chi-
ral ones. However, the enantioselectivities observed
with these catalysts are low, likely due to the compet-
ing non-catalyzed process [28].

In this process, two of the eight possible diastere-
omer couples are formed under HP. As shown by X-
ray diffraction analyses on the two separated com-
pounds resulting from the same reaction, but involv-
ing n-butyl vinyl ether instead of ethyl vinyl ether, the
difference stems from the relative stereochemistry
at the methoxycarbonyl alpha position. This sug-
gests that the initial (4+2)-cycloaddition proceeds in
a purely endo mode, determining the relative config-
urations of both C7, at the ring junction and C6 alpha
to the alkoxy group. A complete facial differentiation
for the subsequent (3+2)-process, with an approach
of the dipolarophile from the more accessible bottom
face sets the relative stereochemistry of quaternary
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carbon Cl12;, at the ring junction. This second
cycloaddition, however, shows little or no endo/exo
selectivity for the acrylate approach (Scheme 17) [40].

The diastereoselectivity is improved when other
dipolarophiles are employed, notably when they bear
an aromatic moiety (Scheme 18) [39].

One of the key strengths of this method is the
straightforward and efficient conversion of the re-
sulting nitroso ketals. Therefore, the simple cat-

alytic reduction of endo-27 under 15 bar hydrogen
using Raney nickel® for 48 h results in the forma-
tion of pyrrolizidone 28, isolated in 98% yield, with
the original characteristics of the stereogenic cen-
ters completely retained (Scheme 19). Most likely,
this product results from the sequential cleavage of
two N-O bonds, formation, and subsequent reduc-
tion of an imine intermediate to construct ring D, fol-
lowed by lactamization to complete ring C. Similarly,
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Scheme 20. (4+2)/(3+2)-Domino cycloadditions involving 3-nitropyrrole 11, ethyl vinyl ether 25, and methyl acrylate 26 and

subsequent reduction of nitroso ketal 29.

reduction of the diastereomer exo-27 led to the for-
mation of the corresponding diastereomeric tetra-
cyclic lactam.

Extension of this process to other ring systems
has been achieved with 3-nitropyrrole (Scheme 20).
As expected, this more aromatic substrate requires
a higher pressure of 16 kbar and heating to 50 °C
to react. It leads to the corresponding nitroso ke-
tal obtained in a 25:75 endo/ exo ratio and isolated in
an overall 81% yield. Note that this smaller hetero-
cycle leads to a stereoselectivity different from that
above. Here again, the nitroso ketal can be efficiently
reduced into the corresponding tricyclic compound
under similar hydrogenation conditions and the tri-
cyclic amine is obtained in 68% isolated yield.

Although these tetra- or tricyclic structures are not
commonly found in natural products, they certainly
exhibit functional and three-dimensional topological
characteristics that could contribute to the develop-
ment of novel pharmacological scaffolds.

4. Conclusion

In conclusion, dearomative cycloadditions in-
volving electron-deficient (hetero)arenes are
strongly favored by high-pressure conditions.
These easily available aromatic compounds can
act as dienophiles or heterodienes, in reaction
with electron-rich dienes or dienophiles, pro-
viding an efficient access to the corresponding
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three-dimensional polycyclic adducts. High-
pressure conditions primarily promote these reac-
tions by overcoming the high energy barrier required
to disrupt aromaticity, thereby enabling more effi-
cient and selective transformations. High pressure
favors forward cycloadditions over retroreactions,
which is a key point since dearomatization is often
endergonic and reversible under normal thermal
conditions. High pressure can indeed shift equilibria
toward product formation since cycloadditions are
characterized by highly negative activation volumes,
associated to a decrease in volume from reactants to
the transition state and products. They also stabilize
tightly packed transition states and intermediates.
High pressure (HP) simultaneously disfavors the
retrocycloadditions involving an elimination reac-
tion, which are characterized by a positive activation
volume. Because these dearomative cycloadditions
proceed at lower temperatures under HP, the side
reactions and decomposition processes are limited.
In many cases, HP conditions also help improving
selectivity and stereocontrol as the pressurized con-
fined environment can favor specific diastereomers
or regioisomers, thus improving the stereochemical
outcome of cycloadditions. In summary, acting as
a physical promoter, HP facilitates cycloadditions
that disrupt aromaticity and enables the access to
strained or unusual polycyclic structures. In doing
so, HP helps in building complex three-dimensional
polycyclic scaffolds with a high sp® character that are
important in pharmaceutics and materials science.
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1. Introduction

Rhenium(I) tricarbonyl d® complexes are well-
known emissive complexes, notably for their effi-
cient visible-light and long-lived luminescence [1].
Owing to the strong spin-orbit coupling of the heavy
rhenium atom, these complexes exhibit efficient
room-temperature (rt) phosphorescence. They have
been investigated for diverse applications, including
photoredox chemistry [2,3], chemo- and electro-
chemiluminescence [4,5], chemical and biological
sensing [6,7], bioconjugation [8,9], and as dopants
in organic light-emitting diodes (OLEDs) [10]. They

*Corresponding author

ISSN (electronic): 1878-1543

can be easily synthesized by refluxing in toluene
a rhenium(I) source (commonly ReX(CO)s, where
X = Cl, Br) with a bidentate N,N or C,N ligand
(such as a 2,2'-bipyridine, terpyridine, or pyridyl-
N-substituted heterocyclic carbene), yielding com-
plexes of general formula ReL,X(CO)3, with L, rep-
resenting the bidentate ligand. An attractive re-
search direction involves the introduction of chiral-
ity into Ly, for instance helical chirality, and com-
bination with chirality at the rhenium center. He-
licenes are helically chiral molecules obtained from
the ortho-fusion of aromatic rings [11]. Over the past
two decades, our group has focused on synthesiz-
ing helicenic structures, incorporating coordinating
units to produce helically chiral ligands and a broad
range of chiral metal complexes upon subsequent
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coordination [12,13]. This approach enables the
combination of the chirality-driven properties of the
ligand with the intrinsic photophysical, chiroptical,
and magnetic characteristics of the chosen metal ion,
thereby generating unique functional molecular ma-
terials. In this short account, the main results on rhe-
nium complexes bearing helicenic ligands function-
alized with 2,2'-bipyridine or phenanthroline-type
coordinating units are reviewed. These complexes
exhibited intense electronic circular dichroism, and
circularly polarized long-lived phosphorescence,
appealing properties for the development of chiral
photoactive materials. The specific stereochemical
features that significantly influence the properties of
these chiral emitters are also highlighted.

2. Results and discussion

2.1. Synthesis and characterization of helicenic
N, N ligands

2,2'-Bipyridine (bipy) units are widely used ligands in
coordination chemistry, enabling access to a broad
range of luminescent metal-based molecular mate-
rials [14]. Our group was the first to prepare helical
bipy ligands, i.e., bipy units fused with a helicenic
moiety, actually consisting of 4-aza[n]helicenes 3-
substituted by a 2-pyridyl unit. As described in
Scheme 1, we developed in a systematic fashion
[4]helicene 3a [15,16], [6]helicene 3b [15,16], with
a single bipyridine unit at one end, along with
[6]helicene 3c [17] containing a bipyridine unit at
both termini. We started our two-step synthesis
from 2,2'-bipyridine-6-carboxaldehyde 1, by a Wit-
tig reaction with either 2-naphthyl phosphonium
bromide 2a, 2-methylbenzophenanthrene phos-
phonium bromide 2b, or naphtyl-2,7-dimethyl-di-
phosphonium bromide 2c, respectively, followed
by a Mallory reaction (photocyclization under ox-
idative conditions) [18]. Regarding [4]helicene-
pyrazino[2,3- f1[1,10]phenanthroline (6), incorpo-
rating a dppz unit (dppz = benzo[h]dipyrido[3,2-
a:2',3'-clphenazine) [19], it was obtained from con-
densation of a 1,2-[4]helicene-diamine 4 with 1,10-
phenanthroline-5,6-dione 6 (Scheme 1) using cat-
alytic para-toluene sulfonic acid [20]. A similar
strategy was recently utilized by others to gener-
ate pyrazino-phenanthryl-based helicenic systems
displaying high photoconductive properties [21].

The photophysical properties of ligands 3b, 3c,
and 6 were studied in detail. These three compounds
exhibited absorption spectra in the UV-visible (UV-
Vis) region between 270 and 500 nm. Furthermore,
helicene derivatives 3b and 3¢ were found to display
vibronically structured blue fluorescence with mod-
erate quantum yields. For instance, in CH»Cl, solu-
tion at rt, ligand 3b exhibited a structured blue flu-
orescence at 421 nm, with a vibronic progression of
1400 cm™! (quantum yield ® = 8.4%) (Table 1). Lig-
and 6 was found to emit redshifted fluorescence cen-
tered at 515 nm, which appeared broad and unre-
solved as a result of the presence of charge transfer
(CT), and with a higher quantum yield of 29%. Inter-
estingly, long-lived phosphorescence signals emerg-
ing around 530 nm were observed for 3b,c and at
560 nm for 6 when cooling down to low temperature
(77 K) (Figure 3d).

While benzophenanthryl system 3a was found to
be configurationally unstable, hexahelicenic enan-
tiopure (M)- and (P)-3b, and (M)- and (P)-3c could
successfully be obtained by HPLC over chiral station-
ary phases. Unfortunately, due to very poor solubil-
ity, attempts to separate the enantiomers of 6 proved
unsuccessful. (M) and (P) enantiomers of 3b and
3c displayed the typically strong electronic circular
dichroism (ECD) responses, which are very typical
of helicenic organic derivatives [22]. For instance,
enantiomer (P)-3b exhibited a very strong negative
band at 265 nm and a very strong positive band at
335 nm along with weaker positive bands between
380 and 430 nm (Figure 2a).

3. Coordination to rhenium(I)

3.1. Monometallic helicene-bipy-Re(I)
complexes

The coordination of 3a and 3b to rhenium() was
then performed under classical conditions, i.e., by re-
acting them with Re(CO)5Cl in refluxing toluene and
isolating the complexes by simple filtration thanks
to their low solubility in toluene (Scheme 2). Specif-
ically, the neutral Re(I) complexes 7a and 7b were
synthesized from 4-(2-pyridyl)-5-azal4]helicene 3a
and 4-(2-pyridyl)-5-aza[6]helicene 3b, respectively.
In contrast to the starting ligands, Re(I) complexes
7a and 7b displayed red phosphorescence at ~673—
678 nm in CH,Cl, at rt, but with very low quantum
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Scheme 1. Synthetic procedures used to prepare helicenic N, N ligands 3a-3c and 6 [15,17,20].
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Scheme 2. Synthesis of neutral and charged rhenium complexes 7a-9a and enantioenriched (M, Age)-
7b', (M, Cre)-7b? and (M, C Are)-8b'? from, respectively, [4]helicene-bipy 3a and [6]helicene-bipy (M)-
3b. X-ray crystallographic structures of racemic 7b?, 8a, and 9a (only (M, Cge) stereoisomers are shown).

Adapted with permission from Ref. [16].

yields (® = 0.11-0.13%, Table 1). In order to im-
prove efficiency, charged complexes 8a/8b'? and
9a, were readily prepared by direct substitution
of the chloride ligand with pyridine or isocyanide.
Satisfyingly, these were found to exhibit red phos-
phorescence with markedly higher quantum yields

(6-16%) (Table 1) and much longer lifetimes. From
the stereochemical viewpoint, ligand 3a is in av-
erage planar and achiral, while ligand 3b adopts
helical (P) or (M) chirality. Due to the dissymmet-
ric nature of the bipy ligands, the slightly distorted
octahedral rhenium center also becomes chiral,
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Table 1. Absorption data, emission maxima, quantum yields, lifetimes and emission dissymmetry factors
of the compounds described. In dichloromethane at 298 + 3 K, except otherwise indicated

Compound Absorption Emission ® (%) T (ns)? CPL
Amax (Mm) (€ (x103 M 1-cm™))  Apax (nm) Slum
3b 240 (35.0), 266 (55.8), 322 421, 445, 473sh 8.4 6.6 +3.4x1073
(27.0), 353 (14.4), 372 (10.2), [(P)-3b] [15]
393 (2.63), 417 (1.80)
3c 242 (35.1), 272 (60.3), 286 422, 448, 476, 8.6 5.1 +8.6x1073
(65.3), 344 (26.5), 366sh 513sh [(P)-3c] [15]
(20.2), 398 (3.50), 420 (2.75)
6 260 (85), 288 (67), 350 (33), 515 (CH,Cly) 29 58,28 n.d.
435 (13), 410 (16) 560 (77 K)
7a 243 (34.5), 273 (30.3), 318 678 0.11 25 n.d.
(30.3), 330 (43.2), 398 (12.7)
8a 251 (54.9), 273 (51.9), 326sh 585, 618 16 67000 n.d.
(35.9), 337 (46.6), 403 (14.6),
422 (15.2)
9a 248 (35.7), 280 (34.2), 327sh 595, 623 8.3 11500 n.d.
(27.3), 338 (37.7), 408 (13.5),
422 (13.9)
7b! 236 (45.9), 277 (49.9), 307 680 0.13 27 n.d.
(28.2), 339 (21.3), 420 (7.96),
444 (7.30)
7b? 237 (59.8), 278 (65.0), 305sh 673 0.16 33 +3.1x1073
(36.3), 344 (26.3), 418 (11.0), [(P, Age)-7b?] [16]
445 (10.2)
8b12 272 (48.0), 339 (17.6), 444 598 6 79 000 +1.3x1073
(5.6) [(P, ACRe)-8b"?] [16]
10-1 283 (46.5), 299 (51.4), 361 664 0.20 38 +3.4x1073
(15.5), 387 (15.4), 450 (6.08) [(P, Age, Age)-10-1] [17]
10-2 283 (33.7), 299 (37.9), 359 678 0.15 32 n.d.
(12.7), 389 (11.3), 450 (5.09)
11 267 (77), 304 (40), 353 (29), 518 (CH,Cly) 20 12,76 +23x10 3 atrt
460 (12) 560 (77 K) +29x1072at77K

(P, ACge)-11] [20]

4 Tn degassed solution. n.d. not determined.

with its configuration described as anticlockwise
(Age) or clockwise (Cge) [23,24]. Consequently,
complex 7a can exist as (Age)/(Cre) enantiomers,
whereas 7b forms two diastereomeric pairs of enan-
tiomers: (B, Age)/(M,Cgre) and (B, Cge)/ (M, Age). In
the charged complexes, the Re center readily iso-
merized, thus yielding inseparable racemic mixtures
(8a) or epimeric mixtures (8b"?). In contrast, enan-

tiomerically and diastereomerically pure samples
of 7a and 7b'? were successfully isolated by chi-
ral HPLC. Having these species in hand allowed a
detailed investigation of their chiroptical proper-
ties. For instance, Figure la represents the com-
parison of the ECD spectra of pure stereoisomers
of 3b with those of 7b! and 7b2, while Figure 1c
shows the comparison of the calculated ECD spectra
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Figure 1. (a) Experimental ECD spectra of enantiopure (M) and (P)-3b and their corresponding enan-
tiopure Rel complexes (M, ARe)-7b1, (P, CRe)-7bl, (M, CRe)-7b2, and (P, ARe)-7b2. Inset: ECD spectra of
7b! enantiomers between 450 and 550 nm. (b) CPL (upper curves within each panel) and total lumines-
cence (lower curves within each panel) spectra of (M)-3b, (P)-3b, (M, Cre)-7b2, (P, Ape)-7b?, (M, ACRe)-
8b12 (P, ACge)-8b'2in degassed CH,Cl, atrt. (c) Calculated ECD spectra of (P, Cre)-7b!, and (P, Age)-7b?
and Boltzmann-averaged spectrum for (P)-8b"? conformers. View of HOMO and LUMO of 7b! and 8b'.
First excitation energies indicated by dots on the abscissa. Adapted with permission from Ref. [16].

of 7b! and 7b? with the epimeric mixture of 8b'2,
and Figure 1b presents their CPL (circularly polar-
ized luminescence) responses. The ECD spectra of
7b'2 and 8b'? feature a new low-energy band which
was absent in 3b. The calculated ECD spectra re-
vealed that this transition mainly corresponded to
the HOMO—LUMO excitation and arose from the
mt-helical ligand system in the HOMO and the bipy—
rhenium fragment, with partial 7t-extension into the
helicenic core in the LUMO. Importantly, ligand 3b,
complex 7b?, and complex 8b'? were found CPL-
active, with emission dissymmetry factors (gjym) on
the order of 1073 (Table 1). Theoretical calculations
indicated that the emission process involves Re or-
bitals, enabling the formally spin-forbidden T; — Sy
phosphorescence transitions via spin-orbit cou-
pling. The reduced metal-orbital participation (lower
metal-to-ligand CT [MLCT] character) in the T, state
of 8b!2 compared with 7b'? explained the higher
emission efficiency of the charged complexes.

3.2. Bimetallic helicene-bis-bipy—Re(I)
complexes

Using the same strategy, the dinuclear Re(I) com-
plexes 10-1 and 10-2 were synthesized from 3,14-
bis(2-pyridyl)-4,13-diaza[6]helicene 3c incorporat-
ing two bipy units (Scheme 3). Similarly to mono-
Re complexes, each Re center in 10-1 and 10-2
adopts a distorted octahedral geometry with fac-
oriented carbonyl groups. In 10-1, both chlorides
point toward the helicene core, giving C, symme-
try with identical C or A configurations at the two
Re centers and a helical angle of 39.13°. In 10-2,
one chloride points inward (C) and the other out-
ward (A), breaking the symmetry (C;) and increas-
ing the helical angle to 46.39°. The isomer with
both chlorides pointing outward was not observed.
X-ray diffraction established the absolute config-
urations as (M, Cre, Cre)/ (P, Age, Age) for 10-1 and
(M, CRre, ARre) ! (P, Age, Cre) for 10-2, consistent with
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Scheme 3. (a) Synthesis of dinuclear rhenium(I) complexes (rac)-10-1 and (rac)-10-2 from racemic diaza
[6]helicene-bis-bipyridine ligand 3c. (b) X-ray crystallographic molecular structures of 3¢, 10-1, and 10-2
(racemic structures, only one enantiomer shown). Adapted with permission from Ref. [17].

their respective C, and C; symmetry. Incorporation
of two Re centers into the helicenic ligand induced
a marked redshift of the lowest-energy bands and
increased molar absorptivity beyond 375 nm (Ta-
ble 1). The nature of these excitations in 10-1 and
10-2 was investigated in detail by TDDFT calcula-
tions. Bands around 299 nm are assigned to intrali-
gand 7-7t* transitions, while the lower-energy bands
corresponded to intra-ligand CT (ILCT) excitations
with MLCT contributions. In CH,Cl, at rt, 10-1 and
10-2 displayed weak, broad red phosphorescence
(Amax = 673 and 687 nm; ® = 0.20% and 0.15%;
T = 38 and 32 ns), typical of SMLCT emission in
Re(CO)3(N,N)CI complexes. At 77 K, the complexes
exhibited structured phosphorescence blueshifted
by over 100 nm relative to rt, with 7 over 40 us.
This low-temperature emission closely resembled
that of ligand 3c suggesting that a ligand-centered
37—mt* state lies below the SMLCT state under these

conditions, with metal coordination slightly stabi-
lizing the 7* orbitals and accelerating the T; — Sy
transition.

Enantiopure dinuclear Re(I) complexes were pre-
pared from enantiopure ligands. Interestingly, only
one diastereomer was formed from each ligand,
namely (M, Cge, Cre) and (B, Age, Are)-10-1 from (M)-
and (P)-3c, respectively, while enantiopure 10-2 was
not detected. This selectivity most likely originated
from the lower stability of enantiopure 10-2, which
under refluxing toluene isomerized to the thermo-
dynamically more stable 10-1. This interpretation
was supported by DFT calculations. Figure 2a com-
pares the experimental ECD spectra of the ligand
and its complexes. The enantiomers of 10-1 exhib-
ited mirror-image spectra featuring several bands be-
tween 272 and 459 nm. The MOs involved in the low-
energy intense excitations of 3¢ and 10-1 are shown
in Figure 2c. Transitions of the ligands are dominated
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Figure 2. (a) Experimental ECD spectra of (P)- and (M)-3cand (P)- and (M)-10-1in CH»Cl, atrt. (b) Sim-
ulated ECD spectra of (P)-3c, (P, Ape, Age)-10-1, and (B, Age, Cre)-10-2 with selected calculated excitation
energies and rotatory strengths indicated as “stick” spectra. (c) Isosurfaces of selected molecular orbitals
for 3¢, 10-1, and 10-2. Adapted with permission from Ref. [17].

by m-mt* ones, with extended conjugation through
the whole system. In complex 10-1, the strong
ECD bands mainly arise from metal and halogen to
helicene-bis-bipyridine charge transfers (MLCT and
halogen-to-ligand CT [XLCT]), with additional he-
licene ILCT and 7—7t* transitions. Finally, nearly
mirror-image CPL spectra were recorded in degassed
CH,Cl, solutions at rt, with gy, values of +8.6 x 1073
at ~450 nm for (P)-3c and +3.4 x 10~3 at ~630 nm
for (B, Age, Are)-10-1. The latter value is similar to the
one of complex 7b? (see Table 1). It is worth men-
tioning that complex 10-1 displayed a CPL sign which
was opposite to that of the lowest-energy ECD band
(gabs = —3.4 x 1073 for (P, Ape, Age)-10-1), suggest-
ing that absorption and emission involve different
electronic states and/or the transition is not Franck-
Condon-allowed [25].

3.3. Monometallic helicene-DPPZ—-Re(I)
complexes

Coordination of Re(I) to helical DPPZ-type ligand 6,
using Re(CO)5Cl in refluxing toluene, yielded com-
plex11. Contrary to ligand 6, it was possible to obtain
enantiomerically enriched samples of 11 on an ana-
lytical scale using the chiral HPLC separation tech-
nique [20]. The (P) and (M) helical configurations
were confirmed by (TD)DFT calculations. However,
these systems may exist in two octahedral diastere-
omeric forms differing in rhenium-centered chiral-
ity ((B, Cre)-11-1 and (B, Age)-11-2 and their mirror
images), but they could not be clearly distinguished
in this particular case. This outcome suggested ei-
ther a weak differentiation between both diastere-
omers, a potential dynamic equilibrium in solution,
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Figure 3. (a) Optimized structures of (P)-6, (P, Cre)-11-1, and (P, Age)-11-2 with relative electronic energy
AE values (in kcal/mol) and respective Boltzmann populations at 298 K. (b) FMOs of (P)-6 and (B, Cge)-11
obtained based on LC-PBE0*/def2-TZVP/PCM(CH,Cl,) calculations. Values listed are the corresponding
orbital energies (in eV). (c) Experimental ECD spectra of 11 enantiomers in CHCl, at rt, along with the
corresponding simulated (TDDFT-LC-PBE0*/def2-TZVP/PCM(CH,Cl,)) spectral envelopes obtained for
(P,Cre)-11-1 and (P, Age)-11-2. Selected numbered excitation energies and the corresponding rotatory
strengths obtained for (B, Cge)-11-1 indicated as “stick”. (d) Experimental photoluminescence spectra of
11 in CH,Cl, at rt and in 2-MeTHF at 77 K. Inset: Enlarged spectra. Adapted with permission from

Ref. [20].

or a preferential formation of one stereoisomer un-
der the synthetic conditions, as already seen in the
complexes described above. Complex 11 exhibited
very similar UV-Vis absorption in the higher-energy
region as for the ligand (Figure 3 and Table 1) but
with an additional tail of absorption going down to
575 nm due to the presence of the rhenium atom.
TDDFT calculations and MO analysis of 6 highlighted
the presence of strong charge-transfer transitions
([4]helicene—pyrazino-phenanthroline) in addition
to the classical —mt* transitions (Figure 3b), while
for 11 they revealed similar electronic characteristics
corresponding to almost pure HOMO—LUMO ILCT
transition with some helicene-centered -7t* signa-
ture but with additional Metal-to-Ligand CT (MLCT)
component due to the involvement of the metal or-
bital. The emission spectra of 11 recorded in CH,Cl,
at rt and in 2-MeTHF at 77 K (Figure 3d) were nev-
ertheless found to be mainly influenced by the ligand

scaffold with rather minimal impact of the metal cen-
ter on the photophysical properties but with a quan-
tum yield (® = 2%) which was found one order of
magnitude higher than for the previously reported
neutral mononuclear rhenium-bipyridine-helicene
complexes (0.1-0.3%, see above) although lower than
for the charged systems (8.3-16%, see above) and the
rhenium-NHC-helicene complexes also described
by our group (5-13%) [26,27]. Similarly to 6, emis-
sion decay of 11 was found bi-exponential, with a
faster lifetime component at 1.2 ns (87%) and a more
extended lifetime component of 7.6 ns (13%). The
observed lifetime was much shorter than that re-
ported for rhenium-bipyridine-helicene complexes
(25-38 ns) (Table 1) indicating again that the emis-
sion predominantly originated from the ligand itself
with small contribution of the rhenium. Regard-
ing the chiroptical properties, complex 11 exhibited
mirror-image ECD and CPL spectra (Figures 3c, d).
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In ECD, (P)-11 enantiomer exhibited mainly four
bands, a negative one around 240 nm, and three pos-
itive ones between 311 and 540 nm. The (P) and (M)
assignments were based on theoretical calculations.
However, calculations showed similar ECD spectra
for (P, Cre)-11-1 and (P, Age)-11-2 preventing any fur-
ther assignment about the rhenium stereochemistry.
CPL signals of 11 were examined both at rt in CH»Cl,
and at 77 K in 2-MeTHE At rt, the CPL signal cor-
related with the ECD signals, and (P)-11 showed a
positive CPL signal and a g, value of +2.3 x 1073
at 507 nm. Notably, the CPL signal was significantly
increased at 77 K, with a gy, value of +2.9 x 1072
at 560 nm and displayed a clear vibrational progres-
sion. Noteworthy, the gj,, was found to be stable
throughout the band suggesting that the emission at
77 K originated from a single excited state, which was
not the case at rt, as also indicated by the presence of
bi-exponential decay.

4. Conclusion

In this review, we have described helicenic organic
bipy- or phen-type fluorophores and their use as
efficient N, N ligands for coordination to rhenium(I)
heavy transition metal centers. This strategy en-
abled us to generate enantiopure or enantioenriched
fac-ReX(bpy)(CO)3-type complexes for which the
structure and stereochemical features were carefully
analyzed. Furthermore, this gave access to helically
chiral absorbers and phosphorescent derivatives
with strong experimental ECD responses, substan-
tial CPL activity, and long-lived emission. Their
photophysics and chiroptics were studied in de-
tail by theoretical calculations, allowing character-
ization of CT/m-mt* transitions in the ligands, and
additional MLCT, XLCT, and ligand-to-ligand CT
(LLCT) in the complexes. Further molecular engi-
neering enabled access to optimized chiral phos-
phorescent compounds. Indeed, going from neu-
tral to charged complexes led to significantly im-
proved photophysical characteristics, especially
improved quantum yields and much longer-lived
emission, while lowering the temperature signifi-
cantly improved the CPL response, with emission
dissymmetry factors increasing by one order of mag-
nitude (from ~1073 to ~1072). Overall, we think
that such specific features in these unique helically
shaped heavy-metal complexes provide potentially

important future applications, notably in the do-
main of photoactive catalysts such as in the use of
rhenium tricarbonyl bipy complexes for CO2-to-CO
reduction [28-30]. This work is currently ongoing in
our group.
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1. Introduction

Since the discovery and the structure determination
of the parent molecule [1-4], ferrocenes have at-
tracted considerable interest from synthetic chemists
due to their numerous applications [5-13], such as
catalysis [14-17], materials science [18,19], molec-
ular sensing [20,21], and bioorganometallic chem-
istry [22-25]. In addition to monosubstituted fer-
rocenes, which can be synthesized from ferrocene
via aromatic electrophilic substitution [26] or depro-
tometalation/trapping sequences [27,28], polysub-
stituted structures may be required for targeted ap-
plications [29-33]. Among the most commonly used
motifs, 1,1'-disubstituted derivatives are often ob-
tained by double deprotolithiation of ferrocene [34],
while 1,2-disubstituted derivatives are typically pre-
pared by directed functionalization of monosubsti-
tuted ferrocenes [35-38].

As a bulky electron-rich aromatic, ferrocene tends
to reduce the electrophilicity of the attached func-
tional group [39,40]. However, although ferrocene
ketones are readily accessible by Friedel-Crafts
acylation of ferrocene [41], exploiting this change
in reactivity to promote their functionalization by
deprotometalation/trapping sequences has rarely
been explored. In 2000, Enders and coworkers con-
verted ferrocene ketones to enantiopure hydrazones
(e.g., using (5)-1-amino-2-methoxymethylpyrrolidine,
SAMP) in order to achieve their diastereoselective
functionalization by deprotolithiation/trapping se-
quences [42]. A similar approach was later devel-
oped by Top and coworkers using chiral imines de-
rived from ferrocene ketones [43].

To our knowledge, the only study concerning
the direct functionalization of ferrocene ketones
using lithium bases was reported by Enders and
coworkers, who subjected enantiopure diferrocenyl
ketones to s-BuLi in the presence of N,N,N’,N’-
tetramethylethylenediamine (TMEDA) in toluene
at —78 °C for 9 h, prior to interception with vari-
ous electrophiles [44]. However, the reactivity of
the function toward nucleophiles was probably af-
fected by the presence of the two organometallic
cores, and the behavior of this particular substrate
may not reflect the behavior of aroylferrocenes in
general. Thus, when benzoylferrocene was treated
with sodium zincate (TMEDA)Na(TMP)Zn(¢-Bu),
[TMP = 2,2,6,6-tetramethylpiperido] in hydrocarbon

solvents at room temperature, mixtures of products
were observed, some resulting from deprotonation
(mediated by TMP) of the ferrocene core at the site
adjacent to the ketone, others from competitive 1,2-
and 1,6-addition reactions [45].

In 2010, we reported a synthesis of 1-benzoyl-2-
iodoferrocene in 36% yield using a base generated
in tetrahydrofuran (THF) from LiTMP (1.5 equiv)
and CdCl,-TMEDA (0.50 equiv) [46]. Here, our
goal is to evaluate an approach using the less toxic
ZnCl,-TMEDA for the functionalization of ferrocene
ketones and to investigate the development of an
enantioselective version.

2. Results and discussion
2.1. Preliminary considerations

Our aim in this study was twofold: firstly, to iden-
tify suitable conditions to functionalize ferrocene ke-
tones by deprotometalation, and secondly, to under-
stand the regioselectivity observed during this reac-
tion. Indeed, most of the ferrocene ketones studied
here have two to four sites that can be functionalized
in the presence of organometallic bases.

Our approach involved the use of a hin-
dered lithium amide, LiTMP, in THF containing
ZnCly-TMEDA as an in-situ trap [47]. While many
deprotometalations using lithium dialkylamides are
under thermodynamic control [48], those using the
strong base LiTMP can also lead to derivatives func-
tionalized next to a coordinating element, probably
via pre-metalation complexes (complex-induced
proximity effect) [49,50] or/and rate-limiting transi-
tion states (kinetically enhanced metalation) [51,52],
or benefiting from favorable hydrogen charges (over-
riding base mechanism) [53-56]. This is particularly
true when using an in-situ trap, as we intended to do.

Therefore, to get an idea of the kinetic acidity
of the ferrocene ketones selected for the present
study, we calculated (see computational details in
Supplemantary material) the atomic charges of a
few representative examples by natural population
analysis (NPA), with and without oxygen coordina-
tion to lithium of LiNMe, chosen as model base.
For benzoylferrocene (1-Ph), the most acidic hydro-
gens were found on the substituted cyclopentadienyl
ring of ferrocene, on either side of the benzoyl group
(Figure 1, 1-Ph). Further calculations of NPA charges
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Figure 1. Natural-population-analysis charges on hydrogen atoms in the isolated molecule of benzoylferrocene (1-Ph) and impact
of coordination to lithium on these charges (complex of 1-Ph with LiNMey).

for all hydrogen atoms of the two substituted rings
of the complex 1-Ph:-Li showed comparable results
(Figure 1, 1-Ph-Li). A similar tendency was observed
for the other substrates (Figure S1, in Supplementary
material).

However, formation of the thermodynamic prod-
uct can also be observed in reactions using strong
lithium dialkylamides such as LiTMP [57-59]. We
therefore also calculated significant pK, values for
several aroyl ketones in THF within the DFT frame-
work [60-63] (see Figure S2 in Supplementary ma-
terial for a complete list). As shown on Figure 2a,
the lowest pK, value for 1-Ph corresponds to the fer-
rocene site next to the carbonyl group. Coordinat-
ing the ketone to LiNMe, (1-Ph:Li, to mimic the sta-
bilizing effect that the function exerts on the lithi-
ated derivative formed) also seemed to show that
the most stable lithium species was the one depro-
tonated next to the carbonyl group on the ferrocene
side (Figure 2a, 1-Ph:-Li).

The introduction of electron-withdrawing sub-
stituents such as Br or CFs on the phenyl group
(with compounds 1-pBrPh and 1-pCF3Ph) sig-
nificantly decreased the pK, values at their adja-
cent positions (Figure 2b). However, coordination
to LiNMe, restored the desired reactivity, and the
species deprotonated on the ferrocene side appeared
to be the most stable. A similar, although less pro-
nounced, effect can be noticed for 1-pOMePh (Fig-
ure 2¢). Finally, in the case of (2-pyridoyl)- and
(2-benzothienoyl)ferrocenes (1-2Py and 1-2BTh),
the calculations showed different behaviors, with
lithium derivatives being more stable when depro-
tonation occurs on the heterocycle side (Figure 2d).
Furthermore, unlike the other benzoylferrocene
compounds considered, the conformation adopted
by these heterocyclic compounds has a clear impact
on their computed pKj; values (see Figures S3 and S4
in Supplementary material).

All these data suggest that it should be possi-
ble to functionalize most of these derivatives next
to the ketone on the ferrocene core, while (het-
eroaroyl)ferrocenes could afford derivatives func-
tionalized on the heterocycle side. With these predic-
tions in mind, we then subjected our selected com-
pounds to the planned deprotometalation/trapping
sequences.

2.2. Functionalization of ferrocene ketones

Various ferrocene ketones have been prepared in
the frame of this study (for details, see Supple-
mentary material). Most of the aroylferrocenes
were obtained by Friedel-Crafts acylation, by
adapting reported procedures [64-66]. A few
other ferrocene ketones were synthesized either
by action of lithioferrocene onto the Weinreb
2,2,2-trifluoroacetamide (compound 1-CF3; see
Scheme 7) [67] or by reacting heteroarylmetals with
the Weinreb amide of ferrocene [68] (compounds
1-2Py and 1-2BTh).

Benzoylferrocene (1-Ph) was chosen to optimize
the reaction using LiTMP in the presence of an in-
situ trap [47]. We first tested the use of the putative
Zn(TMP);, (generated from 1 equiv of ZnCl,- TMEDA
and 2 equiv of LiTMP) as an in-situ trap [69] in
the reaction of 1-Ph with LiTMP (1.1 equiv) in THF
at —20 °C. After subsequent trapping with iodine,
the expected product 2-Ph was obtained in a mod-
erate 55% yield although almost complete conver-
sion was obtained (<4% 1-Ph recovered). Replac-
ing Zn(TMP), with ZnCl,-TMEDA (1.1 equiv) fa-
vored the formation of 2-Ph, isolated in 72% yield
(91% using 2.2 equiv of LiTMP) (Scheme 1, Equa-
tion (1)). The intermediate ferrocenylzinc was also
engaged in a Negishi cross-coupling [70,71] with 2-
chloropyridine. Thus, the use of catalytic amounts
of PdCl, and 1,1’-bis(diphenylphosphino)ferrocene
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Figure 2. Values of pK, calculated for ferrocene ketones in THF (an asterisk means that deprotonation in the corresponding
position is predicted to lead to interring rotation in order to reduce electron repulsion), and impact of coordination to lithium on

these values (complexes with LiNMey).

(dppf) [72] led to the expected heteroarylated prod-
uct 3-Ph (37% yield) (Scheme 1, Equation (2)).

We next attempted to use chlorotrimethylsilane
instead of ZnCl,-TMEDA as the in-situ trap, but we
failed to observe the formation of the expected fer-
rocenylsilane under these conditions. We also tried
to replace benzoylferrocene (1-Ph) by (phenylcar-
bonothioyl)ferrocene (4-Ph), prepared by reacting

the former with Lawesson’s reagent [73]. However, as
already observed in the case of thionoesters [74], the
iodinated derivative was not detected, while we re-
covered 20% of 4-Ph and 29% of 1-Ph.
Functionalization at position C-2 of aroylfer-
rocenes was then carried out starting from three dif-
ferent (methoxybenzoyl)ferrocenes, e.g., 1-oOMePh,
1-mOMePh, and 1-pOMePh. As shown in Scheme 2,
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Trap = Zn(TMP)s,; X
Trap = ZnCl,-TMEDA; x
Trap = ZnCl,- TMEDA; x

1.1
1.1
2.2
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1) ZnCl,-TMEDA (1 equiv)
LiTMP (1.1 equiv)
THF, -20°C, 1 h

1-Ph 0 (eq. 2)
2) 2-CIPy (1.5 equiv)
PdCl, (8 mol%)
dppf (8 mol%)
THF, 80 °C, 16 h

<o

3-Ph (37%)

Scheme 1. Functionalization of benzoylferrocene (1-Ph) by deprotolithiation with in-situ trap, followed by either iodination or

Negishi cross-coupling.

the amount of base was advantageously increased
from 1.1 to 1.5 equiv, enabling the isolation of io-
dides 2-00MePh, 2-mOMePh, and 2-pOMePh in
yields ranging from 82 to 94%. Functionalization of
(methoxybenzoyl)ferrocenes at C-2 is therefore con-
sistent with the calculated pK, values of 1-pOMePh
after coordination to lithium (Figure 2c). In the
case of (4-tert-butylbenzoyl)ferrocene (1-ptBuPh),
derivative 2-ptBuPh was produced in a high 94%
yield using 2 equiv of base. Even for the (chloroben-
zoyl)ferrocenes 1-oCIPh, 1-mCIPh, and 1-pCIPh, the
functionalization took place at the ferrocene site next
to the carbonyl group, producing iodides 2-0ClPh,
2-mClIPh, and 2-pClPh in yields of 51-64%.

The results were different for the other (halo)ben-
zoylferrocenes. In the (bromoaroyl)ferrocene se-
ries, all the derivatives obtained resulted from the
functionalization next to the ketone function. How-
ever, the iodoferrocenes were formed less efficiently
(2-0BrPh > 2-mBrPh > 2-pBrPh), and iodination
of the aryl ring was even mainly observed in the
case of 2-pBrPh (2'-pBrPh, >50% yield; Scheme 3).
This outcome could be rationalized by the combined
effects of the ketone function, which promotes de-
protolithiation at its neighboring sites, and bromine,
which exerts a long-range acidifying effect [75].
This is consistent with the pK, values calculated for
1-pBrPh-Li, which are similar for positions C-2 and
C-2' (Figure 2b). A similar trend was noticed in the
(trifluoromethyl)ferrocene series, which probably
results from the acidifying properties of the trifluo-
romethyl group in the ortho, meta, and para posi-
tions [56,76] (Scheme 3). For 1-pCF3Ph-Li, the pK,
difference between positions C-2 and C-2' is slightly
greater than in the case of 1-pBrPh:Li (Figure 2b),
which could explain the predominance of 2-pCF3Ph,
functionalized on the ferrocene side.

In contrast to bromine and trifluoromethyl,
fluorine is known to be a short-range acidifying
group [76,77]. As a consequence, when (2-fluoroben-
zoyl)ferrocene (1-0FPh) was treated under the same
conditions, the expected product 2-oFPh function-
alized on the ferrocene ring (41% yield) was ac-
companied by (2-fluoro-3-iodobenzoyl)ferrocene
(2'-0FPh, 6% yield) and 1-(2-fluoro-3-iodobenzoyl)-
2-iodoferrocene (2"-0oFPh, 18% vyield), both due
to competitive reactions next to the halogen
(Scheme 4).

Coordination of (2-pyridoyl)- and (2-benzo-
thienoyl)ferrocenes (1-2Py and 1-2BTh) to lithium
decreases their pK, values at position C-3’ by several
units, making these sites more prone to deprotomet-
alation than those in position C-2 (Figure 2d). For
ferrocene 1-2Py, the calculated pK; difference is
about three units, while it reaches six units for fer-
rocene 1-2BTh. As a result, in these two cases, the
main products obtained are iodinated on the hetero-
cycle with 2'-2Py (26% yield) and above all 2'-2BTh
(>50% yield). Products monoiodinated on ferrocene
were not observed, but the diiodides 2”-2Py and
2-2BTh, probably resulting from double depro-
tometalation/trapping, were isolated in ~10% yield
(Scheme 5).

Cinnamoyl- and (phenylpropioloyl)ferrocenes
(1-CH=CHPh and 1-C=CPh) were also involved
in the reaction for the purpose of comparison
with 1-Ph. The expected products were obtained
in both cases, but with lower yields than those ob-
served with 1-Ph. Compound 2-C=CPh was pro-
duced in a higher yield (48%) than 2-CH=CHPh
(only 25%), probably due to higher sensitivity of
1-CH=CHPh (only 17% recovered) to nucleophilic
attacks, leading to unidentified decomposition prod-
ucts (Scheme 6).
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Scheme 2. Regioselective functionalization of aroylferrocenes at C-2 by deprotolithiation with in-situ trap, followed by iodination.
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followed by iodination.
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Scheme 4. Functionalization of (2-fluorobenzoyl)ferrocene by deprotolithiation with in-situ trap, followed by iodination.
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Scheme 6. Functionalization of cinnamoyl- and (phenyl-
propioloyl)ferrocenes by deprotolithiation with in-situ
trap, followed by iodination.

Finally, we compared the reactivities of [(triflu-
oromethyl)carbonyl]ferrocene (1-CF3) and (tert-
butylcarbonyl)ferrocene (1-#Bu) under these con-
ditions. As the question of regioselectivity does not
arise, 1-tBu was treated with 1.1 or 2.2 equiv of
LiTMP to provide, after subsequent trapping, the
expected iodide 2-#Bu in high yield (75-95%). How-

1)ZnCI2-TMEDA
(1 equiv)

LiTMP (x equiv)

THF, -20°C, 1 h

-

T
Fle
@ © 2) I, (x equiv) ©® o
1-tBu 20°Ctort o tBux=1.1(75%)
X =2.2 (95%)
1) ZnCl,-TMEDA
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LiTMP (x equiv)
CFs THR 20°C,1h L CF3

3 @

]
© 2) 1, (x equiv) 0
Fs 20°Ctort o CFyx=1.1(38%)
= 2.2 (8%)
Scheme 7. Functionalization of [(trifluoromethyl)

carbonyl]- and (tert-butylcarbonyl)ferrocenes by depro-
tolithiation with in-situ trap, followed by iodination.

ever, while the use of 1.1 equiv of LITMP on 1-CFg af-
forded 2-CFj3 (as an inseparable mixture with 1-CF3)
in an estimated 38% yield, using an excess of base
was detrimental to the reaction outcome (Scheme 7).
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Ferrocene ketones being prochiral substrates,
their enantioselective functionalization is expected
to deliver enantio-enriched 1,2-disubstituted deriva-
tives [78]. Enantioselective deprotolithiation of fer-
rocenes substituted by aminomethyl [79,80] and
dimethylamino [81,82] groups, as well as hindered
tertiary carboxamide [83-86] or even triflone [87], us-
ing alkyllithium-chiral ligand chelates (e.g., n-BuLi-
sparteine), represents an important achievement in
this field. However, as such chiral nucleophilic bases
would be barely compatible with a sensitive ketone,
we evaluated another approach involving a chi-
ral, non-nucleophilic lithium dialkylamide {lithium
di[(S)-1-phenylethyllamide, (S)-PEALi} in the pres-
ence of an in-situ trap, as initially documented by
Simpkins [88] and later extended to sensitive fer-
rocene carboxamides and esters [74,89,90]. Regard-
ing the nature of the in-situ trap [91], we selected
ZnCly-TMEDA as well as the putative zinc diamide
{(S)-PEA},Zn, obtained in situ from (S)-PEALi and
ZnCl,-TMEDA in a 2:1 ratio, given their superiority in
studies already carried out in the group [87,92].

To optimize the reaction, a solution of ketone 1-Ph
and ZnCl,-TMEDA (1 equiv) in THF was treated with
(9)-PEALI (2.2 equiv) at various temperatures (0, —20,
—50, and —80 °C) before iodolysis (Scheme 8, Equa-
tion (1)). Whereas lower yields of 2-Ph were recorded
at =50 °C and even lower at —80 °C, the best enantios-
electivities were observed at 0 or —20 °C but did not
exceed 38% enantiomeric excess (ee) in favor of the
Rp enantiomer, as revealed by the growing of crystals
suitable for X-ray diffraction (XRD) analysis (Fig-
ure 3). No change in ee was noticed by using either
(R)-PEALI instead of (S) or a shorter contact time.
We next attempted the reaction using our alternative
in-situ trap, {(S)-PEA}»Zn, instead of ZnCl,-TMEDA
(Scheme 8, Equation (2)). The reactions were thus
repeated at —20 and —80 °C, affording the major Rp
enantiomer in a slightly improved 44% ee and yields
of 60 and 35%, respectively, due to important re-
covery of 1-Ph at the lowest temperature. In a last
attempt to improve the enantioselectivity, THF was
replaced by 2-methyltetrahydrofuran (2-MeTHF),
which was found helpful in processes involving sen-
sitive species in asymmetric transformations [93].
However, whether using ZnCl,-TMEDA at —20 °C
or {(S)-PEA},Zn at —80 °C as an in-situ trap, signif-
icantly lower yields (from 69 to 40% and from 35 to
3%, respectively) and enantioselectivities (from 38

On,C3 Ca W

Figure 3. Molecular structure of compound Rp-2Ph in
the solid state. Thermal ellipsoids shown at the 30% prob-
ability level. Selected bond lengths (A) and angles (°): C10-
C11 =1.475(3), C6-11 = 2.082(2), C10-Cg2---Cgl-C3 = 2.74
(Cgl being the centroid of the C1-C2-C3-C4-C5 ring and
Cg2 the one of the C6-C7-C8-C9-C10 ring), Cg2-C6-11 =
175.62, C6-C10-C11-012 = 15.8(4), 012-C11-C13-C14 =

25.9(3).

to 18% ee and from 44 to 4% ee, respectively) were
recorded.

Reactions using ZnCl,-TMEDA as an in-situ trap,
being considerably easier to implement, were per-
formed at —20 °C to explore the behavior of a selec-
tion of ferrocene ketones in asymmetric deprotolithi-
ation (Scheme 9). The yields recorded for these reac-
tions using (S)-PEALIi were generally lower than those
obtained with the same amount of LiTMP, which
can be explained in most cases by the lower reac-
tivity of (S)-PEALi. Using these conditions, ketones
1-CH=CHPh and 1-C=CPh only afforded mixtures
of unidentified products. The ferrocenyl versus aryl
deprotonation selectivities were the same, notably
with the competitive formation of derivatives iod-
inated on the aryl group in the case of 1-pBrPh,
1-0FPh, 1-mCF3Ph, and 1-pCF3Ph. The enantiose-
lectivities remained modest at best, ranging from 0%
for the sterically hindered ketone 1-0oCF3Ph to 60%
for the trifluoromethylketone 1-CF;z. Pleasingly, crys-
tallization of 2-oBrPh afforded an enantiopure prod-
uct (see Supplementary material), and XRD analysis
validated the expected Rp configuration.

Slightly disappointed by these results, we next
turned our attention to a diastereoselective approach
and prepared the enantiopure ferrocene ketone Rp-5
from [(S)-1-(dimethylamino)ethyl]ferrocene (Ugi’s
amine) [94,95] (Scheme 10). Further treatment
of Rp-5 with LITMP (2 equiv) in THF containing
ZnCly-TMEDA (1 equiv) at —20 °C before iodolysis
afforded the expected iodoferrocene Rp-6 as a sin-
gle diastereoisomer, albeit in a low 20% yield due
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Scheme 8. Enantioselective functionalization of benzoylferrocene (1-Ph) by deprotolithiation using the lithium di(1-
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Scheme 9. Enantioselective functionalization of ferrocene ketones by deprotolithiation using the lithium di(1-phenylethyl)amide
(S)-PEALI with ZnCly-TMEDA as an in-situ trap. (a) 2/ -pBrPh also obtained in 50% yield. (b) 2'-mCF3Ph also formed in 8% yield.
(c) 2'-pCF3Ph also formed in 16% yield. (d) 2-0FPh (23% yield) and 2" -0FPh (15% yield, 28% ee) also formed. (e) Reaction carried

out by using (S)-PEALI (1.1 equiv) and I (1.1 equiv).

to recovery of Rp-5 (about 20%) and formation of
unidentified byproducts (Scheme 10).

In 1991, Olah and co-workers reported the ring
tert-butylation of benzophenones by successive ac-
tion of #-BuLi in THF at very low temperature and
SOCl, [96]. Inspired by these results, we similarly
treated Rp-5 with #-BuLi at —80 °C for 15 min before

addition of I, to either intercept a deprotometalated
species or oxidize a 1,6-adduct. Pleasingly, we were
able to isolate the 1,6-addition/rearomatization
product Rp-7 in 61% vyield (Scheme 11, Equa-
tion (1)). A similar result was recorded from ben-
zoylferrocene (1-Ph), with 1-ptBuPh obtained in
80% yield (Scheme 11, Equation (2)).
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Scheme 10. Diastereoselective conversion of Ugi’s amine to the ketone Rp-5 and further conversion to the enantiopure iodoke-

tone Rp-6.
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Scheme 11. Ring rert-butylation of Rp-5 and 1-Ph.

In the course of their studies on the reactiv-
ity of organolithium compounds toward ketones,
Yamataka and coworkers obtained both the prod-
ucts coming from the 1,2-addition (65%) and the
1,6-addition/rearomatization (28%) by reacting ben-
zophenone with ¢-BulLi in Et,O at 0 °C [97]. The use
of various tert-butylzinc species in order to achieve
para-selective tert-butylation of benzophenone [98-
100] and other (hetero)aromatic ketones [101] has
also been extensively studied. In our case, the major
1,6-addition observed by simply using z-BuLi could
be explained by the lower electrophilicity of the ke-
tone and the higher steric hindrance generated by the
ferrocene core when compared with benzophenone.

Whether using #-Buli [97] or tert-butylzinc
species [102], all the studies of this reaction have
pointed out a single electron transfer mechanism
from the alkylmetal to the ketone. Applied to 1-Ph,
the formation of 1-ptBuPh could unfold as depicted
in Scheme 12.

2.3. Post-functionalization toward polycyclic
compounds

Some of our iodinated ferrocene ketones were
next engaged in metal-promoted transformations,

1) t-BulLi (1.1 equiv)
THF, -80 °C, 15 min

Y
F:e
>0

1-ptBuPh (80%)

eq. 2)

1-Ph
2) 15 (1.1 equiv)
-80 °C, 15 min

and post-functionalization by Suzuki-Miyaura
cross-coupling [103,104] was first considered
from 2-Ph. The reactions were carried out with
4-methoxyphenyl- and 3-thienylboronic acid, un-
der conditions previously tested [105,106] (2 equiv
CsF [107], 5 mol% Pd(dba), (dba = dibenzylidene-
acetone) and 20 mol% SPhos (2-(dicyclohexyl-
phosphino)-2',6'-dimethoxybiphenyl) [108] in re-
fluxing toluene), to afford the derivatives 8a and
8b (Scheme 13, Equation (1) and (2)). A Sono-
gashira cross-coupling [109] was next attempted
with (trimethylsilyl)acetylene, under conditions pre-
viously reported [40,110] [4 mol% Pd(P#Bus), and
4 mol% Cul in THF-iPr,NH at rt]. Although the
expected product 9 was obtained in a low 21% yield
due to 55% recovery of 2-Ph (Scheme 13, Equa-
tion (3)), it could be a promising substrate for access-
ing biologically active ferrocene derivatives such as
prostaglandin analogues [111].

In the last decade, ferrocenes fused with hete-
rocycles such as pyridine [112], 4-pyridone [112],
and 4-piperidinone [113] have appeared as priv-
ileged structures for different applications [114].
With the aim of preparing a sulfur-containing
related compound and inspired by similar re-
action in the benzene series [115], we reacted
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Scheme 13. Suzuki-Miyaura and Sonogashira cross-coupling reactions from 2-Ph.
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] XxPh  KSC(=S)OEt (2 equiv)
Fe Cu(OAc), (0.5 equiv)
L0
DMSO, 70 °C, 16 h
2-CH=CHPh

Q

(47%, 70% de)

Scheme 14. Conversion of 2-CH=CHPh to the 2,3-dihydrothiopyrano(2,3]ferrocen-4-one 10.

(E)-1-cinnamoyl-2-iodoferrocene (2-CH=CHPh)
with potassium ethyl thioxanthate in the presence
of Cu(OAc); in dimethylsulfoxide (DMSO) at 70 °C.
Pleasingly, we were able to isolate the expected 2,3-
dihydrothiopyrano(2,3]ferrocen-4-one 10 in 47%
yield and 70% de (Scheme 14).

Ferrocene-fused quinoline derivatives are also
documented, and notably ferroceno[c]quinolines,
which can be synthesized from 2-iodoferrocene
carboxaldehyde [116]. As starting from a ketone
would provide a substituent in position C-6 of

this building block, we were keen to prepare such
derivatives from the iodinated ketone 2-pCF3zPh.
Inspired by previous results, it was treated with
4 equiv of 2-aminophenylboronic acid, 5 mol%
Pd(dba),, 20 mol% PPhs, and 2 equiv of CsF [107], to
which 2 equiv of Cs,CO3 were added for subsequent
cyclization in refluxing dioxane. This afforded the
original compound 11 in high yield (Scheme 15).
Condensed systems in which the cyclopentadi-
enyl ring of the ferrocene is annulated with a (het-
ero)aromatic moiety have seen renewed interest with
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Scheme 15. Suzuki-Miyaura cross-coupling from 2-pCF3Ph and subsequent cyclization into ferroceno|c]quinoline.
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q(l:, *Fle
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(87% using rac-BINAP)

Scheme 16. Conversion of 2’-2BTh to the polycyclic compound 12 by CH-functionalization.

the advent of palladium-catalyzed enantioselective
C-H bond activation [114]. Inspired by the synthesis
of ferrocene analogues of fluorenone documented by
You and coworkers [117], we finally attempted the
synthesis of the original thiophene-containing de-
rivative 12 from the iodinated compound 2'-2BTh.
To this purpose, our substrate was treated with
5 mol% Pd(OAc), 5 mol% (S)-BINAP [BINAP = 2,2’-
bis(diphenylphosphino)-1,1’-binaphthyl], 1.5 equiv
of Cs»CO3, and 0.3 equiv of pivalic acid in xylene at
60 °C. Pleasingly, the expected tetracyclic compound
13 was isolated in 92% yield and >99% ee, the Rp ab-
solute configuration being confirmed by XRD analy-
sis (Scheme 16).

2.4. Electrochemical characterization of selected
compounds

Although ferrocene ketones have been known since
the early days of ferrocene history [41], and indeed
helped Woodward and his team to coined the name
ferrocene [118,119], they have been scarcely studied
from an electrochemical point of view. Kutal et al.
reported an in-depth study of the link between the
spectroscopic properties and their electronic struc-
ture [120], while Gao et al. reported third-order
non-linear optical properties of some benzoylfer-
rocenes, supported by DFT calculations [121]. How-
ever, electrochemical analyses were not included in
these studies. The redox potential of a few ferrocene

ketones has been reported from time to time [122—
124], most of the work on benzoylferrocenes com-
ing from the work of Kleinberg et al. [125]. We were
therefore interested in investigating the electrochem-
ical properties of some ferrocene ketones prepared
during this work, initially focusing our attention on
the ketone reduction. Cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) were therefore
realized in dry, oxygen-free, dimethylformamide,
using n-BuyNPFg (0.1 M) as the supporting elec-
trolyte with a glassy carbon disk as working electrode,
an Ag/AgCl reference electrode, and a glassy carbon
rod as counter electrode (Table 1).

From benzophenone to 1-Ph, 1-pOMePh, and
1-tBu, the monoelectronic reduction of the ke-
tone, forming the radical anion species, was found
reversible and increasingly difficult to achieve, in
agreement with the increased electron-donating
properties of the group attached to the ketone. Re-
garding the effect of electron-withdrawing groups,
reduction is easier from the 2-pyridyl derivative
1-2Py than from the compounds 1-pCFsPh and
1-Ph, as one can have expected regarding the elec-
tronic properties of these aromatics. We also at-
tempted to push the reduction of 1-pCFzPh forward
to form the corresponding dianion species. However,
although we did observe a second reduction in DPV
(see Supplementary material), it did not appear to be
the expected formation of the dianion species, but
rather the reduction of the trifluoromethyl group,
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Table 1. Electrochemical data (in V) for the monoelectronic reduction of selected ferrocene ketones

Compound Epc? Epa® ipc/ ipa® Eyp°

Benzophenone -1.74 —-1.64 1.00 —-1.68

1-Ph -1.88 -1.79 0.99 -1.84

1-pOMePh -2.00 -1.87 1.36 -1.95

1-pCF3Ph -1.67 -1.51 nd© -1.75

1-2Py -1.68 -1.60 1.43 ~1.64

1-Bu -2.29 -2.15 1.20 -2.23

2-Ph -1.70 nd@ nd@ ~1.68

12 -1.36 -1.26 0.92 -1.30

L TP R = Ph | Q @

1-pOMePh R = CgH4-4-OMe

Fe 1-ZCF3Ph R = CZH::-4-CF3 @ °
< 1-2Py R =2-Py Fe o Fe  ©
1Bu  R=tBu & 2-ph = 12

Potential values given relative to Ag/AgCl, scan rate = 100 mV-s~!. ®From CV experiments.
PFrom DPV experiments. °A complex reduction process was observed. 9An irreversible

dielectronic reduction process was observed.

as reported by Perichon et al. and Savéant et al.
[126,127]. Due to the inductive effect of iodine, 2-Ph
was more easily reduced than benzoylferrocene
(1-Ph) by 0.16 V. However, the first dielectronic ir-
reversible process was immediately followed by a
second reduction at —1.84 V versus FcH/FcH™, cor-
responding to that of 1-Ph. We suggest that the initial
formation of the radical anion of 2-Ph was followed
by the cleavage of the carbon-iodine bond toward
the neutral radical 1-Ph°*, which was more easily re-
duced than the parent compound 2-Ph (Scheme 17).
The resulting anion 1-Ph~ would then be proto-
nated in situ to generate 1-Ph, which exhibited the
expected monoelectronic reduction at —1.84 V. The
fused tetracycle 12 was found to undergo an easy and
reversible monoelectronic reduction first, followed
by two irreversible reduction peaks, which might be
attributed to the reduction of the radical anion to the
corresponding dianion and to the reduction of the
benzothiophene core [128].

We next investigated the oxidation of the
organometallic core for the same compounds but
working in dichloromethane this time, in line with
our previous studies [92,129] (Table 2). The re-
dox potential of 1-Ph was measured first, and the
0.25 V value versus FcH/FcH* was found in good
agreement with the results of Herberhold and Jahn,

although their measurements were done in ace-
tonitrile instead of dichloromethane [123,124].
As expected, the redox potential of 1-Ph falls be-
tween the ones of 1-pOMePh and 1-pCFsPh due
to their respective electron-donating and electron-
withdrawing groups attached to the phenyl ring. The
thioketone 4-Ph was more easily oxidized than the
parent ketone (Ej /2 0.22 versus 0.25 V), probably due
to the stronger electron-withdrawing properties of
the former [130]. Surprisingly, the redox potential
of the pyridyl derivative (1-2Py) was 50 mV lower
than that of benzoylferrocene (1-Ph). Indeed, due to
the more pronounced electron-withdrawing prop-
erties of the pyridine ring, the reverse order was
expected. However, electronic repulsion between
the lone pairs of the ketone and the pyridine’s ni-
trogen might promote a conformation similar to the
one observed for 2-2Py (see below), avoiding the
full transmission of the pyridine’s electronic effect
to the ferrocene core. The ferroceno[clquinolines
11 was found easier to oxidize than any of the fer-
rocene ketones studied, probably due to the planar
structure of the tricyclic core and to the presence
of an imine instead of a ketone. In the ferrocene
series, it is usually possible to link the Ej;, value
of monosubstituted derivatives with the Hammett’s
parameter ap [122,131,132] and the E1/2 of polysub-
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Scheme 17. (a) Cyclic voltammetry of compounds 2-Ph (red) and 1-Ph (blue). (b) Putative mechanism for the electrochemical

conversion of 2-Ph into 1-Ph.

stituted compounds with the sum of ap or ap + am,
depending on the substation pattern [133-135]. Un-
fortunately, only a limited number of Hammett’s
parameters is known for ketones [130]. However, it
was still possible to find a correlation between the
recorded Ej;> values and the sum of ap parameters
for compounds 1-#Bu, 1-Ph, 2-Ph, and 1-CF3 with
the equation Ej;, = 1.8466 Za;, — 0.026 (R = 0.9857)
(see Supplemtary material).

2.5. Solid-state structures and weak interactions
of some ferrocenyl ketones

In the frame of this work, many ferrocene ketone
derivatives were found to produce crystals suitable
for XRD analysis, some of them deserving additional

comments. Regarding unsubstituted ferrocene ke-
tones, an eclipsed conformation of the ferrocene core
was identified in most cases and the substitution
pattern of the phenyl ring was found to have an
impact on the solid-state structure. For para- and
meta-substituted aromatics, the C=0 bond was
found tilted above the substituted cyclopentadi-
enyl (Cp) ring while the phenyl ring was slightly
inclined compared to the C=0 bond. However,
for ortho-substituted aromatics, the carbonyl was
found aligned with the Cp ring while the aromatic
was much more tilted, probably to reduce the steric
clash between the carbonyl group and the ortho sub-
stituent. The case of the three trifluoromethylated
derivatives is especially representative of this general
trend (Figure 4).
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Figure 4. Molecular structure of compounds 1-pCF3Ph (left), 1-mCF3Ph (middle), and 1-oCFgPh (right) in the solid state.
Thermal ellipsoids shown at the 30% probability level. Selected bond lengths (&) and angles (°) for 1-pCF3Ph: C10-C11 = 1.469(4),
C10-Cg2---Cgl-Cl1 = 4.71 (Cgl being the centroid of the C1-C2-C3-C4-C5 ring and Cg2 the one of the C6-C7-C8-C9-C10 ring),
C6-C10-C11-012 = 12.9(4), 012-C11-C13-C14 = 27.7(4); for 1-mCF3Ph: C10-C11 = 1.469(3), C10-Cg2---Cgl-C1 = 3.19, C9-C10-
C11-012 = 18.0(3), 012-C11-C13-C18 = 20.2(3); for 1-oCF3Ph: C10-Cl11 = 1.471(8), C10-Cg2-:--Cgl-C3 = 7.58, C6-C10-C11-012
=2.5(8), 012-C11-C13-C18 = 53.0(7).

Table 2. Electrochemical data (in V) for the oxidation of selected ferrocene ketones

Compound Epa? Epc® ipal ipc® EyjoP
1-Ph 0.30 0.20 0.88 0.25
1-pOMePh 0.27 0.17 0.84 0.21
1-pCF3Ph 0.34 0.24 0.75 0.29
1-2Py 0.26 0.17 0.89 0.20
1-tBu 0.25 0.16 0.90 0.22
1-CF3 0.50 0.40 0.81 0.44
4-Ph 0.29 nd© nd© 0.22
2-Ph 0.38 0.29 0.84 0.33
10 0.30 0.20 0.89 0.25
11 0.24 0.14 0.97 0.17
12 0.37 0.28 0.86 0.33
@\WR o e
Fl,e (0] Fle S Fle e} Q
= = ,pn < 2.Ph =3 S
1-Ph R =Ph <~ o
el ren D LS o S X
1-2Py R = 2-Py : 5 <N 12
1-tBu R =tBu Fe Fe < D
1-CF, R =CF; @710 <= y CF,

Potential values given relative to EcH/FcH™, scan rate = 100 mV-s~!. 2From CV experiments.
YFrom DPV experiments. “Irreversible oxidation was observed.

The iodinated derivative 2'-2Py further features electrostatic potential (o-hole) of iodine, acting as
an intermolecular halogen-oxygen bond resulting  the donor, and alone pair of the oxygen of the ketone,
from the interaction between the region of positive acting as the acceptor [136]. While such interactions



42 Madani Hedidi et al.

Figure 5. Halogen-oxygen bond observed in the solid state for compound 2'-2Py. Thermal ellipsoids shown at the 30% probability
level. Selected bond lengths (A) and angles (°) O12---12 = 3.051, 032---I1 = 3.061, C11-012---12 147.99, C31-032---11 146.03,

012.--12-C38 156.03, 032---11-C18 160.76.

are not usually observed with bare iodopyridines,
they are more common from iodopyridinium deriva-
tives in which the electron-withdrawing pyridinium
ring increases the electrostatic potential of the iodine
and thus the strength of the interaction [137,138]. In
2'-2Py, the ketone adjacent to the iodine atom is ex-
pected to have a similar effect, leading to a zigzag
halogen-bond network connecting all the molecules
in the solid state (Figure 5).

As expected, the introduction of the iodine next
to the ketone induced some structural changes in
the solid state, as observed between 1-pCF3Ph and
2-pCF3Ph (Figure 6). Indeed, to accommodate the
iodine atom, which was inclined by 4.9° above the
Cp ring, the C=0 bond was forced to move from its
tilted position to be aligned with the Cp ring. A large
change in the orientation of the phenyl ring was also
observed between the two structures.

The substitution pattern of the phenyl ring was
also found to influence the solid-state structures
of the iodoferrocene ketones. Indeed, except for
derivative 2-pCF3Ph, the C=0 bond was found tilted
from the Cp ring but aligned with the phenyl ring
for all the para-substituted derivatives, while the
contrary was identified for all the ortho-substituted
derivatives, probably for steric encumbrance rea-
sons. The 2-pOMePh and 2-00MePh structures de-
picted in Figure 7 nicely illustrate this trend. The
opposite behavior of 2-pCF3Ph might be rational-
ized in terms of substituent effects. Indeed, due to
its strong electron-withdrawing inductive effect, the

Figure 6. Molecular structure of compounds 1-pCF3Ph
(top) and 2-pCF3Ph (bottom) in the solid state. Thermal el-
lipsoids shown at the 30% probability level. Selected bond
lengths (A) and angles (°) for 2-pCF3Ph: C10-C11 = 1.49(1),
C9-T1 = 2.082(7), C10-Cg2---Cgl-C2 = 3.35 (Cgl being
the centroid of the C1-C2-C3-C4-C5 ring and Cg2 the
one of the C6-C7-C8-C9-C10 ring), Cg2—-C9-11 = 175.11,
C9-C10-C11-012 = -3(1), 012-C11-C13-C14 = —138.0(8).

trifluoromethyl group might favor the resonance be-
tween the Cp ring of the organometallic and the C=0
bond, which therefore need to be aligned. For the
other para-substituted aryl derivatives studied, all
substituents have a positive mesomeric effect which
might override the donating effect of the ferrocene
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Figure 7. Molecular structure of compounds 2-pOMePh
(top) and 2-00MePh (bottom) in the solid state. Ther-
mal ellipsoids shown at the 30% probability level. Se-
lected bond lengths (A) and angles (°) for 2-pOMePh: C10-
C11 =1.490(3), C6-11 = 2.089(2), C10-Cg2---Cgl-C2 = 3.12
(Cg1 being the centroid of the C1-C2-C3-C4-C5 ring and
Cg2 the one of the C6-C7-C8-C9-C10 ring), Cg2-C6-11 =
178.23, C6-C10-C11-012 = -33.5(3), 012-C11-C13-C18
= —1.1(3); for 2-pOMePh: C30-C31 = 1.492(7), C26-12 =
2.096(4), C30-Cg4---Cg3-C23 = 22.47 (Cg3 being the cen-
troid of the C21-C22-C23-C24-C25 ring and Cg4 the one
of the C26-C27-C28-C29-C30 ring), Cg4-C26-12 = 176.92,
C26-C30-C31-032 = -10.1(8), 032-C31-C33-C38 =

—105.7(7).

core, explaining why the C=0 bond is therefore
aligned with the phenyl ring.

From racemic 2-oCIPh, preferential crystalliza-
tion of the enantiopure Sp enantiomer was pleas-
ingly observed [139], allowing us to identify the
formation of a halogen—oxygen bond in the solid
state (Figure 8). Due to the electron-richness of
the organometallic core, iodoferrocenes are usually
not able to develop such interactions. However,
the presence of electron-withdrawing substituents
can substantially increase the positive electrostatic
potential of iodine’s o-hole. As a result, halogen
bond networks have been recently identified for
various iodoferrocenes substituted with sulfon-

amides [140], sulfonates [92], sulfoxides [141], sul-
fonyl fluoride [134], and triflones [87]. Similar bonds
were also observed for ferrocene iodoalkyne deriva-
tives [142]. In the case of Sp-2-0CIPh, having the
iodine and the ketone groups in a same plane and
pointing in the same direction led to a zigzag chain
of halogen—oxygen bonds with bonds lengths and
angles being in the range of classical values [136].

We were pleased to identify the two types of
halogen-halogen interactions in three of our iodo-
ferrocene ketones [143,144]. In the solid state, both
enantiomers of 2-pCIPh were identified in the crystal
structure, with the Rp enantiomer interacting with
the Sp enantiomer via a type Il iodine-iodine interac-
tion, characterized by two different C-I.--I angle val-
ues (Figure 9a). However, while the two enantiomers
of 2"-2BTh crystallized together in a similar manner,
a type I iodine—iodine interaction with similar C-I. - -I
angles was observed between the iodine atoms
attached to the benzothiophene moiety and not be-
tween those linked to the ferrocene core (Figure 9b).

From racemic 2-0BrPh, spontaneous resolu-
tion was observed and the two enantiomers were
separately isolated as conglomerates. As expected,
single molecules of each enantiomer were almost
similar in the solid state, both crystallizing in the
same tetragonal system, although in different space
groups. However, the most interesting characteristics
were observed having a closer look at intermolecular
halogen-halogen bonds for each enantiomer. In-
deed, the bromine of one molecule was found to
develop a type I interaction with the iodine atom
of another molecule, leading to the helix arrange-
ment of all molecules. While ferrocene derivatives
have previously been involved in the formation
of such structures [145-148], the involvement of
halogen-halogen interactions to structure the ar-
rangement is pretty unusual. The planar chirality of
the ferrocene core was further found to influence the
axial chirality of the helix, the Rp enantiomer giving
rise to a M helix (Figure 10a), while a P helix was
observed for the Sp enantiomer (Figure 10b).

It was finally possible to grow crystals of the
enantiopure tetracycle 12 suitable for XRD analysis
(Figure 11). Not only the solid-state structure val-
idated the expected Rp configuration of the com-
pound but it also allowed the identification of
chalcogen—chalcogen interactions [149,150]. In-
deed, a sulfur---sulfur interaction between two
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Figure 8. Halogen-oxygen bonds observed in the solid state for compound Sp-2-oCIPh. Thermal ellipsoids shown at the 30%
probability level. Selected bond lengths (A) and angles (°) 012---11 = 2.999, C11-012---11 139.63, 012---11-C9 173.64.

Figure 9. lodine-iodine interaction network observed in the solid state for compounds 2-pCIPh (top) and 2"-2BTh (bottom).
Thermal ellipsoids shown at the 30% probability level. Selected bond lengths (A) and angles (°) for 2-pClPh: 11---12 = 3.882, I1---12—
C26173.07, C6-11---12 73.43; for 2-pCIPh: 12.--12 = 3.772, 12. - -12-C14 137.38, C14-12---12 137.38.

molecules was likely to happen due to the S1---S2
distance below the van der Waals radii (3.54 versus
3.60 A) [151], although the various C-S---S angles
are shorter than expected, probably due to the rigid
fused-thiophene unit. The tetracyclic systems of the
two molecules composing the dimer were found
perpendicular and, although this arrangement is not

usual, it was previously identified in other benzoth-
iophene derivatives [152].
3. Conclusion

Here we have presented the first in-depth study of
the deprotolithiation of ferrocene ketones using a
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Figure 10. Iodine-bromine bond network observed in the solid state for compounds Rp-2-0BrPh (a) and Sp-2-0BrPh (b) and
sense of the helix formed. Thermal ellipsoids shown at the 30% probability level; hydrogen atoms omitted for clarity. Selected bond
lengths (A) and angles (°) for Rp-2-0BrPh: Brl---I1 = 3.594, C18-Br1---11 171.16, C9-11-- -Br1 98.79; for Sp-2-0BrPh: Br1-- 11 = 3.599,

C17-Br1---11 170.96, C9-11---Br1 99.35.

bulky, non-nucleophilic lithium amide, as well as
an in-situ trap to prevent nucleophilic attack of
the function by the ferrocenyllithium formed. The
expected iodoferrocene derivatives were obtained
in most cases although the presence of electron-
acceptor substituents on the aryl moiety was found
to reroute the functionalization on this cycle, in
agreement with our DFT calculations (pK, values af-
ter coordination to lithium).

The development of an enantioselective version
of the reaction was next attempted using a chiral
lithium amide. Although our best ee did not exceed
60%, the feasibility of this approach was demon-
strated. Finally, we took advantage of the installa-
tion of the iodine on the (hetero)aryl ring to reach
original ferrocene-fused heterocycles, including a
tetracycle obtained by enantioselective C-H func-
tionalization.
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Figure 11. Chalcogen—chalcogen bond observed in the
solid state for compound Rp-12. Thermal ellipsoids shown
at the 30% probability level. Selected bond lengths (A) and
angles (°): S1---S2 = 3.547, C13-S1---S2 124.90, C20-S1---S2
144.94, C63-S2---S1 105.11, C70-S2---S1 76.54, angle plane
(C9-C8-C7-C6-C10-C11-C13-S1-C20-C19-C18-C17-
C16-C15-C14)-(C56-C57-C58-C59-C60-C61-C63-S2—
C70-C69-C68-C67-C66-C65-C64) 89.24.

Given the significant potential of both ferrocene
ketones [65] and ferrocene-fused heterocycles [153],
the current study is expected to pave the way for fu-
ture work toward such compounds to promote their
application in various fields.
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1. Introduction summing up the state of the art on that topic [1,2].
Another important aspect of the solar-driven con-

Instead of being an undesired waste, CO, canbe con-  version of CO, into liquid or gaseous fuels is the

sidered as feedstock to be transformed into sustain-
able fuels replacing fossil fuels, which could be an in-
teresting alternative to limit both global warming and
depletion of fossil fuels. Because of high chemical
stability, the photocatalytic reduction of CO, is ther-
modynamically unfavorable under direct solar light
irradiation. Consequently, CO, photocatalytic reduc-
tion has been considered for a few years as a promis-
ing technology for converting CO, into light-driven
C-based compounds, as reported in several reviews

*Corresponding author

ISSN (electronic): 1878-1543

high-density storage of solar energy in the form of
chemical bonds, mainly C-H bonds. Thus, the non-
intermittent energy storage capacity of solar fuels has
become a very attractive solution.

The photocatalytic reduction of CO, can be
achieved in gas phase using solar energy at low
temperature. During photocatalysis, CO, and H,O in
humified air are utilized as initial reactants allowing
to simultaneously reduce CO, and oxidize H,O to
produce renewable fuel products without secondary
pollution [3,4]. Furthermore, water is considered
as being the most suitable hydrogen donor (mainly
implied as H" donor in CO; reduction steps).

https://comptes-rendus.academie-sciences.fr/chimie/
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Among the different reaction products that could
be obtained from CO, photocatalytic reduction and
knowing also that the energy content of oxygenated
compounds decreases as the oxygen content in-
creases (due to the relative decrease in C-H bonds
storing energy), methane (CH4) is one of the most
interesting products, as well as methanol. Nonethe-
less, as methanol’s photoreactivity is much higher
than that of CO,, leading to easy over-oxidation to
formaldehyde and formic acid, high selectivity to-
ward methane formation is preferred [5].

Amongst the huge variety of semiconductors and
composite materials investigated for CO, photocat-
alytic reduction in gas phase, TiO, often prevails due
to its chemical stability, moderate cost and resistance
toward corrosion [6-8]. However, its relative fast re-
combination rate of electron-hole pairs and limited
visible-light harvesting capacity (mainly in the UV re-
gion, <5% of the solar spectrum) are considered the
main limitations for solar light-driven gas-phase CO,
photocatalytic reduction in presence of water. In re-
cent years, several strategies have been carried out in
order to overcome these limitations, including mod-
ification of the morphology of TiO, [9,10], combina-
tion with other semiconductors [11-13] or elements
by means of mono-doping [14,15] or co-doping ap-
proaches [16,17], or loading with metal nanoparticles
(NPs), acting as electron sinks, cocatalyst or induc-
ing surface plasmon (SP) phenomena [8,18,19]. Be-
tween the different metal NPs used as cocatalysts and
exhibiting surface plasmon resonance (SPR) proper-
ties in the visible range, gold nanoparticles (Au NPs)
can be considered as among the most interesting NPs
for driving CH4 production from CO, gas-phase pho-
tocatalytic reduction in presence of water vapor as
reducing agent. Indeed, in addition to high inert-
ness in numerous environments, Au NPs exhibit a
high quality factor in visible light [20]. Moreover, Pt
NPs, because of their large work function (5.64 eV vs.
Evacuum), have also been considered as efficient co-
catalysts, the deposition of Pt promoting the migra-
tion of photoinduced electrons from TiO» to Pt thus
improving the photocatalytic reduction steps [21].
However, finding a cocatalyst with a low price, abun-
dant reserves (typically non-noble metals), and ex-
cellent catalytic performance is a crucial concern.

As an alternative, cocatalytic phases, earth-
abundant copper-based heterogeneous photocat-
alysts have received increasing attention for CO;

reduction, since copper is an inexpensive element
with multiple oxidation states, meaning that metal
and oxide particles can be formed and also con-
tribute positively to the photocatalytic process. Cop-
per oxide (CuO) and cuprous oxide (CuyO) have nar-
row band gaps of 1.7 eV [22] and 2.2 eV [23], respec-
tively, and can additionally act as photoactive phases
under visible light. Moreover, the introduction of
metallic Cu can improve the photocatalytic activity
when it is in contact with other semiconductors, act-
ing as CO; adsorption sites or as catalytic reduction
ones, and also achieving limitation of charge carrier
recombination by adding electron traps, yielding
the formation of a Schottky barrier [24]. Another
beneficial impact to be mentioned is the generation
of a SPR effect in visible light, knowing that SPR of
metallic Cu extends from UV-visible to near-infrared
(NIR) regions of the optical spectrum [25]. It is thus
necessary to maintain a good balance between the
different oxidation states of Cu, the main difficulty
consisting in keeping a sufficient proportion of Cu in
its metallic state. To do this, the development of ap-
proaches designed to mitigate oxidation, such as the
formation of bimetallic M—Cu NPs may be a promis-
ing solution. Moreover, it is fully admitted that Cu-
based bimetallic systems significantly promote ac-
tivation of the very stable CO, molecule. Although
it is known (by means of electrocatalysis or thermal
catalysis) that bimetallic Cu-based systems can ef-
ficiently improve CO, catalytic reduction, and that
the second metal plays various roles (morphological,
electronic transfer, reactant transfer, generation of
supplementary actives sites, intermediates adsorp-
tion/desorption) [26,27], these bimetallic systems
have been only scarcely studied in heterogeneous
photocatalysis for gas-phase CO, photoreduction in
presence of H,O.

Herein, M—-Cu (M = Ag, Pt, Pd, Au)/TiO, bimetallic
samples were prepared by impregnation/chemical
reduction methods, characterized and compared to-
ward gas-phase photocatalytic CO, reduction in hu-
mid atmosphere under artificial solar- and visible-
light illumination.

2. Results and discussion

2.1. Chemical composition

The real chemical compositions of Pt-, Cu-, Au-, Pd-
and Ag-monometallic as well as related bimetallic
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Table 1. Determination of total metal content, deposition yield, and bi-metallic composition from ICP-AES measurements

Sample Nominal tot.  Realtotal = Deposition Nominal M-Cu  Real M—Cu mol.
metal wt%  metal wt% yield % mol. composition composition
Pt/TiO, P25 2 1.99 99
Pd/TiO, P25 2 2.00 100
Au/TiO, P25 2 1.69 85
Ag/TiO, P25 2 1.81 90
Cu/TiO, P25 2 1.46 73
Pt—Cu/TiO, P25 2 1.72 86 50-50 59-41
Pd-Cu/TiO, P25 2 1.69 85 50-50 47-53
Au-Cu/TiO, P25 2 1.53 77 50-50 60-40
Ag-Cu/TiO, P25 2 1.62 81 50-50 49-51
Pt/TiO, UV-100 350 °C 1 1.00 100
Cu/TiO, UV-100 350 °C 1 0.70 70
Pt —Cu/TIO 1 0.99 99 20-80 21-79
Tx—Cuy, /1102
UV-100 350 °C 1 0.93 93 50-50 53-47
1 0.97 90 80-20 81-19
Pt.—Cu/TIO 1 0.90 99 20-80 20-80
't~ lly 102
UV-100 350 °C* 1 0.99 99 50-50 57-43
1 0.99 99 80-20 82-18

*stands for Pt—-Cu/TiO, UV-100 350 °C obtained by successive reduction method. The relative error is

estimated at 5%.

systems obtained by coreduction are reported in Ta-
ble 1. First, by considering the TiO, P25 support, one
can observe that on monometallic samples, the de-
position yield changed from 73 to 100%. The two no-
ble metals Pd and Pt showed the highest yield among
all. Ag deposition was also achieved with a very good
yield of 90%. It is worth mentioning that Cu exhibited
the lowest yield, close to 70%. Regarding the bimetal-
lic materials, Pt- and Pd-containing materials led to
77-86% yields, the lowest ones being obtained for
Au- and Ag—Cu/TiO, photocatalysts, already identi-
fied as more difficult to deposit as monometallics. It
is worth noting that the presence of Cu and the dif-
ficulty to deposit it onto the TiO, surface is detri-
mental to the deposition of a second metal. Never-
theless, even if Cu deposition is more difficult as a
monometallic system, the M—Cu molar composition
however was close to the expected one, assuming
that M—Cu interaction using a codeposition method
happened before deposition onto the support.

Globally, except for the Cu monometallic sample,
the total deposition yield onto the TiO, UV-100 350 °C
support was very important, higher than 90%. As
well as what was observed above for the TiO, P25
support, in terms of bimetallic molar composition,
the real compositions are close to the targeted ones,
meaning that despite the weaker interaction of Cu
with TiO, UV-100 350 °C when alone, this metal takes
advantage of the simultaneous presence of Pt.

2.2. Photocatalytic activity under simulated so-
lar light

From the photocatalytic activity of the Mgs—
Cup5/TiO, P25 bimetallic systems, one can un-
derline that the association with Pt resulted in the
best performance, considering both the reaction rate
and selectivity toward C-based products, namely
CH, formation (more than 40 umol'h_l'g_l) (Fig-
ure 1). With a production rate for CH; formation
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Figure 1. Gas-phase photocatalytic CO; reduction on (top left) 2 wt% Agp 5—Cug 5/TiO2 P25 (top right) 2 wt% Aug 5—Cug 5/TiO2
P25 (bottom left) 2 wt% Pty 5—Cug 5/TiO2 P25 (bottom right) 2 wt% Pdg 5—Cug 5/TiO2 P25. Comparison with the monometallic

counterparts.

of ca. 23 umol-h™!.g7!, and despite a selectivity

close to 100%, the Pdg5—Cug5/TiO, P25 photocat-
alyst exhibited a reaction rate almost twice lower
than the Pt-Cu-based one. The activity on Augs—
Cug 5/TiO, P25, although accompanied by almost to-
tal selectivity toward CHy4, was decreased to less than
15 umol-h™1-g~1. The lowest performance was ob-
served when associating Ag and Cu, in parallel with
a drastic decrease in selectivity. Among all the M-Cu
bimetallic systems, one has to underline that, except
for Pty 5—Cug5/TiO, P25, enhanced activity was ob-
tained compared to the monometallic counterparts,
even if the monometallic Cu/TiO, reference resulted
in poor activity. Beside this observation, we can
note that the Ag/TiO, and Cu/TiO, monometallics
led to very low activity and selectivity towards C-
containing molecules compared to the noble-metal
monometallic systems.

The two 2 wt% Pdg5—Cug5/TiO, P25 and 2 wt%
Pty 5—Cug 5/ TiO, P25 samples previously identified as
the most active in terms of production rate and se-
lectivity toward CH4 were further chosen to study
the influence of total metal content, molar compo-
sition, and TiO, support. Looking at the effect of
metal content varying from 1 to 3 wt%, a common
general trend emerged, while keeping the electronic

selectivity close to 100% (Figure 2). It was observed
that doubling total metal loading from 1 to 2 wt% re-
sulted in doubling the active sites that contribute the
most strongly to the rate-determining steps, with-
out impacting the reaction routes. However, increas-
ing further to 3 wt% led to a deviation with a non-
proportional increase in the reaction rate but, above
all, detrimental to selectivity toward the formation of
C-based compounds.

The evolution of both CH4 production rate and se-
lectivity as a function of molar composition (keep-
ing the metal content constant at 2 wt%) showed an
optimum close to 80-20 between Pd (or Pt) and Cu
(Figure 3). For this optimal composition, the result-
ing performance regarding CH4 production rate ex-
ceeded the one of the corresponding Pd (or Pt) ac-
tivity. Increasing further Cu content yielded a strong
decrease in activity, without impacting the selectivity,
however.

Whether for Pd—Cu or Pt-Cu bimetallic system,
a UV-100 support resulted in slightly higher activ-
ity, and lower selectivity than for TiO, P25. This
first feature can probably be attributed to the larger
surface area of the UV-100 photocatalyst, compared
to the P25 one. Moreover, it is worth mention-
ing that the CH,4 reaction rate notably increased
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Figure 2. Gas-phase photocatalytic CO, reduction on (left) Pdg 5—Cug.5/TiO2 P25 and (right) Pty 5—Cug 5/TiO2 P25 for 1, 2, and
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Figure 3. Gas-phase photocatalytic CO2 reduction on (left) 2 wt% Pdx—Cuy /TiO2 P25 and (right) 2 wt% Ptx—Cuy/TiOp P25, x = 0.2,
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Figure 4. Gas-phase photocatalytic CO reduction on (left) 2 wt% Pdg 5—Cug_5/TiO2 P25 and (right) 2 wt% Pt 5—Cug 5/TiO2, using

various TiO2 supports (x-axes).

with the UV-100 350 °C substrate, accompanied by
full selectivity. Knowing the lower surface area (ca.
140 m?-g~!) of TiO, UV-100 350 °C, compared to 315
m?-g~! for bare UV-100, this important enhancement

in activity is thus not correlated to this parameter,
but probably to the better crystallinity of TiO», which
might be beneficial for charge carrier dynamics (Fig-
ure 4).
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2.3. Photocatalytic activity under simulated vis-
ible light on 1 wt% PtyCuy/TiO, UV-100
350 °C

Subsequently, given that amongst the studied mate-
rials, 2 wt% Pt 5—Cug5/TiO, UV-100 350 °C sample
yielded the best photocatalytic activity and selectiv-
ity for CH, formation, further investigations were un-
dertaken with 1 wt% of total metal content, analyzing
in more details the Pt;Cu;, molar composition, i.e.,
Pto.g—Cug2, Pto5—Cug 5, and Pty »—Cugg, the deposi-
tion method, and targeting visible-light illumination
(Figure 5).

Comparing the effect of the addition order of the
metal precursors revealed the superiority of the core-
duction method (labeled A) over the successive one
(labeled B) (Figure 5). It must also be underlined that
all the synthesized Pt—Cu bimetallic samples showed
improved activity compared to their monometallic
counterparts under visible light activation. Look-
ing at the best 1 wt% coreduced bimetallics, the
Pty.g—Cup » material showed by far the highest perfor-
mance, amongst all compositions.

Looking further into the experimental CH4 pro-
duction rate in relation with the weighted combina-
tion of the respective activities of the monometallic
counterparts (Figure 5-right), it must be highlighted
that the Pt-Cu bimetallics exhibited a real synergy
provided that the composition was not too rich in
Cu. In addition, it should also be noted that on those
Pt-Cu/TiO, UV-100 350 °C materials, electronic se-
lectivity higher than 90% was obtained under visible-

light activation, unlike their monometallic counter-
parts (83% for 1 wt% Pt/TiO, and 61% for 1 wt%
Cu/TiO,, with the production of non-negligible CO
amounts).

2.4. Optical properties

2.4.1. Onthe TiO, P25 support

From the UV-Vis absorption spectra of the 2%
My 5Cup5/TiO2 P25 bimetallic samples (Figure 6),
one can observe that beside the contribution in the
UV region due to anatase TiO,, additional absorp-
tion occurred in the visible spectrum, extending from
400 nm to NIR, whose intensity and extent depend on
the metal associated to Cu.

The two noble-metal-based bimetallic systems ex-
hibited a continuous increase in the visible spec-
trum as also observed on the monometallic Pt and Pd
references (Figure 6-right), which can be attributed
mainly to their intraband absorption [28]. Never-
theless, by comparing with the Cu/TiO, counterpart,
this broad signal might also include contributions
from Cu species, namely from plasmonic Cu(0) inter-
and intraband transitions located at ca. 380-450 and
580 nm, respectively [29]. Moreover, knowing the low
resistance to oxidation of Cu(0), CuO, species prob-
ably also contribute to this signal. Indeed, it is ad-
mitted that Cu,O [30] and CuO [31] semiconductor
NPs show absorption from ca. 600 and 700 nm corre-
sponding to their band-edge position, a feature that
becomes more prominent in NP forms.
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coreduction and (right) successive reduction.

With regard to the Au-Cu samples, in addition
to Cu species absorption, d-d interband transitions
from Au NPs were observed centered approxima-
tively around 570 nm, characteristic of SPR finger-
print of Au NPs as confirmed with the monometal-
lic reference. It is currently admitted that the in-
tensity and position of this SPR strongly depend on
the Au NP size, shape, and interaction with the sup-
port [32,33].

Looking at the very broad and extended Ag-
Cu/TiO, visible-light signal and comparing with the
monometallic counterparts, one can suppose that
it encompasses optical behaviors of the different
(above-mentioned) Cu and Ag species. It should in-
deed be noted that, depending on the size and shape
of Ag(0) NPs, the corresponding SPR peak position
can be extended from 390 to 460 nm, in addition to
the presence of contributions from the Ag,O semi-
conductor (maximum absorption at ca. 550 nm that
can extend up to 800 nm) [34], as Ag(0) is likely to eas-
ily undergo surface oxidation.

2.4.2. Onthe TiO, UV-100 350 °C support

Focusing on the Pt-Cu bimetallic system immo-
bilized onto the TiO, UV-100 350 °C support, optical
properties were investigated by simultaneously vary-
ing the molar composition between the two metals
and the addition order of the precursors (coreduc-
tion or successive reduction) (Figure 7). The general
shape of the absorption curve was similar to that al-
ready noted for the Pty 5—Cug 5 system deposited onto
the TiO, P25 support, with the relative intensity in-
creasing with Pt content in case of coreduction (Fig-
ure 7-left). However, for successive reduction (Fig-
ure 7-right), the trend was reversed for molar content
in Pt greater than 50%.

2.5. Transmission electronic microscopy (TEM)
of Pty Cu, TiO, UV-100 350 °C

We consequently performed TEM analyses on the
1 wt% Pt,—Cu,,/TiO2 UV-100 350 °C (coreduction)
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Figure 8. Transmission electronic microscopy micrographs and particle size distribution of (top left) 1 wt% Pt/TiO2 UV-100 350 °C
(top right) 1 wt% Cu/TiO2 UV-100 350 °C (middle) 1 wt% Ptg 2—Cug g/TiO2 UV-100 350 °C, 1 wt% Ptg 5—Cug 5/TiO2 UV-100 350 °C,

and 1 wt% Ptg g—Cug 2 /TiO2 UV-100 350 °C obtained by coreduction (top left) 1 wt% Pty.2—Cug g/TiO2 UV-100 350 °C and 1 wt%
Ptos—Cug 5/TiO2 UV-100 350 °C obtained by successive reduction.

series (Figure 8). Independently of the mono- or
bimetallic material, the NPs appeared to be rather
homogeneously deposited onto the TiO, UV-100

350 °C substrate. Looking first at the monometal-
lic references, one can observe that Cu NPs exhib-
ited a small and narrowly distributed average particle
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size of 1.6 nm, whereas Pt exhibited a broader dis-
tribution centered around 2.7 nm, both with mod-
erate standard deviation. On bimetallic systems, it
must be underlined that regardless of the molar com-
position and addition order of the metallic precur-
sors, their average particle size was always greater
than that of the monometallic counterparts, also ac-
companied by larger standard deviation. Thus, one
can assume that the differences observed in optical
properties and photocatalytic CO, reduction activity
do not originate either from discrepancies in metal
loading or composition or from particle size and/or
dispersion disparities (Figure 8).

2.6. XPS analysis on the TiO, UV-100 350 °C sup-
port

The surface and bulk Cu/(Cu+Pt) atomic ratios of the
1 wt% Pt,Cu,,/TiO2 UV-100 350 °C samples varying
in their molar composition and deposition method A
(coreduction) or B (successive reduction) displayed
two main features (Figure 9). Regarding samples re-
sulting from coreduction and regardless of the Cu-Pt
molar composition, the Cu/(Cu+Pt) surface atomic
ratio was larger than the total one, consistent with
a surface enrichment in Cu, all the more important
as the composition in Cu increased. Nevertheless,
it seems that this behavior did not happen in the
case of successive reduction, even if the measure-
ments were performed only on one Pt—Cu composi-
tion. From these observations, it may be assumed
that the addition order of the Pt and Cu precursors
impacts the surface enrichment in Cu particles. More
precisely, the photocatalytic materials exhibiting the
best performances seems to be those showing an op-
timal surface enrichment in Cu, without being too
important however. Complementary detailed XPS
analysis (to be published elsewhere) revealed that
Cu(0) and/or Cu(+1) surface species are the predom-
inant Cu oxidation states, apparently excluding the
presence of other Cu oxidation states.

It is well known that noble-metal NPs, such as Au,
Pt, Pd are able to absorb visible light thanks to surface
plasmonic resonance (SPR), which may contribute to
visible light activation of TiO,. In addition to this
beneficial SPR feature that would help extend the re-
sponse of TiO, from UV to visible light, the pres-
ence of a noble metal would also result in improv-
ing charge carrier separation thanks to the forma-
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Figure 9. Cu/(Cu+Pt) surface (determined from XPS) and
bulk (determined from ICP-AES) atomic ratios as a function
of molar composition and deposition method (A and B
stand for coreduction and successive reduction deposition,
respectively) for 1 wt% PtxCuy TiO UV-100 350 °C sam-

ples.

tion of a Schottky barrier at the metal/semiconductor
(SC) interface and also be helpful in supplying cocat-
alytic function. Because of their large work function
(5.64 eV vs. Eyacuum), Pt NPs have been considered an
efficient cocatalyst for TiO,. However, more recently,
non-noble plasmonic metals such as copper Cu, Bi,
Ni, etc. have been proposed as alternatives to plas-
monic noble metals, also considering their massive
Earth abundance, low cost, and promising SPR tun-
able from UV to NIR [35,36]. Non-metal-based plas-
monic materials often exhibit plasmonic properties
comparable to those of noble metals, but they can
outperform their noble-metal counterparts in some
cases. There are several recent studies showing that
Cu is used to replace Au, which is considered as the
most widely researched metal in the plasmonic field.
Moreover, as the work function of Cu (4.65 eV) is
smaller than that of Au (5.1 eV), it can form a lower
Schottky barrier with TiO,. It is usually admitted
that intraband transitions are characterized by the
creation of hot electrons above the Fermi level more
suitable for reductive catalytic pathways, whereas in-
terband transitions mainly lead to the generation of
hot d-band holes below the Fermi level, thus better
for oxidative catalytic pathways. However, as the
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interband transition energy level of Cu is also lower
than that of Au, it is possible to produce hot elec-
trons with higher energy, thus allowing hot electrons
excited from both intraband and interband transi-
tions to be extracted more efficiently [30]. As CO,
is also a very stable linear molecule, CO, activation
is a key step for its further reduction. For this pur-
pose, a Cu-based metallic catalyst is considered to
significantly promote CO; activation. Indeed, it has
already been demonstrated that the presence of Cu
atoms on the surface of TiO, significantly stabilizes
the adsorption of curved CO2, meaning that Cu can
effectively stabilize the CO, adsorbed on the cata-
lyst [37]. Thus, loading Cu onto TiO, leads to in-
crease CO» adsorption but also to inhibit the compet-
itive H, evolution [38]. In addition, as a conductive
substance, Cu can be associated with TiO, to form
a metal-semiconductor Schottky junction allowing
effective inhibition of the charge carrier recombina-
tion.

However, despite their low cost and Earth abun-
dance, Cu NPs are easily oxidized and can exist in dif-
ferent oxidation states where metallic Cu and CuO,
can be present at the same time. More precisely, cop-
per oxide (CuO) and cuprous oxide (CupO) can be
formed exhibiting narrow band gaps of 1.7 eV and
2.2 eV, respectively, which may permit visible-light
absorption. It is worth mentioning that, in addition
to their band-gap energy smaller than that of TiO»,
they also exhibit higher conduction band values fa-
cilitating CO, reduction. Many works have reported
the use of CuO, with different morphologies [39,40]
for photocatalytic reduction of CO,, overcoming the
rapid charge carrier recombination by formation of
(hetero)junction with another material. However, for
longer-term stability, keeping an optimal balance be-
tween the different Cu oxidation states remains a
tricky concern, especially in the case where O, pro-
duction occurs as a result of the first H,O oxidation
step (essential for providing H* to further advance
CO; reduction) and can thus be considered as one of
the key-point that can be satisfied by designing M-Cu
bimetallic systems.

Cu-Pt/TiO, bimetallic photocatalysts with opti-
mized Cu-Pt molar composition were identified as
the best materials for CO, reduction due to the syner-
gistic effects where each metal complements the role
of the other one. Indeed, Cu is an excellent cocata-
lyst for CO, activation by lowering the energy barrier

required to break the stable linear C=0 bond. Pt en-
hances transfer of the photogenerated electrons from
the TiO, semiconductor to the CO, molecule, a cru-
cial step in the reduction pathway. Moreover, opti-
mized interface between Cu and Pt domains can lead
to the formation of specific active sites promoting
CO; reduction and driving toward the desired prod-
ucts. Within the Cu-Pt bimetallic system, specific
electronic interactions between the two metals result
in preventing too important an oxidation of Cu(0)
NPs, allowing stabilization of the optimal balance be-
tween Cu(0) and Cu(+1) (Cup0) oxidation species,
also resulting both in the formation of TiO,/Cu,O
heterojunctions for increased charge carrier separa-
tion and visible light photosensitization of the TiO,
semiconductor. In addition to all those positive ef-
fects deriving from the optimal association between
Pt and Cu, it is worth mentioning the ones related to
SPR effects. Hot electrons from Cu can be injected
into Pt thus lowering the energy barrier for the ki-
netically slow steps of CO, reduction, thus acceler-
ating the reaction. This electron injection can also
influence the reaction pathway. For instance, an in-
creased concentration of electrons at the active Pt
sites can favor the reduction of specific intermedi-
ates, thereby inhibiting competing pathways like hy-
drogen evolution.

3. Conclusion

Tuning and elaboration of M-Cu bimetallic phases
supported on TiO, semiconductors can be consid-
ered an interesting strategy considering that pho-
tocatalysts based on non-noble plasmonic metals
may be a promising alternative to noble-metal-based
ones due to their advantages like Earth abundance,
effectiveness, and thus large-scale application pos-
sibility. However, despite their low cost and Earth
abundance, Cu NPs are easily oxidized. As a con-
sequence, the development of approaches to mit-
igate oxidation represents a key point. Amongst
them, the intimate association, in an optimized
way, of Cu and noble metals can result in syn-
ergistic effects on photocatalytic properties com-
pared to the monometallic catalysts. Overall, Pt-Cu
bimetallic catalysts—benefiting from catalytic syn-
ergy, plasmonic enhancement, tailored electronic
interactions, and optimized balance between the dif-
ferent Cu species—represent a promising direction
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for the development of efficient, stable, and solar-
driven systems for CO, conversion.

4. Experimental section
4.1. Materials

Commercial TiO, P25 (surface area of 50 m?-g~!)
and UV100 Hombikat (315 Inz-g‘l) were purchased
from Evonik and Sachtleben Chemie, respectively.
UV 100 is used either as received or after calcina-
tion in air at 350 °C for 4 h (named UV-100 350 °C)
in a muffle furnace to obtain a pure-phase anatase,
nanocrystalline, without amorphous phase and with
well-defined crystallites of 13 nm, exhibiting a sur-
face area of 140 m?.g~!. H,PtClg-xH,0, Na,PdClg,
HAuCly-3H,0, AgNO3, and NaBH, were purchased
from Sigma-Aldrich and used without further purifi-
cation. Cu(NOs)2-xH,0 was purchased from Alfa Ae-
sar & used without further purification.

4.2. Photocatalyst preparation

The TiO, support (1 g) was dispersed and stirred at
1000 rpm for 5 min in distilled water (400 mL). For all
bi-metallic M—Cu systems, the codeposition/chemical
reduction protocol was carried out. For this, two
aqueous solutions of metal (Pt, Pd, Au, or Ag) precur-
sor, and Cu(NO3)2-xH>0O (0.25 M) were added simul-
taneously to the suspended TiO, support under vig-
orous stirring for 45 min. A freshly prepared solution
of NaBH,4(n(NaBHy)/ nyeta; = 5) was added and left
to react for 15 min. The resulting powder in suspen-
sion was isolated by filtration under vacuum, washed
with distilled water (1 L), and dried under air for 24 h
at 100 °C. The final photocatalyst was recovered after
a calcination at 200 °C for 2 h.

Nevertheless, in the case of UV-100 350 °C sup-
port, sequential chemical reduction was also applied
in order to assess whether there was an influence of
the addition order of the metal precursors. To do this,
in a first step, the aqueous solution of the metal pre-
cursor was added to the medium, and the synthesis
was then pursued as described above to obtain the
M/TiO, catalyst. Secondly, the aqueous solution of
Cu(NO3)2-xH,0 was added, and the same synthesis
was performed yielding M—Cu/TiO, catalyst.

Different series of M—-Cu/TiO» materials were
targeted. Series of 1, 2, and 3 wt% Pd,Cu,/TiO.

P25, PtyCuy/TiO, P25, AuyCu,/TiO, P25 and
AgxCuy/TiO2 P25 (with y = nominal content of
Cu=0,0.5,1; x=1-y), and of 2 wt% Au,Cu,/TiO
P25, 2 wt% Au,Cu,, /TiO, P25 (with y =0, 0.2, 0.5, 0.8,
1) were prepared in order to investigate the impact
of bimetallic composition and total metal loading.
Additionally, a series of 1 wt% Pt,Cu,/TiO> UV-100
350 °C (with y = 0, 0.2, 0.5, 0.8, 1) was also inves-
tigated in order to study the influence of the TiO,
support.

4.3. Material characterization

Elemental analyses of the composites were per-
formed using inductively coupled plasma atomic
emission spectroscopy (ICP-AES). The detection
threshold of the instrument is 0.1 mg-L~! for Au, Cu,
Pd, Pd and Ag. Analysis of the metal component
in the composites allowed us to calculate deposition
yields, which are defined as the ratio between the real
deposited mass of Au (deduced from ICP-AES anal-
ysis) and the mass of Au introduced during the de-
position step. High-resolution transmission electron
microscopy (HRTEM) was performed on a Jeol 2100F
microscope equipped with a lanthanum hexaboride
cathode (LaB6) operating at 200 kV. The sample was
sonicated in EtOH, and then a drop of the suspen-
sion was deposited on a carbon membrane placed
on a copper grid. The size of M NPs was determined
by HRTEM, and consequently the size distribution
was obtained by measuring particle size for more
than 100 particles using the Image]J software. UV-Vis
absorption spectra were recorded on a Perkin Elmer
950 spectrophotometer fitted with a Labsphere RSA
ASSY 100 nm integrating sphere. The spectra were
acquired in reflection mode (diffuse reflectance).

The surface of the catalysts was studied by X-ray
photoelectron spectroscopy (XPS). The spectrome-
ter used was an ultrahigh vacuum (UHV) one with
an incident X-ray source such as a dual anode Al Ka
(1486.6 eV). The electron analyzer was a VSW Class
WA hemi-sphere. The spectra, survey and high reso-
lution, were recorded in constant pass energy mode,
90 eV for survey scan and 20 eV for high resolution
spectra. The % surface atomic ratios were calcu-
lated using the corresponding core level peaks, which
were normalized to the photoemission cross-section,
and assuming a homogeneous distribution arrange-
ment.
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Figure 10. Emission spectra of the 150 W ceramic metal-
halide Hg lamp with and without Schott GG 400 optical

filter.

4.4. Photocatalytic evaluation

Photocatalytic setup has already been described in
detail elsewhere [41]. During the test, the con-
tinuous reaction mixture (CO2+H20, CO2/H0 =
97/43) flow (0.3 mL-min™!) passes through a light-
transparent photoreactor (6 mL) equipped with a
ventilator-cooled Hg lamp simulating artificial solar
light (150 W ceramic metal-halide Hg lamp). Note
that, to do the tests under visible light, a Schott
GG 400 optical filter (Edmund Optics) was placed
between the photoreactor and the lamp to cut all
wavelengths below 400 nm. Total irradiance was
4317 W/m? for the whole lamp spectrum (from 300
900 nm) and 4271 W/m? with the 400 nm optical fil-
ter (simulated visible light) (Figure 10). The irradi-
ated surface was 19.65 cm?. For photocatalytic tests,
materials (50 mg) were dispersed in EtOH and de-
posited on a 50 mm diameter glass disk by evapora-
tion at 100 °C. The surface concentration of the pho-
tocatalyst on the glass disc was 25 g-m~2. The glass
disk was then placed in the reactor and the setup
was purged for 5 min with CO, flow (>100 mL-min~!)
to remove air and other gas impurities. As a blank
test, the setup was run without CO; gas flow un-
der illumination to control the absence of gaseous
products that may result from conversion of carbon-
based contaminants [42]. Products from the reactor
were analyzed by an online micro-GC (Agilent 3000A
SRA instrument). Finally, the lamp was switched on
and the duration of test went from 5 h to 10 h.

Production rates were calculated according to the
following equation:

[X] x 1078 x (flow rate) x 60

Vm X Mphotocat
where [X] is the concentration in ppm, Mphotocat the
mass of photocatalyst, Siadiateq the irradiated sur-
face (0.001965 m?), flow rate was 0.0003 L-min~! and
Vin =24.79 L-mol™! (STP conditions).
Electronic selectivity was calculated by these
equations:

rx(mol-h™t.g7l) =

. 8[CH4]
CH4 SeleCtIVlty = m (1)

H; Selectivity = 1 — CHy Selectivity 2)
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